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Welcome

Welcome to ACTUATOR 2016 and another volume of the Conference Proceedings of the International Conference on New Actuators. 

Since 1988, this series of biennial conferences has always been held in Bremen, Germany, in the even years. And for nearly 30 years 

now, we have always managed to have the Conference Proceedings ready for distribution at the start of the event for the registered 

delegates. A full set of fourteen proceedings containing almost all the manuscripts related to the presentations – only a few of the 

manuscripts are missing. Thanks to all authors who supported us perfectly in this way. We feel, that’s indeed a good tradition and we 

intend to continue this way in the future – in case the authors carry on to go along with us. 

From our point of view, the manuscripts are the indispensable documentation to refer to during and after the event. About 2,000 

conference presentations have been published on 9,000 pages of conference proceedings since the launch event in 1988, since 1998 

also in a digital version. That’s a huge fond of innovations and scientific results – and they are still available! They are available as 

a whole from the organiser as well as from bookshops and libraries, worldwide. Furthermore, in 2015 we started a test to publish 

an excerpt of the 2014 Proceedings on our event homepage for free: The first page of each manuscript is visible for everybody, the 

complete manuscript is available online for a fee or, if you prefer, from a public library. Thus, the first page including all the information 

required for citation is available gratis together with a qualified introduction.

In 2016 we are going to add quite a number of excellent new ones: in total 135 conference contributions, 86 oral presentations and 

49 posters are portraying the state of the art technology and indicating future trends. Oral sessions are held in the following fields:

  Active Vibration Control / Active Noise Control

  Actuator Control

  Aerospace Applications

  MRF Actuators

  Haptic / Tactile Applications

  Low-Power Electromagnetic Actuators

  Magnetostrictive / MSM Actuators

  (Bio-) Medical Applications

 

Including all reviews, a 2016 conference participant has the chance to listen to as many as 39 well selected oral contributions. As 

usual, all the other contributions, including the posters, will be properly documented in the proceedings. We hope that the conflicts 

of interest will have been minimised by a well-selected placement of the sessions in the general schedule. Special thanks to all the 

authors who went through the additional trouble and prepared their manuscripts in time.

But ACTUATOR is not only a brilliant place to present and discuss the latest results in the area of new actuators, it also an excellent 

place for networking within the worldwide experts’ community present at the conference venue, for creating visions for new inter-

research co-operations or starting business co-operations with industrial partners. 

In order to again realise such an event, we thank all the members of the Programme Committee for their excellent work and valuable 

assistance. We are particularly grateful to our sponsor, the endorsing institutions, the media partners and to all others who have sup-

ported our public relations work. Our special thanks go to all those participants who are actively contributing to this event by sharing 

the results of their research work here – as authors of papers and posters, or as exhibitors.

As every time, we look forward to interesting presentations, lively discussions and helpful new contacts, and we would be delighted 

to welcome you in Bremen again in two years for ACTUATOR 2018.

Enjoy your conference!

Hans Peter Schneider Hubert Borgmann 

MESSE BREMEN MESSE BREMEN

General Manager Project Manager ACTUATOR 2016  

  Micro Actuators  / Microfluid Handling Devices

  Piezoelectric Actuators 

  Piezoelectric Actuator Applications

  Polymer Actuators

  Shape Memory Actuators
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Actuator 2016 

Table 1. Professor’s misconceptions top 10 in “Piezoelectric 
Actuators”. 

 

1) Electrostriction is caused by a slight displacement of ions 
in the crystal lattice under field. This displacement will 
accumulate throughout the bulk and result in an overall 
strain along the field (cited from a famous encyclopedia). 

2) When 1 J electric energy is input to a piezoelectric with 
an electromechanical coupling factor k, we can expect k2 
J mechanical energy converted in this piezo-material. 
Thus, we can conclude that the efficiency of this device is 
k2 % (cited from a journal paper on Mechanical 
Engineering). 

3) By applying 1 J electric energy on a piezoelectric with an 
electromechanical coupling factor k, we accumulated k2 J 
mechanical energy in this piezo-material. Thus, this 
actuator can work mechani-cally up to k2 J to the outside 
(cited from a journal paper on Mechanical Engineering). 

4) Elastic compliances & sound velocity are the material’s 
constants in a piezoelectric. Thus, the resonance 
frequencies are merely determined by the sample size. 

5) PZT with the high electromechanical coupling factor k is 
the best piezoelectric material for heart beat monitoring 
sensors (from a conversation with an electrical 
engineering professor). 

6) When the piezo-actuator generates unwelcomed vibration 
ringing in the mechanical system, the best way is to 
install a suitable mechanical damper in the system (from 
a conversation with a mechanical engineer). 

7) The resonance mode is only the mechanical resonance, 
while the antiresonance mode is not a mechanical 
resonance (from a conversation with a materials 
professor). 

8) The resonance mode is the best efficient driving condition 
of the piezoelectric transducer. 

9) Improving the performance is the best way for seeking 
for the successful “Best-Selling” device (most of the 
professors). 

10) The device developer should focus merely on the 
“component” development by purchasing the driving 
circuit from the outside for reducing the development cost 
and period (most of industrial engineers). 

 
 

Figure 1. Piezoelectric device market trends. [1] 

Piezoelectric Actuators 2016 ‒  
Professors’ Misconceptions Top 10 (Review) 
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Abstract: 
The “piezoelectric actuator” is really an interdisciplinary area, to which materials, applied physics, electrical and 
mechanical engineers are primarily approaching. Because of narrow knowledge of junior professors, they 
occasionally instruct the students with a sort of ‘misconception’, reflecting to the delay of innovative 
developments in the next generation. This paper reviews the top 10 among these misconceptions, which are 
primarily related with the misconceptions on the understanding of ‘ionic displacement and strain’, ‘efficiency’, 
‘energy transmission coefficient’, ‘constraint-dependency of piezo-material properties’, ‘mechanical impedance 
matching’, ‘piezoelectric damping mechanism’, ‘resonance & anti-resonance’, ‘best-selling devices’, and 
‘system design principle’. 
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I. INTRODUCTION 

Actuator applications of piezoelectrics started in the 
late 1970s, and enormous investment was installed 
on practical developments during the 1980s, aiming 
at consumer applications such as precision 
positioners with high strain materials, multilayer 
device designing and mass-fabrication processes for 
portable electronic devices, ultrasonic motors for 
micro-robotics and smart structures. After the slump 
due to the worldwide economic recession in the late 
1990s, we are now facing a sort of “Renaissance” of 
piezoelectric actuators according to the social 
environmental changes for sustainability (i.e., 
energy saving, bio-medical areas) and crisis 
technologies. Figure 1 shows the piezoelectric 
device market estimated from multiple sources [1]. 
The current (2014) revenue around US$25 Billion 
will expand to $40 Billion by 2017. Actuator/piezo-

generator (energy harvesting) is the largest category, 
followed by transducer/sensor/accelerometer/piezo-
transformer. Then, resonator/ acoustic 
device/ultrasonic motor category chases. 

II. PROFESSOR’S MISCONCEPTIONS 

The “piezoelectric actuator” is really an 
interdisciplinary area, to which materials, applied 

physics, electrical and mechanical engineers are 
primarily approaching. Because of narrow 
knowledge of junior professors, they occasionally 
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sum of the energies associated with pure 
electrostatic energy (without deformation) and the 
pure mechanical energy under a short-circuit 
condition. This can be expressed by: 
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Figure 9. Longitudinal vibration through the transverse 
piezoelectric effect (d31) in a rectangular plate (L≫w≫b) 
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Electromechanical Properties of the Lead-Free  

(1-x)Ba(Zr0.2Ti0.8)O3–x(Ba0.7Ca0.3)TiO3 System 
 
V. Rojas1, J. Koruza1, M. Acosta1, D.R.J. Brandt1, K.G. Webber2, J. Rödel1 
1 Technische Universität Darmstadt, Darmstadt, Germany.  
2 Friedrich-Alexander Universität Erlangen-Nürnberg, Erlangen, Germany 
 
Abstract: 
The (1-x)Ba(Zr0.2Ti0.8)O3–x(Ba0.7Ca0.3)TiO3 piezoceramic is investigated as a possible alternative to lead-
containing piezoelectrics for actuator applications. Compositions with rhombohedral, orthorhombic, and 
tetragonal crystal structure were prepared and the large-signal piezoelectric response and blocking stress were 
evaluated at different electric fields. The rhombohedral and orthorhombic compositions showed the best 
properties with a blocking stress of -62 MPa at 2 kV/mm and a large signal d33* of 851 pm/V at 0.5 kV/mm, 
which exceeds the values reported for commercial soft-type PZT. The differences observed between different 
compositions were attributed to the changes in the strain mechanisms that occur due to the specific crystal 
symmetries and their vicinity to the phase transition boundaries. 
 
Keywords: Piezoelectrics, Lead-Free, BZT-BCT, Blocking Force 
 
Introduction 
Piezoceramics are typically used in actuator 
applications like fuel injectors, precision positioning 
devices, piezo-hydraulic pumps, ultrasonic motors, 
and others [1]. The traditional materials of choice for 
these devices over the past 60 years were lead-based 
piezoelectrics, such as Pb(Zr,Ti)O3 (PZT), due to 
their excellent electromechanical properties and 
good thermal stability. However, the increased 
environmental- and health-concerns, additionally 
supported by governmental regulations, triggered the 
search for new lead-free alternatives [2]. After more 
than 10 years of intense scientific research, these 
materials are starting to attract the attention of the 
industry and first prototypes and products are 
already available [3].  

The lead-free piezoceramics can be roughly divided 
into four main groups: alkaline niobates [4], bismuth 
sodium titanates [5], bismuth ferrites [6], and 
materials based on barium titanate [7]. The materials 
belonging to the last group are particularly 
interesting for applications in the low temperature 
range, whereby the most investigated compositions 
belong to the (1-x)Ba(Zr0.2Ti0.8)O3–x(Ba0.7Ca0.3)TiO3 
(BZT-xBCT) system. This system has a small-signal 
piezoelectric coefficient d33 of 620 pC/N [7], which 
is comparable or even exceeds the properties of 
commercial PZT. In addition, these compositions are 
characterized by relatively low coercive fields. A 
recent study also revealed excellent fatigue 
resistance of these materials, whereby a decrease of 
the piezoelectric properties by only 7 % was 
observed after 107 bipolar electrical cycles with a 
frequency of 10 Hz and an amplitude of 0.45 
kV/mm [8]. On the other hand, the main drawback 
of BZT-xBCT is the relatively low Curie 
temperature (60‒95 °C) as compared to other lead-

free systems, which currently limits their application 
to low temperatures. Chemical modifications with 
dopants, for example Y [9], have been attempted to 
raise the Curie temperature of the system. 

The BZT-xBCT pseudo-binary phase diagram, 
presented in figure 1, shows three distinct 
ferroelectric crystallographic phases, i.e., 
rhombohedral (R), orthorhombic (O), and tetragonal 
(T), while the high-temperature phase is cubic (C). 
The ferroelectric phases are separated by two 
polymorphic phase boundaries [10]. As it is known 
from other ferroelectric systems, the different crystal 
structures largely affect the strain and polarization 
response of the material.  

 
Fig. 1: Phase diagram of the BZT-xBCT lead-free 
piezoceramics system (R-rhombohedral, O-
orthorhombic, T-tetragonal, C-cubic). Reprinted from 
Ref. 10 with kind permission from Elsevier © 2014. 
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Temperature Dependency of the Hysteresis 

Behaviour of PZT Actuators Using Preisach Model  
 
C. Mangeot, Noliac A/S, Kvistgaard, Denmark 
T.-G. Zsurzsan, Technical University of Denmark, Kgs. Lyngby, Denmark 
 
Abstract: 
The Preisach model is a powerful tool for modelling the hysteresis phenomenon on multilayer piezo actuators 
under large signal excitation. In this paper, measurements at different temperatures are presented, showing the 
effect on the density of the Preisach matrix. An interpretation is presented, aiming at defining a temperature-
dependent phenomenological model of hysteresis for a better understanding of the non-linear effects in piezo 
actuators. 
 
Keywords: Piezoelectric, Multilayer, Actuator, Preisach, Model, Temperature 
 
Introduction 

Quasi-static multilayer piezoelectric actuators are 
generally used in quasi-static applications under 
large signal excitation. In these conditions, the 
hysteresis effect is pronounced and can become a 
limitation, in particular for positioning applications. 
To address this, two main approaches are possible: 
sensor-based or model-based. In the sensor-based 
approach, a sensor (displacement, force…) is used to 
close the loop and effectively linearize the 
piezoelectric effect. Although it provides excellent 
results, this approach is not always preferred or even 
possible, because of cost, size or performance. In the 
model-based approach, the behaviour of the actuator 
is characterised and this model is inverted to provide 
open-loop control of the actuator. This approach has 
become very popular with the availability of 
powerful real-time controllers. Several models have 
been proposed [1, 2], among others Ishlinskii 
hysteresis model [3], Maxwell resistive capacitor-
based lumped-parameter model [4], variable time 
relay hysteresis model [5] and Preisach model [6]. 
The Preisach model [7, 8] is a phenomenological 
approach that can accurately describe any hysteresis 
behaviour. It is often the preferred approach for 
piezoelectric actuators and its large number of 
degrees of freedom makes it possible to adjust very 
precisely to experimental data. 
 
The Preisach model 

In a simple Preisach model, the hysteresis effect is 
decomposed into an infinity of individual elements 
called hysterons. These elements act as relays with 
an activation threshold α  and a de-activation 
threshold β. 
A geometrical interpretation of the hysteron plane 
greatly facilitates the understanding of the Preisach 
model in general. In this plane, a so-called Preisach 
triangle 𝑇𝑇𝑇𝑇  is defined, which represents the region of 
operation of the actuator, bordered by 
𝛼𝛼𝛼𝛼 ,𝛼𝛼𝛼𝛼 ,𝛽𝛽𝛽𝛽   𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  𝛽𝛽𝛽𝛽 . Only the surface above 

the diagonal given by 𝛼𝛼𝛼𝛼 = 𝛽𝛽𝛽𝛽  has any physical 
meaning and therefore 𝑇𝑇𝑇𝑇  is an upper triangular 
surface. The elementary hysterons have a direct 
correlation to the half-plane in such a way that at 
any point in time 𝑇𝑇𝑇𝑇  is divided into two surfaces 𝑆𝑆𝑆𝑆  
and 𝑆𝑆𝑆𝑆  representing the (𝛼𝛼𝛼𝛼,𝛽𝛽𝛽𝛽) pairs for which the 
relay elements are active or inactive, respectively.  
Thereby, for a monotonic increase of an input 𝑢𝑢𝑢𝑢 𝑡𝑡𝑡𝑡 , 
the input-output plane shows an ascending hysteresis 
branch, while the 𝑇𝑇𝑇𝑇  half-plane ’fills up’ from the 
bottom to the horizontal line defined by 𝛼𝛼𝛼𝛼 =
𝛼𝛼𝛼𝛼      𝛼𝛼𝛼𝛼 ≤ 𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡)}. Similarly, a monotonic decrease in 

input will then determine the surface to ’empty’, but 
this process is orthogonal to the one for increasing 
input. Therefore the ’filled’ space 𝑇𝑇𝑇𝑇  will empty 
starting from the right towards the vertical line 
defined by 𝛽𝛽𝛽𝛽 = 𝛽𝛽𝛽𝛽      𝛽𝛽𝛽𝛽 ≥ 𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡)} . Thereby, a 
stochastic input signal with several extrema will be 
represented as a combination of ’filled’ and ’emptied’ 
areas on the triangle, delimited by a boundary 
staircase layer, denoted L. The problem then boils 
down to finding the area under the obtained staircase 
curve. This is illustrated in Fig. 1.  
 
The standard equation for this type of model is: 

𝑥𝑥𝑥𝑥 𝑡𝑡𝑡𝑡 =    𝜇𝜇𝜇𝜇 𝛼𝛼𝛼𝛼,𝛽𝛽𝛽𝛽 𝛾𝛾𝛾𝛾 𝑢𝑢𝑢𝑢, 𝛾𝛾𝛾𝛾 𝑡𝑡𝑡𝑡   𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

Where 𝑥𝑥𝑥𝑥  is the model output, 𝜇𝜇𝜇𝜇  represents a 
weighting matrix that mathematically particularizes 
the model to fit different hysteresis shapes and 𝛾𝛾𝛾𝛾  
represents the hysteron elements that can take values 
from the set {−1, 1}. 
Terms on the diagonal (α = β) dictate the general 
trend of the curve without hysteresis while the 
density within the triangle (α > β) corresponds to 
hysteresis effects. 
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Should We Drive Transducers at Their Resonance 
Frequency? 
H. Shekhani , The Pennsylvania State University, University Park, USA 
W. Shi, Harbin Institute of Technology, Harbin, China 
M. Majzoubi, M. Choi, A. Bansal, K. Uchino 
The Pennsylvania State University, University Park, USA 

Abstract: 
There are three losses in piezoelectric materials: dielectric, elastic, and piezoelectric, denoted by	tan, tan, 
and tan for intensive losses, respectively. We discovered that the minimum total loss can be obtained at a 
frequency between the resonance and antiresonance frequencies, which may be the optimum drive frequency of 
the transducer to minimize the heat generation. This paper also presents related updated loss information, (1) 
new methods for characterizing losses in piezoelectrics, (2) loss anisotropy and (3) bias electric field/stress 
effect on the losses. 

Keywords: Equivalent Circuit, Loss Mechanism, High Power, Drive Efficiency 

Introduction

Piezoelectric materials are gaining increasing 
popularity because their aptitude for device 
miniaturization. Piezoelectric motors and 
transformers have been demonstrated to perform at 
the same power levels as electromagnetic devices, 
but at 1/10th the size [1,2]. The power density 
capability in piezoelectric are limited by their 
internal losses. In the case of ferroelectric 
piezoelectric materials, this loss originates primarily 
from domain wall motion. Losses not only limit the 
power conversion in the material, but also causes 
heat generation. High temperatures limit the 
operating life of a device due to gradual depoling in 
the material Thus, in order to advance the device 
miniaturization of piezoelectric materials, it is 
necessary to study loss mechanisms in order 
optimize devices and high power material 
compositions. which is directly related with loss and 
heat generation. 

Losses in piezoelectric materials have three 
components: dielectric, elastic and piezoelectric, 
described using loss tangents with complex tensor 
notation (in ‘intensive’ loss forms): ∗ = (1 −  tan )

∗ = (1 −  tan )
∗ = (1 −  tan )

Dielectric and elastic loss factors are standard 
reported values, however, piezoelectric losses have 
been given little attention [3]. Relatively large 
piezoelectric loss factors were reported in our 
previous study [4], which also explained the 
discrepancy between the mechanical quality factor 
at resonance and antiresonance.  

In this paper, several topics with regards to loss 
property characterization in piezoelectric materials 
will be discussed. First, the method to determine the 
quality factor at any frequency in the resonance-
antiresonance region will be discussed. Then, a 
method to interpret the results using an equivalent 
circuit explicitly accounting for piezoelectric loss 
will be presented. This discussion will be followed 
by the introduction of a new technique to measure 
extensive properties and losses directly in 
piezoelectric materials using a partial electrode 
configuration. Finally, both the effect of DC bias in 
piezoelectric materials and the dependence of 
effective properties on poling direction will be 
discussed.

Use of Electrical Power to Determine Quality 
Factor 

Losses in piezoelectric materials operating in high 
power resonance conditions are usually measured 
using either the impedance method or the transient 
method. The driving parameter such as voltage, 
current, power, or vibration velocity is controlled 
while the frequency is swept across the 
antiresonance-resonance regime in the impedance 
method. Measuring the 3dB bandwidth, the quality 
factors for resonance and antiresonance can be 
determined. In the transient method, the material is 
excited for a number of cycles, after which a short 
circuit (resonance type) or open circuit condition 
(antiresonance type) is applied across the electrodes. 
The decay of current or voltage allows for the 
measurement of the quality factor at resonance and 
antiresonance, respectively. These methods are 
limited in their utility in that they can only measure 
the quality factor at two points, the resonance and 
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Single-Sided Contacting of Out-of-Plane Polarized 

Piezo Films for Fluid Membrane Lenses 
 
M. Stürmer, M.C. Wapler, U. Wallrabe 
Albert-Ludwigs-Universität Freiburg, Freiburg, Germany 
 
Abstract: 
We present an adaptive lens which tunes its focal length with a glass membrane that is deformed by an integrat-
ed piezo bending actuator. A particular challenge in the fabrication of this type of actuator is the need to contact 
the electrodes on both sides of the piezo element, i.e. also on the glass surface. Therefore, we show a novel 
contacting method where the top electrode on the piezo is segmented and the backside electrode is left at a float-
ing potential. With this setup we achieve tuning capabilities of more than 13 m-1 and response times in the range 
of less than 4 ms at a usable aperture of 4.5 mm. 
 
Keywords: Piezo Actuator, Bending Actuator, Contacting Method, Floating Electrode, Varifocal Lens, Adaptive 
Optics 
 
Motivation and concept 

Tunable fluid-membrane lenses (e.g. [1-4]) com-
monly use elastomer membranes like silicone as an 
optical surface and are filled with an optical fluid [3]. 
Glass membranes, however, promise a wider range 
of compatible filling liquids due to much greater 
chemical stability. Therefore, high refractive index 
liquids can be used, and matching to the glass prom-
ises reduced distortions and aberrations. In contrast 
to other varifocal lenses with glass membranes [5], 
our approach uses a bulk piezo material, such that 
larger actuators and thicker, larger membranes can 
be realized.  
In the system design in Fig. 1, the piezo actuators 
are directly attached to the glass which leads to a 
common problem of bending actuators: The passive 
glass layer obstructs access to the backside-electrode 
of the piezo with a wire. A well-known method for 
contacting piezo films from one side is driving an in-
plane polarized piezo with interdigitated surface 
electrodes in the longitudinal mode [6, 7]. The actual 
three-dimensional field distribution below the elec-
trodes is, however, far from homogeneous, which 
leads to a drop in efficiency [7]. 
 

 
 

Fig. 1: Top: Schematic cross-section drawing of the 
lens. Bottom: Working principle. 

As an alternative, we demonstrate here a method to 
contact a transversely polarized piezo bending actua-
tor with planar electrodes from one side only which 
leads to an almost perfectly homogeneous field dis-
tribution. We separate the electrodes on the outer 
side in two rings and leave the back electrode at a 
floating potential that is obtained from the voltage 
between the front-electrodes and the electrode areas 
by considering a series connection of capacitors:  
𝑉𝑉𝑉𝑉float, = 𝑉𝑉𝑉𝑉 ∙ 𝐴𝐴𝐴𝐴 (𝐴𝐴𝐴𝐴 + 𝐴𝐴𝐴𝐴 )  (cf. quantities in Fig. 1 
bottom). The resulting field is used both to re-
polarize the material in the depicted directions and 
for the actuation. 
 

Design 

The working principle of the lens design uses the 
constant volume of the fluid which is encapsulated 
by the lens membrane. The ring-shaped actuator 
bends the outer part of the membrane to displace a 
fluid volume, and the resulting pressure causes it to 
bulge in the centre, shaping a lens profile.  
We chose equal electrode areas, 𝐴𝐴𝐴𝐴 = 𝐴𝐴𝐴𝐴  to obtain a 
homogenous strain and maximum overall dielectric 
displacement over the entire piezo layer. With a 
simplified linear FEM simulation model we found 
values for the parameters shown in Fig. 2 top that 
maximize the achievable deflection of the membrane. 
We further found that a sandwich design with actua-
tors on both sides of the glass provides a higher 
displacement than actuator sheets on only one side. 
A gap between outer support ring and piezo (rring – 
router) of 500 µm provides sufficient flexibility to act 
as a hinge while being strong enough to resist verti-
cal displacement from the counter pressure. Varying 
the inner and outer radius (raperture and router) (Fig. 2 
bottom) within their manufacturable range, we found 
that the maximum refractive power is achieved at an 
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Tailored Composite Transducers Based on 

Piezoceramic Fibres and Pearls 
 
K. Hohlfeld1, P. Neumeister2, S. Gebhardt2, A. Michaelis1,2 
1 Technische Universität Dresden, Dresden, Germany 
2 Fraunhofer IKTS, Dresden, Germany 
 
Abstract: 
The contribution reports on the fabrication of tailored piezoceramic components and composites for sensor, 
actuator, ultrasonic transducer, and generator applications. A slotted electrode design for fibre based patch 
transducers is discussed in detail, which enables significantly higher values of free displacement and blocking 
force compared to on top interdigitated electrode design. 
 
Keywords: Piezoceramic, Fibres, Pearls, Piezocomposite, Transducer, Actuator, Ultrasonic Transducer 
 
Introduction 

Piezoelectric transducers based on piezoceramic 
polymer composites are predominantly used as 
sensors, actuators, ultrasonic transducers or energy 
harvesters applied in adaptronics, medical 
technology and non-destructive testing. In respect of 
high performance and cost-effective production, 
piezoceramic components as well as piezoelectric 
composites thereof have to be tailored to application 
needs. 
At Fraunhofer IKTS, a fabrication technology is 
available, which allows for the manufacture of 
piezoceramic components in a broad geometrical 
variety [1, 2]. So far, lead zirconate titanate (PZT) 
fibres with diameters d = 100-800 µm as well as 
spherical PZT pearls with diameters d = 0.8-1.6 mm 
have been fabricated (see Fig. 1 and Fig. 2). For 
transducer manufacturing, these piezoceramic 
components are aligned and embedded into a 
polymer matrix, combining functionality of the 
piezoceramic with mechanical stability of the matrix 
material. The composite fabrication technique is 
referred to Arrange & Fill [3].  
According to the field of application, different 
piezocomposite designs are preferred. 
Piezocomposites based on piezoceramic pearls are 
especially suitable for sensor or energy harvesting 
applications. Therefore, a monolayer of 
piezoceramic pearls is integrated into a polymer 
matrix and the surface of the spheres exposed by 
grinding or polishing. Then, planar electrodes can be 
applied. The technique is very suitable for cost-
effective fabrication of large-area transducers with 
low power density demands. 
For fabrication of ultrasonic transducers for non-
destructive testing, medical and sonar applications, 
piezoceramic fibres are parallel aligned in bundles or 
with regular arrangement and infiltrated with a 
polymer. After curing, the piezofibre polymer block 
can easily be shaped into any form by dicing, CNC 
machining and grinding. By varying the fibre 

arrangement (random/regular), thickness and shape 
of the so-called 1-3 piezocomposite (see Fig. 3), 
ultrasonic transducers can be manufactured 
according to customs needs. 
 

 
 
Fig. 1: PZT-fibres with 300 µm, 500 µm and 800 µm 
diameter and 160 mm length; fabricated by 
continuous spinning process 
 

 
 
Fig. 2: Piezoceramic pearls with 1200 µm diameter 
fabricated by non-continuous process 
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Dynamic Characterization of an Amplified 

Piezoelectric Actuator 
 
R. Lucinskis, C. Mangeot 
Noliac A/S, Kvistgaard, Denmark 
 
Abstract: 
The characterisation of piezoelectric actuators in dynamic operation is critical to ensure both the functionality in 
the application and the survival of the actuator. Unfortunately little data is available. This paper presents a 
simple approach for characterisation and for the evaluation of the two main limitations of an actuator: voltage 
and stress. The approach is applied to an amplified piezoelectric actuator without load. The amplified actuator is 
based upon low voltage piezoelectric ceramic multilayer stacks for systems requiring lighter actuators with 
temperature stability and high resonance frequency. Experiments demonstrate that a simple first-order model 
approach can be used, although the parameters, in particular stiffness, are affected by non-linearity. 
Nevertheless, such a model can be used to evaluate the operating envelope of an actuator in a given dynamic 
configuration. If it should be performed in a systematic way, this approach requires additional parameters and 
characterisation from the suppliers. 
 
Keywords: Amplified Actuator, Piezoelectric Actuator, Strain Limits, Dynamic Characterization  
 
Introduction 

Piezoelectric actuators are often the preferred choice 
for highly dynamic applications because of their low 
inertia and high stiffness, leading to fast response. 
Dynamic applications include for example fast 
tuning and steering of optical systems, fuel injection 
or active vibration control. 
The static performance of piezoelectric actuators has 
been studied extensively [1, 2]. On the other hand, 
suppliers of piezoelectric devices provide only little 
information about dynamic characteristics of 
actuators. Usually a first unloaded resonance 
frequency is indicated, in most cases in free-free 
configuration which is rarely representative of how 
the actuator will be used. Response time is 
sometimes specified, however this is for very 
particular conditions. This makes it difficult for the 
designer to evaluate the limits of an actuator solution 
and its applicability to a given technical challenge. 
The target of this paper is to analyse the dynamic 
characteristics of a piezoelectric actuator, applied to 
the example of an amplified actuator, trying to 
derive an approach and tools usable by designers to 
estimate and validate their choice. Experimental 
results are presented and compared to a theoretical 
approach. 
 
The approach is applied to Noliac’s amplified 
piezoelectric actuator family NAC26xx (Fig. 1) [3]. 
These offer a compact solution with a high 
resonance frequency. The multilayer actuator 
features a low form factor and provides medium 
stroke and blocking force. The amplified piezo 
actuator offers push and pull with the same level of 
performance and it is temperature stable. 
 

 
 
Fig. 1: NAC26xx amplified actuator family 
 
Design 
The amplified actuator is based upon low voltage 
piezoelectric ceramic multilayer stacks. The 
diamond construction makes the actuator mass lower 
and optimizes stiffness, allowing operation at higher 
frequency compared to other amplification solutions. 
The amplified actuator uses four piezoelectric stacks, 
connected in pairs. Each stack is hinged at its ends 
and maintained in place with a small angle (Fig. 2). 
The whole assembly is preloaded through the use of 
a tension member maintaining the fixed members in 
place. 
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Development of a Piezoelectric Micro Switch 
 
L. Seyfert, S. Zähringer, C. Müller, S. Buhr, N. Schwesinger 
Technische Universität München, München, Germany 
 
Abstract: 
Piezoelectric membrane actuators present a growing and dynamic sector in micromechanical applications. Fields 
of application are high-precision regulators, micro pumps or micro valves. In this point of view, a new actuator 
concept with single side electrodes was developed. As part of this concept many different electrode layouts were 
analysed. One of these was an actuator with a star shaped electrode layout. When actuated under forward bias 
and fixed clamping, this actuator shows an “upward” movement in direction of the active side of the membrane, 
meaning the side carrying the electrodes. Compared to common piezoelectric membrane actuators this 
behaviour is unique. This paper presents a practical and mobile application to prove this upward movement and 
to demonstrate the function of this new actuator. To prepare this actuator for other future applications such as 
micro valves a simple configuration in a form of a micro switch was built.     
 
Keywords: Piezoelectric Actuator, Micro Switch, Single Side Electrodes, IDT  
 
Introduction 

New piezoelectric membrane actuators with single 
side electrodes were presented in [1] and [2]. These 
interdigitated electrodes are commonly known as 
interdigital transducers (IDT) and used in surface 
acoustic wave (SAW) devices. The use of such IDTs 
for micro membrane actuators is not as common. E. 
Hong et al. described an example with double 
concentric ring IDTs for thin film PZT actuators [3]. 
Instead of thin film PZT, we use bulk PZT with an 
electrode layout on just one sided. A typical 
interdigitated star shaped electrode layout is shown 
in Fig. 1.  

 
Fig. 1: Star shaped electrode design  
 
When clamped along the outer radius, these 
actuators show a uniform deflection in direction of 
the active side of the membrane [2, 4], meaning the 
side where the electrodes are deposited. In Fig. 2 
(3.) this deflection behaviour is shown and 
compared with traditional piezoelectric membrane 
transducers. 
A classic unimorph (Fig. 2, 1.) uses the piezoelectric 
transverse effect and a piezostack (Fig. 2, 2.) uses 
the longitudinal effect. Both show a deflection in 
direction of the passive side of the actuator, when 
actuated under forward bias.  
 

 
Fig. 2: Common known and new piezoelectric micro 
membrane actuators   
 
In comparison, by using the interdigitated single 
side star shaped electrodes, all piezoelectric effects 
are enforced. The IDT driven transducers cause an 
inhomogeneous electric flux distribution within the 
material, when actuated. This flux causes 
inhomogeneous mechanical strain and stress 
distributions within the material. The result is a 
deformation of the transducer. To achieve a 
complete upward deformation the actuator is 
clamped at its outer radius [4].  
 

 
Fig. 3: Clamping of the actuator 
 
The clamping was achieved through an adhesive 
bonding of a silicon wafer. This wafer was etched 
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as filler of the pits in the PZT surface, spin tests 
were necessary to determine regarding spin 
parameters. In several test series these spin 
parameters were determined. Fig. 7 shows that the 
parameters of PZT (blue line) differ slightly from 
those of silicon (red line).  

 
Fig. 7: Layer thickness of EPOCORE depending on 
the spin coating speed on PZT and on Silicon 
 
From Figure 7, it seems reasonable to use a spin 
coating speed of 2000 rpm. The resulting thickness 
of 6µm is larger than the PZT-roughness. Lower 
speeds produce layers, thicker than the roughness, 
but with a reduced uniformity [6]. Most of the 
roughness on the PZT surface is compensated after 
spinning and hard baking (Fig. 8). The left side of 
Figure 8 shows the surface profile of the 
unstructured EPOCORE layer. A part of the 
uncovered remaining PZT surface profile is shown 
on the right side. Obviously the surface of the 
EPOCORE layer is smoother than the PZT surface.  
 

 
Fig. 8: PZT probe with EPOCORE layer  
 
Preparation 

For the switch, a 2” PZT disc of a thickness of 250 
µm (PIC 151 from PI Ceramic), a 4” silicon wafer 
of a thickness of 525 µm and a glass wafer with 
dimension 68 mm x 62 mm x 0.9 mm are used. 
Electrodes and conducting layers of Ag have been 
deposited on PZT and glass substrates by a physical 
evaporation process (PVD). Final metal structures 
were achieved by a lift off process (Fig. 9, 2. and 5.) 
Afterwards the top clamping was realized by 

bonding the silicon wafer to the PZT wafer (Fig. 9, 
1. and 3.). 

 
Fig. 9: Fabrication steps of the piezoelectric switch 
 
In the next step, the backside of the Si-PZT 
composite was structured (Fig. 9, 4.) by a step and 
repeat process (Fig. 10).  

 
Fig. 10: Step and repeat process for layer 
structuring 
 
This step and repeat process is used to achieve a 
surface profile, allowing the closing of the LED 
circuit. Following each deposition of the resist the 
surface profile was measured. After leveling the 
surface profile, an Ag layer was deposited to create 
the counter electrode. The final profile can be seen 
in Fig. 11. 
To fix the PZT/Silicon composite correct on top of 
the glass wafer, all components were clamped again 
with a rubber ring between two transparent Poly-
methylmethacrylate (PMMA) sheets (actuator 
block). This actuator block prevents the slipping of 
the actuator and enables a safe transport.         
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Characteristics of Ultrasonic Suspension Actuation 

Force 
 
M. Takasaki, S. Chino, R. Chida, Y. Ishino, T. Mizuno 
Saitama University, Saitama-shi, Japan 
 
Abstract: 
In ultrasonic levitation, an object can be levitated vertically upward above vibrating surface of an ultrasonic 
transducer. On the other hand, it has been reported that an object can be suspended vertically downward under 
the vibrating surface in the air. We call this phenomenon ultrasonic suspension. When an object is suspended, 
there is restoring force, which attracts the object horizontally to the center of the vibrating surface. 
Characteristics of the forces acting vertically and horizontally were investigated experimentally. For this 
purpose, a servo type measuring mechanism was fabricated. The mechanism consisted of a base suspended by 
thin wires and three voice coils to stabilize the base in x axis, z axis and roll axis. The suspended object, which 
was a disk, was fixed on the base vertically. Ultrasonic transducer with a horn equipped with a replaceable cap 
to change its diameter was fixed horizontally and approached against the fixed object. While ultrasonic vibration 
was being excited, actuation forces acting on the object were measured as coil currents under PID control of the 
base. By this mechanism, relative position between the object and the cap could be arranged. Relationships 
between actuation forces and suspended object conditions like vibration amplitude, relative position of the 
object and diameters of the object / vibrating surface were investigated experimentally. Vertical attractive force 
can be generated if the diameter of the object and surface is smaller than 8 mm. Horizontal restoring force was 
obtained, but not strong as vertical one. 
 
Keywords: Non-Contact Handling, Squeeze Film, Ultrasonic Suspension 
 

Introduction 

Recently, a non-contact handling technique that uses 
the ultrasonic levitation phenomenon as a means of 
transporting semiconductor substrates or LCD glass 
substrates has been considered [1-5]. In particular, 
the near-field levitation phenomenon has been 
observed. Near-field levitation is the phenomenon in 
which a planar object can be levitated upward from 
a vibrating surface with a gap of tens micrometers. 
Theoretical analysis considering viscosity has 
revealed that in near-field levitation, a force acting 
on a circular plate reverses from repulsive to 
attractive with increasing levitation distance [2]. 
In contrast to ultrasonic levitation, a planar object 
can be suspended downward under a vibrating 
surface without contact [6]. This phenomenon is 
called ultrasonic suspension and induces both 
vertical actuation force and horizontal actuation 
force. The vertical force balances gravity acting on 
the object. The horizontal force attracts the object to 
the center of the vibrating surface when there is 
horizontal misalignment. It acts as the restoring 
force. 
In this manuscript, development of a mechanism for 
servo-type actuation force measurement is reported. 
The developed mechanism was applied to 
experimentally measure the actuation forces and 
their characteristics. Characterization results are also 
reported. In the next section, ultrasonic suspension 
is introduced before the main topics. 

Ultrasonic suspension 

An object can be levitated vertically upward above 
vibrating surface of an ultrasonic transducer if 
intensity of the vibration is strong enough, as shown 
in Fig. 1 (a). On the other hand, it has been reported 
that an object can be suspended vertically downward 
under the vibrating surface in the air [6] , as 
illustrated in Fig. 1 (b). We call this phenomenon 
ultrasonic suspension. To confirm this phenomenon, 
behavior of a planar object with diameter of 3 mm 
and weight of 3 mg was observed by a camera with 
the setup illustrated in Fig. 2. Resonance frequency 
of the ultrasonic transducer was 21 kHz. Vibration 
amplitude of the end of the ultrasonic transducer 
which is facing to the object was 7 µmp-p. 
Observation result was shown in Fig. 3 as captured 
images. The number in left bottom of each image is 
relative time (ms) since the first one. Initially, there 
was a misalignment between the transducer end and 
the object. The object was pulled into the center of 
 

 
 
Fig. 1: Ultrasonic levitation and ultrasonic 
suspension 
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Encapsulated Piezo Actuators for Use at High 

Power Levels and / or within Harsh Environmental 

Conditions. 
	  
S. Rowe, F. Barillot, A. Pages, F. Claeyssen 
Cedrat Technologies SA, Meylan, France 
	  
Abstract: 
Traditionally piezo ceramic actuators have not been able to operate within harsh/humid environments. 
Furthermore, two temperature-related problems have limited the number of applications for piezo actuators. 
Firstly, internal heating of the ceramic from use at high frequency, for extended periods. Secondly, external 
environmental conditions. Encapsulation of the actuator offers an opportunity to overcome all of these problems 
by allowing the environment directly in contact with the ceramic to be controlled. This paper presents R&D 
work done on encapsulated actuators, design work, and thermal simulation calculations with an emphasis on 
experimental results.  
 
Keywords: Actuator, Piezo, Encapsulation, Temperature, Cooling, Self-Heating 
	  
Introduction

In its simplest form encapsulation provides a 
physical barrier between the environment and the 
ceramic, restricting direct contact between the two. 
This form of encapsulation is ideal where the 
environmental conditions are either humid or harsh 
and contact between both the environment and the 
ceramic would limit the actuator life. 
	  
Furthermore traditionally two temperature-related 
problems have limited the number of applications 
for piezo actuators: firstly, internal heating of the 
ceramic from use at high frequency for extended 
periods; and secondly, external environmental 
conditions.  
 
Self-heating is a new issue arising from the need 
for high power applications where actuators are 
expected to operate at high frequency, maximum 
stroke and for extended periods of continuous 
operation. These applications have become possible 
with the availability of new high power drivers. 
	  
At the same time, a range of applications are 
opening up where the thermal environmental 
conditions are elevated and above the Curie 
temperature of the ceramic, which requires the 
piezo ceramic to be protected by a physical barrier 
between the ceramic and the environment, however 
at the same time this barrier must not allow any 
major loss of performance of the actuator. 
 
Encapsulation of the actuator offers an opportunity 
to overcome all of these problems by allowing the 
environment directly in contact with the ceramic to 
be controlled, either within a sealed actuator 

system, one with fluid cooling, or within a closed-
loop fluid cooled system. 
 
Some of the work presented here has been 
performed within the project AeroPZT, specifically 
funded under the Clean Sky Joint Technology 
Initiative (EUFP7). The project partners, Plant 
Integrity Ltd (UK), Cedrat Technologies (France), 
Noliac (Denmark) and Politecnico di Torino (Italy), 
are targeting the development of materials and 
processes for the application of piezoelectric 
actuators in aero engine controls, which implies 
harsh environmental conditions, particularly 
elevated temperature. Applications of such 
actuators could include valve control for fuel 
staging or clearance control. 
 
Harsh/humid environments 

As the applications for piezo actuators continue to 
expand especially into fields such as aerospace, 
oil/gas and science there is a requirement for the 
actuator to be immersed within increasingly harsh 
environmental conditions.  
 
In the simplest form encapsulation systems, 
provides a single layer physical protection for the 
ceramic against the environmental conditions. 
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Further benefits of the compressed air actuator 
cooling system were verified after turning off the 
power supply. The time for cooling of the ceramic 
surface was measured. It was observed that the 
actuator with the air cooling system takes 15 
minutes to reduce ceramics temperature from 82°C 
to an ambient temperature of 25°C. In the same 
time period the ceramics of the encapsulated 
actuator without air cooling system cooled down to 
57°C. 
 

	  
Fig. 8: Ceramic cooling graph on the PPA80L 
encapsulated actuators with and without 
compressed air cooling 
 
The high efficiency of the air cooling system has 
allowed a drastic increase in driving frequency for 
the actuator. The air pressure was kept at the same 
level of 0.25bar while the frequency was increased. 
It was observed that the encapsulated air cooled 
actuator can be driven constantly even in excess of 
1000Hz. The same actuator without the 
encapsulation can be used only up to 50Hz. The 
monitored temperature for both actuators 
confirmed that ceramics surface temperature never 
exceeded 90°C during both tests. 
 

	  
Fig. 9: PPA80L (left) and PP80L-EA (right) 
working at the same ceramic surface temperature 
but different frequencies, note the encapsulation 
surface temperature 
 
The two configurations of an encapsulated actuator 
show many advantages, compared to the standard 
PPA80L version of the actuator, the driving 
frequency has increased 20 times for the 
encapsulated actuator fitted with the forced air 
cooling system (1000Hz). The encapsulated 
actuator without air cooling system can be used at 
frequency that is nearly 5 times higher (230Hz) 
compared to regular actuator (50Hz for PPA80L). 
 
Note all tests were performed with the encapsulated 
isolated thermally, by fixing the actuator to a large 

thermally conductive mass allows even higher 
operating frequencies to be used. 
 
Actuators operating within high temperature 
environments 

Clearly when an encapsulated actuator is placed in 
a high temperature environment it will over time 
reach the same temperature as the environment. 
Two possible solutions exist either distant cooling 
of the fluid, or cooling the fluid locally. 
 
Distant cooling of the encapsulated actuator 
includes circulating the cooling fluid within a 
closed loop system. With this type of system the 
cooling fluid is circulated between the actuator 
which can be within, for example, a high 
temperature environment and a heat exchanger 
positioned outside of the actuator environment, this 
ensures that the cooling fluid temperature keeps the 
ceramic cooled to a sufficient temperature so as not 
to damage the ceramic. 
 
The advantage with this type of system is the 
possibility of maintaining a constant fluid/ceramic 
temperature even if the encapsulated actuator 
environment varies widely, for example actuators 
positioned within aircraft engines are required to 
operate between -40°C to 180°C and survive 
between -80°C to 250°C, with a reticulating fluid 
system it is perfectible possible for an actuator to 
operate within these conditions where the fluid is 
either heated or cooled depending on the current 
environment conditions. 
 
Local cooling of the encapsulated actuator involves 
positioning a radiator system in contact with the 
encapsulation, while the fluid simple balances the 
heat difference between the self-heating ceramic, 
the environmental temperature and the radiator in 
order to maintain a suitable temperature for the 
ceramic.  
 
Several options exist for suitable radiator systems, 
the use of compressed within the PPA80L-EA 
developed at Cedrat works perfectly allowing the 
actuator to achieve a constant operating frequency 
in excess of 1kHz within an ambient temperature 
environment. This actuator could be used within an 
environment where the temperature is greater than 
ambient, the ceramic temperature could be 
maintained at the same level by either increasing 
the air flow from the 0.25 bar used during the 
testing or decreasing the operating frequency of the 
actuator. 
 
Other local radiator systems exist, including vortex 
cooling and Peltier Thermoelectric Cold Plates, 
both of these would allow a standalone 
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Dynamic Control of the Piezoelectric Transducer’s 

Resonant Frequency using MOSFET Switching 
 
H. Yokozawa1, J. Twiefel 2, M. Weinstein 2 and T. Morita1 

1 The University of Tokyo, Tokyo, Japan 
2 Leibniz Universität Hannover, Hannover, Germany 
 
Abstract: 
For driving ultrasonic motors, it is often required to control the resonant frequency of a transducer between 
some mode shapes or numbers; for example, some of them are driven with combined vibration of longitudinal 
and bending modes, and the shift of the resonant frequency degrades their performance. As the source of this 
shift, the boundary condition’s change and the nonlinear effect during the high power driving should be taken 
into account. To overcome this problem, this study proposes a dynamic control system of the resonant frequency 
modification by connecting FETs to the additional piezoelectric parts differently from the driving piezoelectric 
part. By switching on and off the FETs, the electric boundary condition for the additional piezoelectric parts 
changes between shorten and open conditions. Generally, the resonant frequencies under these conditions have 
the relationship of fshorten < fopen because of the piezoelectric effect. By switching the FETs with the same 
frequency as the driving frequency, the resonant frequency could be modified as a function of the duty ratio. 
 
Keywords: Ultrasonic Transducer, Resonant Frequency Control, Dynamic Control System 
 
Introduction 

For exciting the high power ultrasonic transducers, it 
is often required to control the resonant frequency 
between some mode shapes or mode numbers [1-3]. For 
example, ultrasonic motors are driven with combined 
vibration of longitudinal and bending modes [4,5]. In 
these ultrasonic motors’ operation, two vibration 
modes are excited in the synchronized frequency. R-
SIDM actuators utilize the 1st and the 3rd mode of the 
longitudinal vibration whose frequency ratio is 1:2 [6,7]. 
To control the resonant frequencies of the transducer, 
the mechanical design and the material properties 
have been considered. Although, even if the design of 
the transducer is optimum for driving motors, the 
machining error is inevitable. Furthermore, the 
resonant frequency changes due to the nonlinear 
effect of the piezoelectric vibration during its high 
power operation [8-11] and is also shifted with the 
boundary condition’s variation. To overcome this 
problem, this study proposes the dynamic control of 
the resonant frequency utilizing additional 
piezoelectric parts in the transducer. By controlling 
the electric boundary condition of these piezoelectric 
materials via the connected FETs switching, the 
stiffness of the additional parts can be modified 
according to the piezoelectric effect and the resonant 
frequency can be controlled.  
 
Method 

Chubachi et al. proposed a static control of the 
resonant frequency of a Langevin transducer by 
connecting inductors to the additional piezoelectric 
parts [12] as shown in the left of Fig. 1. An equivalent 
circuit for this transducer has two electric terminals 
as shown in Fig. 2. The connected inductors to the 

Terminal 2 in Fig. 2 (additional piezoelectric parts) 
corresponds to the additional equivalent mass in this 
equivalent circuit; therefore the resonant frequency 
can be controlled. Although, this control can be 
realized in the static situation, so it cannot 
compensate the resonant frequencies’ shift during 
the operation. 
In this study, the dynamic control of the resonant 
frequency is proposed by connecting FETs to the 
Terminal 2 as the right in Fig. 1. The frequency 
response of the admittance Y of the equivalent 
circuit in Fig. 2 is given by  
 

𝑌𝑌𝑌𝑌 = 𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶 +
1

−𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶
+
𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝐿𝐿𝐿𝐿
𝛷𝛷𝛷𝛷

+
1

𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝛷𝛷𝛷𝛷 𝐶𝐶𝐶𝐶
+
𝑅𝑅𝑅𝑅
𝛷𝛷𝛷𝛷

 (1) 

 
when the Terminal 2 is opened, where 𝐿𝐿𝐿𝐿 ,𝐶𝐶𝐶𝐶 ,𝑅𝑅𝑅𝑅  
are equivalent mass, compliance and loss, 𝐶𝐶𝐶𝐶  and 𝛷𝛷𝛷𝛷  
are the damped capacitance and the force factor of 
the driving piezoelectric materials and 𝐶𝐶𝐶𝐶  and 𝛷𝛷𝛷𝛷  are 
those of the additional piezoelectric materials. This 
equation is deformed to 
 
𝑌𝑌𝑌𝑌 = 𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶 +

1
−𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶

+
𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝐿𝐿𝐿𝐿
𝛷𝛷𝛷𝛷

+
1

𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝛷𝛷𝛷𝛷 𝐶𝐶𝐶𝐶
+
𝑅𝑅𝑅𝑅
𝛷𝛷𝛷𝛷

+
𝛷𝛷𝛷𝛷

−𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝛷𝛷𝛷𝛷 𝐶𝐶𝐶𝐶
 (2) 

 
with the shorten condition of the Terminal 2. These 
equations mean the frequency response of the 
admittance and the resonant frequency change 
depending on the electric boundary conditions of the 
Terminal 2 due to the damped capacitor of the 
additional piezoelectric parts. By switching FETs 
with the same frequency as the driving voltage and 
changing the duty ratio of this switching, the 
resonant frequency can be controlled continuously. 

A 1. 10
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Magnetic Shape Memory Actuation:  

Trends and Design Concepts (Review) 
	  
P. Müllner, Boise State University, Boise, USA 
E. Pagounis, ETO MAGNETIC GmbH, Stockach, Germany 
 
Abstract: 
We review recent developments in magnetic shape memory alloy (MSMA) technology with an emphasis on 
actuator applications and the alloy Ni-Mn-Ga which remains the dominating MSMA regarding magnetic-field-
induced deformation. Selection of suitable compositions increased the temperature range for magnetic actuation 
from almost zero to 350 K. Other material developments include the increase of magnetic-field-induced strain 
(MFIS) for 10M and 14M martensite to 7.3 and 11.2%, the stabilization of fine twin microstructures via surface 
coatings and surface treatments, and the study of twinning dynamics. Maximum twin boundary velocities and 
response times of 82.5 m/s and 2.8 µs where demonstrated implying that actuation frequencies may reach or 
even exceed 100 kHz. Actuator concepts may be categorized as (i) using bulk or thin film magnetic shape 
memory elements, (ii) actuating with a magnetic field, a combination of a magnetic field and a mechanical load, 
or a combination of a magnetic field and temperature field, and (iii) using homogeneous or heterogeneous fields. 
Examples of recently demonstrated actuators include positioning devices, clamping devices, micro-pumps, and 
thin-film devices. Several computational models have been proposed to simulate magneto-mechanical behavior 
under multi-axial loading. An increasing number of studies concern the domestication of hysteresis through 
advanced control mechanisms. In summary, significant progress was made in many relevant aspects for the 
commercialization of MSMA technology and several proof-of-concept actuators were demonstrated 
successfully. 
	  
Keywords: Magnetic Shape Memory, Properties, Actuators, Modeling, Control, Microfluidics 
 
1. Introduction

2016 marks the twentieth anniversary of the seminal 
1996 paper of Ullakko et al. [1] introducing 
magnetic-field-induced strain (MFIS) of magnetic 
shape memory alloys (MSMAs).  The field saw rapid 
improvement of magneto-mechanical properties, 
particularly MFIS. Moving twin boundaries carry the 
deformation. First demonstrator actuators were 
already introduced over a decade ago [2]. From 2000 
on, the by-annual ACTUATOR conference 
consistently hosted symposia on magnetic shape 
memory and magnetostrictive actuators. For reviews 
on fundamentals and applications of MSMAs, we 
refer to the proceedings of previous ACTUATOR 
conferences, of the ICFSMA conferences, and to a 
recent overview article [3]. The present article 
focuses on MSMA actuator developments of the last 
two years. We also present some advancement in 
materials properties and discoveries on twinning 
mechanisms since 2014. 

2. Material development 

Material properties relevant for actuators include the 
MFIS (which should be large), the twinning stress 
(which should be low), mechanical work output 
(which should be large), operating temperature range 
(which should be wide), and resistance against 
degradation (i.e. fatigue) resulting from repeated 
actuation (which should be high). The MFIS depends 
on the structure of the martensite phase. For the three 
most frequently reported structures, i.e. non-modu- 
 

lated (2M), 14M, and 10M, the MFIS values have 
been increased to 12% [4], 11.2% [5], and 7.1% [6].  

The twinning stress is highest for 2M martensite, 
intermediate for 14M martensite, and lowest for 
10M martensite. For 10M martensite, the twinning 
stress depends on crystal quality (i.e. purity and 
defect content), and type of twin boundaries. For 
type I twin boundaries, the twinning stress is less 
than 1 MPa directly below the martensite finish 
temperature and increases linearly with decreasing 
temperature by 0.035 MPa/K ([7]). For type II 
twins, the twinning stress is below 0.5 MPa 
independent of temperature for a wide temperature 
range. The twinning stress further depends on the 
driving force. For relatively small driving forces 
(i.e. static experiments), twin boundary motion is 
thermally activated and depends on defects 
correlated with the twin microstructure [8,9].  

For large driving forces, twin boundary motion is 
athermal  [8,9]and depends on temperature through 
the temperature dependence of the lattice parameters 
[10]. Very large driving forces can be achieved with 
pulsed magnetic fields resulting in twin boundary 
velocities of 82.5 m/s and twin boundary accelera-
tions of 1.6 x 106 m/s2 and response times of 2.8 µs 
[11]. 
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Fast Actuation of Magnetic Shape Memory Material 

Ni-Mn-Ga Using Pulsed Magnetic Field 
 
A. Saren, J. Tellinen, D. Musiienko, K. Ullakko 
Lappeenranta University of Technology, Savonlinna, Finland 
 
Abstract: 
Pulsed magnetic field-induced actuation of magnetic shape memory material Ni–Mn–Ga 5M martensite has 
been studied. Saturation velocities of fast-moving single type II twin boundaries in a range of 35–39 m/s were 
directly observed using high-speed camera technique. Corresponding actuation velocities of 2.1–2.3 m/s were 
acquired using laser Doppler vibrometry technique, both for elongation and contraction of the sample. In a case 
of multiple twin boundaries motion, actuation velocities of 4–5.5 m/s and actuation accelerations of (4-7) 105 
m/s2 were achieved. The actuation response time was measured to be less than 1 µs. The reported results have a 
potential for the development of new applications, especially in microscale devices where the working 
frequency can be significantly increased. Example potential applications are fast optical and electrical switches, 
pneumatic/hydraulic valves, microfluidic pumps and valves, micromanipulators and grippers. 
 
Keywords: Magnetic Shape Memory, Ni-Mn-Ga, Twinning, Twin Boundary Dynamics, Magnetic Field Actuation 
 
Introduction 

Magnetic Shape Memory (MSM) alloy Ni-Mn-Ga is 
a promising actuating material due to the 
combination of a large strain ~6-10% [1, 2] and fast 
response to magnetic field [3]. Twin variants 
reorientation by twin boundary (TB) motion is the 
mechanism responsible for the reversible strains 
observed under mechanical load and magnetic field 
actuation [4]. Up to now, two types of TBs (type I 
and II) were observed in Ni-Mn-Ga 5M martensite, 
with substantially different stresses [5]. Recently, 
we observed about an order of magnitude difference 
in saturation velocities of TBs of these types [6]. 
Here we focus on the direct experimental 
observation of fast-moving type II single TBs under 
pulsed magnetic field excitation, and actuation 
velocity measurements for both elongation and 
contraction of the sample, in saturation magnetic 
field. The contribution of the limiting factors such as 
inertia and internal friction are discussed. 
 
Experimental procedures 

The MSM samples used in the study were 
mechanically and electrochemically polished 
Ni50Mn28Ga22 single crystals with austenite start 
temperature of 42 °C. All measurements were done at 
RT. The samples’ cross-section was ~1 1 mm2 with a 
length of 8-10 mm, with faces nearly parallel to the 
{1 0 0} planes of the austenite. The maximum strain,  
ε0, was measured to be 6%. The experimental setup is 
shown in Fig.1a. A Helmholtz coil, connected to a 
pulse generator (EMC, Transient 1000), created a 
magnetic field pulse providing saturation field inside 
the sample during ~70% of the pulse length, with rise 
time (to saturation level) about 5 µs. A high-speed 
camera (Photron FASTCAM SA5) at a frame rate of 
775000 fps was used to acquire real-time images 

from the top surface, while a laser Doppler 
vibrometer (LDV) (Polytec, OFV-5000, OFV-534) 
was observing the left facet of the sample. Each 
sample was glued on its one end to a holder providing 
a proper alignment inside the coil frame. Prior to the 
pulsed excitation, the sample was set into a single 
variant state by placing it into a constant magnetic 
field of ~1 T, with subsequent introduction of a single 

 
Fig. 1: (a) Schematic of the experimental setup.  
(b, c) Optical side-view images of the sample with a 
single TB, for two twin variant arrangements. Color 
contrast is due to the use of polarized light. The easy 
axis directions are marked with white arrows. See 
the description of the velocity vectors in the text. 
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Introduction 

Magnetic Shape Memory (MSM) alloy Ni-Mn-Ga is 
a promising actuating material due to the 
combination of a large strain ~6-10% [1, 2] and fast 
response to magnetic field [3]. Twin variants 
reorientation by twin boundary (TB) motion is the 
mechanism responsible for the reversible strains 
observed under mechanical load and magnetic field 
actuation [4]. Up to now, two types of TBs (type I 
and II) were observed in Ni-Mn-Ga 5M martensite, 
with substantially different stresses [5]. Recently, 
we observed about an order of magnitude difference 
in saturation velocities of TBs of these types [6]. 
Here we focus on the direct experimental 
observation of fast-moving type II single TBs under 
pulsed magnetic field excitation, and actuation 
velocity measurements for both elongation and 
contraction of the sample, in saturation magnetic 
field. The contribution of the limiting factors such as 
inertia and internal friction are discussed. 
 
Experimental procedures 

The MSM samples used in the study were 
mechanically and electrochemically polished 
Ni50Mn28Ga22 single crystals with austenite start 
temperature of 42 °C. All measurements were done at 
RT. The samples’ cross-section was ~1 1 mm2 with a 
length of 8-10 mm, with faces nearly parallel to the 
{1 0 0} planes of the austenite. The maximum strain,  
ε0, was measured to be 6%. The experimental setup is 
shown in Fig.1a. A Helmholtz coil, connected to a 
pulse generator (EMC, Transient 1000), created a 
magnetic field pulse providing saturation field inside 
the sample during ~70% of the pulse length, with rise 
time (to saturation level) about 5 µs. A high-speed 
camera (Photron FASTCAM SA5) at a frame rate of 
775000 fps was used to acquire real-time images 

from the top surface, while a laser Doppler 
vibrometer (LDV) (Polytec, OFV-5000, OFV-534) 
was observing the left facet of the sample. Each 
sample was glued on its one end to a holder providing 
a proper alignment inside the coil frame. Prior to the 
pulsed excitation, the sample was set into a single 
variant state by placing it into a constant magnetic 
field of ~1 T, with subsequent introduction of a single 

 
Fig. 1: (a) Schematic of the experimental setup.  
(b, c) Optical side-view images of the sample with a 
single TB, for two twin variant arrangements. Color 
contrast is due to the use of polarized light. The easy 
axis directions are marked with white arrows. See 
the description of the velocity vectors in the text. 
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TB at the free unglued end, by means of mechanical 
stress. In the first twin variant configuration (see 
Fig.1b), the introduced variant at the left end has its 
shorter easy axis aligned along the sample largest 
dimension. When the magnetic field is applied to the 
sample along its length, the left favorable variant will 
grow, and TB will move to the right. As a result, the 
sample will contract with time at a velocity vC, which 
is directly proportional to the TB velocity vTB along 
[1 0 0] direction, with a coefficient equal to ε0. In the 
second configuration, the introduced variant has its 
easy axis aligned perpendicularly (see Fig.1c) to the 
sample length. In this case, we observed elongation of 
the sample at a velocity vE when placing it into a 
perpendicular magnetic field (by rotation the 
Helmholtz coil by 90° compared to the arrangement 
shown in Fig.1a). 
 
Results 

Fig.2a shows sample top-view image taken prior to 
the field pulse, with introduced a single TB of type 
II (twin variants arrangement according to Fig.1b). 
The high-speed camera was observing a part of the 
sample, which is outlined. A set of acquired frames 
is shown in Fig.2b. The light intensity contrast 
between two variants arises from the surface tilt 
angle of ~3.5°. The frames clearly indicate that the 
TB propagated through the visible part of the 

sample during the pulse without any signs of 
splitting or additional TBs nucleation. One can 
clearly see the acceleration region, nearly constant 
velocity region, and deceleration region of the TB 
motion. The relative position of the TB for each top-
view frame was determined and is shown in Fig.2c, 
along with the applied magnetic field pulse. Further, 
TB velocity data was numerically derived from the 
position dependencies and is shown in Fig.2d. 
Different samples exhibited a slightly different 
behavior with maximum TB velocities ranging from 
36 to 39 m/s. We attribute this behavior to the 
samples internal and/or surface inhomogeneity, 
which affects the TB mobility. An important feature 
of the observed motion is the acceleration region of 
~20-30 µs, under maximum driving force, that is 
pronounced for all samples before reaching the 
maximum velocity. This phenomenon is attributed 
to both inertia of the accelerating mass, and strong 
internal friction dependence on the TB velocity. 
Direct actuation velocity measurements provided by 
the LDV, showed corresponding contraction 
velocities of 2.1–2.3 m/s, in agreement with high-
speed camera data. Better time resolution obtainable 
with LDV setup, allowed us to estimate the actuation 
response time (defined here as the time between the 
start of the current pulse and the actuation velocity 
onset above the noise threshold) to be less than 1 µs. 

 
Fig. 2: (a) Optical top-view image of the sample with a single TB of type II before the pulse. The area captured 
by the high-speed camera is outlined. (b) High-speed camera images acquired during the pulse (each third frame 
shown). Timestamps are in µs. (c) TB position dependence on time (open circles, left axis) and magnetic field 
pulse (solid line, right axis) used. (d) TB velocity vTB calculated from the TB position data (left axis). Right axis 
shows the corresponding scale for the contraction velocity vC. 
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Abstract: 
A multi scale experimental study of twinning kinetics reveals two energy barriers that dictate the motion of twin 
boundaries in FSMA Ni-Mn-Ga: the twinning stress barrier and the lattice potential. The former represents the 
minimal driving force required for boundary motion at low velocities. The latter dictates the driving force range 
necessary for higher boundary velocities, which enables high frequency actuation. The physical origins and 
characteristics of the two barriers are discussed. Using unique experimental and analysis methods we show that 
the extremely low twinning stress value of type II boundary in 10M Ni-Mn-Ga originates from the internal 
twinning micro structure in this alloy, while the contribution of the magnetic micro structure to this barrier is 
negligible. In addition, the temperature dependence of the lattice potential is evaluated both experimentally and 
theoretically, indicating the benefits in high-frequency actuation performance close to the transformation 
temperature. 
 
Keywords: Ni-Mn-Ga, Twin Boundaries, Energy Barrier, Twinning Stress 
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An Effective Method for Designing Magnetic Shape 

Memory Actuator Systems 
 
F. Ehle, P. Neumeister, H. Neubert 
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Abstract: 
Ferromagnetic shape memory alloys (FSMA) are magneto-mechanical solid-state transducers distinguished 
from other actuation principles in actuation properties like high stroke, high energy density and operation fre-
quency. However, readily usable design tools for MSM systems are still lacking. For this reason, we present a 
fast computing lumped element model for the design support of FMSA-based actuators in this paper. The mod-
elling approach is based on an extended Tellinen hysteresis model for the static magneto-mechanical hysteresis. 
Furthermore, dynamic effects such as eddy currents and inertia are considered in form of additional lumped 
elements. By a rough discretization, magnetic and mechanical load contributions can be considered. 
 
Keywords: Magnetic Shape Memory Actuators, Lumped Element Network Models, Dynamics Simulation 
 
Introduction 

Ferromagnetic shape memory alloys (FSMA) are 
magneto-mechanical solid-state transducers distin-
guished from other actuation principles in actuation 
properties like high stroke, high energy density and 
operation frequency. For this reason, they are possi-
ble alternatives to conventional actuators or enable 
new products. During the last years, a significant 
progress towards the commercialization of the tech-
nology has been achieved, primarily in the fields of 
material development (e.g. high temperature alloys 
[1]) and fabrication technology. However, readily 
usable design tools for FSMA-based actuator sys-
tems are still lacking. They are even more necessary 
because the complicated hysteretic magneto-
mechanical coupling, requires a model-based design. 
This is especially true for the design of fast switch-
ing devices, such as circuit breakers or valves, when 
dynamic effects like inertia and eddy currents con-
tribute to the mechanical and magnetic loads on the 
FSMA.  
 
In our contribution, we present (i) a scalar static 
material model of Ni-Mn-Ga material, and (ii) the 
utilization of this approach for modelling dynamic 
effects in FSMA actuators. Both, static and dynamic 
models are designed to be used in network models 
with lumped elements. 
 
Hysteresis Modelling Approach 

Numerous modelling approaches for the strain hys-
teresis of FMSAs have been proposed. Most of them 
capture the obvious operation mode, in which a 
magnetic field along the short crystal-bar axis induc-
es strain perpendicular to the field direction and the 
sample is reset by an external compressive force. 
Although recent microscopic approaches prove ca-
pable of reproducing the material behaviour accu-
rately, macroscopic approaches are usually better 

suited for actuator system design. Especially lumped 
element modelling approaches allow for efficient 
coupling of different physical domains. We have 
proposed such an approach based on an extended 
Tellinen model [2,3], which takes into account the 
hysteresis of the uniaxial strain ε depending on mag-
netic flux density B and the applied compressive 
stress σ for the above named operation mode. The 
scalar nature of the model is justified by temporally 
constant field orientations and almost homogenous 
magnetic field and stress distribution inside the 
MSM transducer, which is basically fulfilled in most 
actuator designs.  The advantage of the Tellinen 
model compared to other hysteresis models is that it 
requires only the limiting surfaces to be completely 
parametrized in the ε-σ-B-space. Good agreement 
between measurement and simulation has been at-
tained with very small computational effort [3]. 
 

 
Fig. 1: Measured limiting hysteresis surfaces (red 
upper, blue lower) for the depicted operation mode. 
 
In the present form, the Tellinen model describes the 
equilibrium response of the FSMA material at van-
ishing rates of stress and flux. However, within 
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Materials Design for Magnetostrictive Thin Films 
 
A. Sakai, C. Niyomwaitaya, A.A.Y Mansi, T. Washihira, Y. Matsumura 
Tokai University, Hiratsuka-shi, Japan 
 
Abstract: 
Fe alloy thin films were prepared by ion-plating process with dual vapour source and the magnetostrictive 
properties would be discussed. The introduced excess energy during thin film formation was analysed by plasma 
diagnostics. We evaluated the solid solubility of alloy thin films using Darken and Gurry plot which used the 
size rule and the electronegativity based on Hume–Rothery rules. In conclusion, it suggests that Darken–Gurry 
plot hold the potential to propose the designing of magnetostrictive alloy solid solution thin film.  
 
Keywords: Magnetostrictive, Thin Film, Ion Plating, Excess Energy  
 
Introduction

Magnetostriction is mostly found in the magnetic 
transition materials like iron, cobalt and nickel and 
also in the rare earth materials like lanthanum and 
terbium. These materials consist of numerous 
magnetic domains that can rotate and align under 
the influence of an external magnetic field. The 
magnetic orientation or alignment brings forth 
internal strain in the material, which is known as 
magnetostriction.  
In recent years, there has been great interest in 
introducing magnetostrictive thin films, known as 
intelligent magnetostrictive materials. These materi-
als can convert magnetic (electrical) energy into 
kinetic energy, or the reverse through low-voltage 
power source. Thus, they present several advantages 
in the applications by controllable without using any 
contactor. Magnetostrictive thin films, less than a 
few micrometers in thickness, are widely used to 
build actuators, sensors and vibration energy 
harvesting devices [1–6]. 
Clark and his co-workers at Carderock Division 
(Maryland) of the Naval Surface Warfare Center 
(NSWC) developed alloys containing Fe, Dy, and 
Tb. The most successful magnetostrictive material is 
Terfenol-D due to large magnetostriction of more 
than 2000 ppm in a field of 160 kA/m at room 
temperature.  It is the most commonly used as 
engineering magnetostrictive material[7–9]. In 
addition, Rare earth-based magnetostrictive 
materials were known as giant magnetostricive 
materials for a long period of time. However, the 
shortage of rare-earth supplies and the brittleness of 
rare-earth compound inspire a new development for 
more sustainable magnetostrictive materials. So 
many researchers are attempting to find new types 
of material which can be easily found and provide 
affordable price to replace these resources. 
Fortunately, Fe–based alloys recently have been 
concerning because of these alloys show several 
hundred of magnetostrictive properties. Recently, 

Clark et al. reported that high values of the 
magnetostrictive amount were found in Fe-17 at% 
Ga single crystals. This materials are indicating 
good magnetostrictive susceptibility, high resistant 
to corrosion and high toughness values [10–11]. 
However, Fe-17 at% Ga alloy exceeds the solid 
solubility limit at the room temperature, it must be 
prepared in a thermodynamic non-equilibrium 
state[12]. 
A maximum amount of solute that can be dissolved 
in the solvent to form a solid solution is termed as 
solubility limit. The addition of solute in excess of 
this limit results in the formation of two phase 
solution. Hume–Rothery et al. in very early work 
proposed several factors controlling the extent of 
solid solubility. These factors form a useful basis for 
discussing the formation of extensive or restricted 
solid solutions [14]. The first Hume–Rothery rule 
says about the atomic size factor which is the solid 
solutions should not be anticipated if the atomic 
sizes of solute and solvent differ by more than 15%. 
Provided that ‘others factors are favourable solid 
solutions may form if the size difference is less than 
15%.  And the second rule, the electronegativity 
difference between the two elements should not be 
too large, typically within a range of ±0.4.  
Furthermore, Darken–Gurry made important 
progress in the prediction of solid solubility when 
they made simultaneous use of size and of 
electrochemical factors apply in illustrate called 
Darken–Gurry (DG) plot (see Fig.1). The DG plot 
reveals ease of the solid solubility to form a solution. 
The predictions regarding solubility were made by 
the ellipse on the plot, which is centered at the 
solvent (Fe) and spans a horizontal range 
corresponding to the atomic radius of ±15% and a 
vertical range corresponding to electronegativity 
values of ±0.4. Elements falling within the ellipse 
generally form extensive solid solution, while those 
outside do not. 
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Ferromagnetic Shape Memory Flapper for Remotely 

Actuated Propulsion Systems 
 

D. Shilo, Technion - Israel Institute of Technology, Haifa, Israel 
O. Kanner, Yale University, New Haven, USA 
J. Sheng, R. James  
University of Minnesota, Minneapolis, USA 
Y. Ganor, Philips Health Systems, Andover, USA 
 
Abstract:  
Generating propulsion with small-scale devices is a major challenge due to both the domination of viscous 
forces at low Reynolds numbers as well as the small relative stroke length of traditional actuators. 
Ferromagnetic shape memory alloys are good candidates for such devices as they exhibit a unique combination 
of large strains and fast responses, and can be remotely activated by magnetic fields. This paper presents the 
design, analysis, and realization of a novel Ni-Mn-Ga shear actuation method, which is especially suitable for 
small-scale fluid propulsion. A fluid mechanics analysis shows that the two key parameters for powerful 
propulsion are the engineering shear strain and twin boundary velocity. Using high-speed photography, we 
directly measure both parameters under an alternating magnetic field. Reynolds numbers in the inertial flow 
regime (>700) are evaluated. Measurements of the transient thrust show values up to 40 mN, significantly 
higher than biological equivalents. This work paves the way for new remotely activated and controlled 
propulsion for untethered micro-scale robots. 
 
Keywords: Ferromagnetic Shape Memory Alloy, Actuators, Active Materials, Propulsion, FSMA, NiMnGa 
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Design and Modelling of a Sensor-Integrated 

Actuator Using Combined Effects of 

Magnetostriction and Piezoelectricity 
 
M. Niu, B. Yang, G. Meng 
Shanghai Jiao Tong University, Shanghai, China 
 
Abstract: 
This paper presents a magnetostrictive actuator integrated with a piezoelectric sensor. The output force can be 
detected during actuation. A nonlinear model to depict the combined effects of magnetostriction and 
piezoelectricity is proposed. The model for magnetostriction is based on the Jiles-Atherton model with dynamic 
extensions of eddy-current losses and magneto-mechanical effects, so it applies for the working conditions of 
high frequency and time-varying stress. A piezoelectric constitutive model is connected to the new Jiles-
Atherton model with both the changing strain and the changing interaction forces. Using the combined model, 
the output displacement of the sensor-integrated actuator can be accurately predicted. Simulations and 
experiments have been conducted and compared for verification. 
 
Keywords: Magnetostrictive Actuator, Piezoelectric Sensor, Jiles-Atherton Model 
 
Introduction 

Magnetostriction is a property of ferromagnetic 
materials that their shape or dimensions will change 
during the process of magnetization when a 
magnetic field is imposed on them. Possessing the 
property, magnetostrictive materials have large 
actuation strains up to 2000 ppm, huge actuation 
stress up to 200 MPa, short response time in the 
range of micro-seconds, high resolution up to 10-7 
and wide response band. Given these superior 
performances, they are widely used for 
magnetostrictive transducers[1], linear motors, 
rotary motors, servo valves, precision positioning 
systems[2] and vibration control systems[3]. 
However, there are also some properties which make 
the material difficult to use. Nonlinearity is one of 
the most significant. Magnetostrictive materials 
show strong nonlinearity because of the hysteresis 
and eddy-current losses. The magnetomechanical 
coupling characteristics make the material more 
difficult for modelling. Besides, the material is 
sensitive to the change of temperature. And ΔE 
effect is also a typical property that cannot be 
neglected when applied in engineering. All these 
properties hold back the outstanding material for 
widely use. So a suitable model, which takes all the 
above mentioned factors into consideration, is 
necessary for the design and control based on the 
material. Several models have been established 
during the past decades. 
Preisach model[4], Prandtl-Ishlinskii model[5] and 
Bouc-Wen model[6] are the three most 
representative phenomenological models. They are 
suitable for the control of magnetostrictive materials 
for their high accuracy and natural property of minor 
loops closure. However, the nonphysical nature of 
the parameters makes them difficult to construct 

models using physical behavior or to employ 
attributes of the parameters for updating models to 
accommodate changing operation conditions. 
Physical models include Jiles-Atherton model[7], 
homogenized energy model[8] and Armstrong 
model[9]. Among them, JA model is the most 
classical one. It derives from the ferromagnetic 
magnetization theory promoted by Jiles and 
Atherton, which is based on micromagnetics and 
Weiss molecular field theory. The original JA model 
requires only five parameters. The construction of 
the model is further enhanced by the physical nature 
of the parameters and the fact that certain parameters 
can be directly specified from measured data. 
Piezoelectricity is the electric charge that 
accumulates in certain solid materials in response to 
applied mechanical stress. Piezoelectric materials 
are widely used for energy harvesting[10], sensors, 
actuators and reduction of vibrations[11] and noises. 
Using as sensors, piezoelectric material has the 
advantages of ruggedness, high natural frequency 
and excellent linearity over a wide amplitude range. 
This paper presents a magnetostrictive actuator 
integrated with a piezoelectric force sensor for 
output monitoring and accurately modelling. The 
structure of the actuator is introduced. A nonlinear 
model, which is based on JA model while taking the 
eddy-current losses and magneto-mechanical effects 
into consideration, is established. Also, a 
piezoelectricity model is adopted and combined with 
the dynamic JA model. Using the combined model, 
with the data of the input current into the coil and 
the output voltage from the sensor, the output 
displacement and force can be accurately predicted. 
The parameters of the model are identified and 
experiments are taken to show that introducing the 
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Impulse Damping Using Magnetic Shape Memory 

Alloys 
 
L. Riccardi, T. Schiepp, R. Schmid, M. Maier, M. Helmer, M. Laufenberg 
ETO MAGNETIC, Stockach, Germany 
 
Abstract: 
The mechanical hysteresis of magnetic shape memory alloys implies a remarkable damping capacity that can be 
exploited in vibration dampers and impulse dampers. This paper presents results concerning damping properties 
of an MSM impulse damper. The device is designed and characterized to quantify the energy absorption 
capabilities. Three activation strategies of the damper are discussed: a passive, a semi-active and an intelligent 
approach which further improves the damping. 
 
Keywords: Magnetic Shape Memory, Damping, Hysteresis 
 
Introduction

Damping techniques are common methods of 
attenuating the vibrations or impacts in a system or 
structure. Passive damping is usually realized using 
viscoelasticity, friction and material damping. Semi-
active and active damping techniques are able to 
address a wider range of conditions. However, active 
damping is not always applicable due to cost, 
volume and power requirements. 
This paper discusses the possibility to use magnetic 
shape memory (MSM) alloys in damping 
applications. MSM alloys are smart materials which 
can produce deformation and stress in a controlled 
way when excited by a magnetic field, respectively 
up to 6 to 12 % and 3 to 4 MPa [1]. Beyond their 
actuation properties, which can be exploited in 
innovative and energy-efficient actuators [2, 3], they 
have promising features that can be used in sensors, 
energy harvesters, and further devices such as 
passive, semi-active or active dampers. In fact, 
MSM alloys exhibit a hysteresis between stress and 
strain, whose area represents the energy absorbed 
during cycling and thus the damping capabilities of 
the material. 
The paper is organized as follows. The first part 
characterizes in detail a MSM sample with respect to 
the damping. The second part describes a set-up for 
impulse damping and presents the measurements of 
an impact experiment where the MSM sample is 
compared to Aluminum and Iron. The final section 
closes the paper with concluding remarks. 
 

Damping properties of MSM alloys 

The energy absorption of MSM alloys is described 
by the area delimited by the stress-strain hysteresis. 
The hysteresis in MSM alloys originates from the 
presence of an internal stress in the material called 
twinning stress, which is strain dependent. The stress 
value which produces 3% strain at zero field is 
usually considered as an average, representative 

value of twinning stress. Two qualitative stress-
strain curves are shown in Fig. 1, where stress is 
applied along x, parallel to the strain, and field along 
y. Refer to the blue curve at zero field. At the 
beginning of the compression test, the MSM element 
exhibits an elastic behavior (from A to B0). When 
the stress is close to the average twinning stress TWσ , 
the so called twinning region starts (from B0 to C0), 
which describes the large deformation of MSM 
alloys. At the end, another elastic region follows 
(from C0 to D0). For elongation, the alloy should be 
subjected to a tensile stress or to a magnetic field 
along y, i.e. perpendicular to the stress. The red 
curve shows the case in which a non-zero field is 
applied. The elastic region increases (from A to B1) 
because the stress must now overcome the sum of 
twinning stress and magnetically induced stress; 
between B1 and C1 lies the twinning region for 

1 0H H= > . The area enclosed by the stress-strain 
curve is the energy absorbed during the mechanical 
cycling. The bigger the twinning stress, the bigger 
the area. 

 
Fig. 1: Qualitative stress-strain curves of MSM 
alloys, at field strengths H0 = 0 (blue curve) and  
H1 > 0 

The damping capabilities of a MSM sample 
measuring 3 mm × 5 mm × 20 mm are characterized 
in a setup where both magnetic field and mechanical 

A 3. 7



ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 121

ACTUATOR 2016, MESSE BREMEN   2/4 
Guidelines for Authors, August 2015 

https://www.xinxii.com/actuator-2016-manuscript-a37-p-371042.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016122

ACTUATOR 2016, MESSE BREMEN   3/4 
Guidelines for Authors, August 2015 

  

 

 

 

https://www.xinxii.com/actuator-2016-manuscript-a37-p-371042.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 123

ACTUATOR 2016, MESSE BREMEN   4/4 
Guidelines for Authors, August 2015 

https://www.xinxii.com/actuator-2016-manuscript-a37-p-371042.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016124

Magnetic Field Controlled Damping in MSM-Polymer 

Hybrids 
 
I. Aaltio, F. Nilsén, J. Lehtonen, Y. Ge, S.-P. Hannula 
Aalto University, Espoo, Finland  
 
 
Abstract: 
In addition to the well-known actuation property Magnetic Shape Memory (MSM) alloys have been found to 
have good vibration damping properties in particular in the low to moderate frequency range. The high vibration 
damping capability in MSMAs is based primarily on the hysteretic motion of martensite twin boundaries or on 
the reversible stress-induced-intermartensitic transformation. Both of these mechanisms enable several percent 
mechanical shape change of MSM material. Single crystal Ni-Mn-Ga MSM materials have been widely studied 
and used for their high capability of relative shape change. However, the size and shape of these single crystal is 
limited, e.g., due to the complex manufacturing process and the need of special methods for their cutting. In 
addition the material price is rather high for many damping applications. These limitations may be overcome by 
an alternative approach: the MSM-polymer hybrids. 
 
We studied the vibration damping properties of MSM-polymer hybrid composites and the effect of external 
magnetic field on damping. The Ni-Mn-Ga MSM material was produced by gas-atomization method and the 
resulting powder consisted of spherical particles of approximately 100 µm diameter. The MSM powder was 
mixed with epoxy and oriented by external magnetic field at the curing stage of the polymer matrix. The 
resulting hybrid material consisted of chains of MSM particles aligned with the magnetic field direction, which 
results to anisotropic mechanical and damping properties of the hybrid. Vibration damping properties of the 
hybrids were characterized. The properties of the hybrid depend on the filling ratio as well as the matrix material 
used. Application of the MSM-polymer hybrids to magnetically controllable vibration dampers is also briefly 
discussed. 
 
Keywords: MSM, Hybrid, Polymer Composite, Damping 
 
 
Introduction 

High damping MSM-polymer hybrids utilize the 
mechanical elasticity and adequate bonding 
properties of the epoxy matrix and the special 
properties of the Ni-Mn-Ga MSM powder. An 
important feature of the MSM powder is the 
hysteretic twin boundary motion, which is induced 
by the external stress. Actuating MSM-epoxy 
composites have been prepared earlier using EDM-
cut single crystal Ni-Mn-Ga pieces [1]. Instead of 
the actuation, the present paper focuses on the 
damping properties of the composites and uses gas-
atomization for producing the MSM particles. 
Unlike the process based on the EDM cut pieces, gas 
atomization is a well-known industrial method to 
produce metallic powders with a large batch size and 
low costs. Therefore, it is interesting to apply it to 
MSM alloy. A drawback is that the gas atomized 
particles are not single crystals and their twinning 
stress is expected to be high. Thus, it is not likely 
that they as such will be capable of producing direct 
actuation in an applied magnetic field. However, 
mechanical damping properties are possible to 
obtain, even if the twinning stress is higher. 
 

Experimental  

The Ni-Mn-Ga powder was produced by gas 
atomization from elemental Ni, Mn and Ga raw 
materials. The resulting powder consisted of highly 
spherical particles. The particles were sieved to a 
selected particle size and then heat treated in a 
protective atmosphere and sieved to a selected 
particle size. The chemical composition was 
determined by scanning electron microscopy (SEM) 
and energy dispersive x-ray analysis (EDS) and the 
phase transformation temperatures were obtained by 
the low-field ac susceptibility method. The phase 
structure of the powder was determined by x-ray 
diffraction (XRD).  
 
A magneto-mechanical training treatment was 
applied to the MSM powder before the hybrid 
processing. The aim of the training was to enhance 
the motion of the twin boundaries. The training 
included magnetization by 1 T applied field and 
subsequent compression by 10-20 MPa stress. The 
training cycle was repeated 3 times for the powder.  
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Disparities in Radial Properties (Magnetic and 

Structural) of Single Crystal Terfenol-D Disks 
 
V. Issindou1, B. Viala1, L. Gimeno2,3, O. Cugat2,3, O. Geoffroy4, F. Fillot1,5, J. Debray4,5 
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5 Université Grenoble Alpes, Grenoble, France 
 
Abstract: 
Disparities in magnetic properties of disks of <112>-oriented single-crystal Terfenol-D are reported, in relation 
to their crystallographic structure. A sampling of 11 disks was used (from two rods). The in-plane saturation 
magnetostriction of disks (λs

//- λs⊥) was measured by the capacitance method. The differences between disks are 
significant (~ 35%). Polar plots (0°-360°C) of the equivalent squareness ratio (SQR) at 0.2T are shown for the 
two series of disks.  It is a simple, fast and accurate method based on standard vibrating sample magnetometer 
(VSM) which is well suited to large sampling of miniature disks. They reveal typical shamrock-shaped plots 
with four leaves with two maxima at 0° and 90° and two minima at 49° and 131°. Some disks exhibit a degraded 
shape. They are the same that have a lower magnetostriction. θ-2θ X-Ray diffractions, metallographic 
observations and Laue method have determined that crystal twinning and equiaxed grain germination are 
responsible of these degradations.  
 
Keywords: Terfenol-D, Magnetostriction, Anisotropy, Twins  
 
Introduction 

Terfenol-D is a high performance single crystal 
magnetostrictive material which naturally grows in a 
<112> direction [1]. It has been fabricated for 
decades in form of elongated rods of approximately 
one centimetre in diameter. Historical applications 
have used whole rods being deformed in length, 
such as cylindrical actuators and transducers [2]. 
Recently, smart composites have appeared coupling 
magnetostrictive and piezoelectric elements. They 
enable new applications like broadband transducers 
[3] and magnetoelectric sensors [4]. Composites are 
more and more miniaturized and require smaller and 
thinner magnetostrictive elements. This leads to use 
today miniature disks of Terfenol-D cut from rods. 
Therefore, properties of disks are crucial, yet remain 
rarely investigated. Disks are prone to process 
variations, which can be linked to their growth and 
structure. The aim of this work is to evaluate finely 
these disparities on a disks sampling from two rods. 
 
Experiment 

The sampling is realized on 11 miniature disks (6 
mm-diameter, 1 mm-thick) cut perpendicularly to 
the growth axis from two commercial rods (13 mm-
diameter and 350 mm-long). The two series are 
labelled A1 to F1 for rod 1 and A2 to E2 for rod 2. 
Samples were cut by electrical discharge machining 
(EDM), and diamond saw.  
The saturation magnetostriction (λs

//- λs⊥) of disks 
was measured by the capacitance method [5]. The 
disks were rotated (180°) about their axis with a 

constant magnetic field of 2T applied in the disk 
plane. No pre-stress was used.  
In-plane hysteresis loops were measured by 
vibrating sample magnetometer (VSM) at different 
azimuthal angles (up to 360°).  
Crystallographic orientations normal to the disk 
were determined with θ-2θ X-ray (Cu-α) diffraction 
(XRD). The structural characterization was 
completed with detailed metallographic 
examinations and Laue diffractions on the disks 
surface after polishing and etching (Vilella reagent). 
 
Results 

Table 1 highlights the disks sampling based on the 
maximum values of measured saturation 
magnetostriction. The results are very scattered with 
a variation up to ~ 35%. Such disparities may be 
unacceptable for the mass production of miniature 
devices. Therefore, a detailed understanding of the 
origin of this disparity is necessary. This was 
undertaken on a selection of representative samples 
(B1, F1 and C2).  

Table 1: Saturation magnetostriction of series of 
disks (in ppm) 

Sample A1 B1 C1 D1 E1 F1 
λ//- λ┴ 2371 2340 2300 2232 2157 1996 

       
Sample A2 B2 C2 D2 E2  
λ//- λ┴ 2251 1776 1773 1617 1552  
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Study of Vibration Energy Harvester Based on the 
Magnetic Shape Memory Effect 
 
D. Musiienko, Lappeenranta University of Technology, Savonlinna, Finland 
J. Huimasalo, Elektroniikan 3K-tehdas, Savonlinna, Finland 
J. Tellinen, A. Saren, K. Ullakko 

Lappeenranta University of Technology, Savonlinna, Finland 
 
Abstract:  
In present study theoretical model of MSM energy harvester is discussed and stand-alone energy harvesting 
device is developed and characterized in the frequency range from 10 to 200 Hz at vibration conditions that are 
close to real applications. The device utilizes 4 MSM elements (1*2.5*10 mm each) actuated by external 
mechanical stress that leads to magnetic flux modulation. With external oscillation mechanism the MSM 
material showed VRMS over 2 V (at 3% stroke, with no resistive electrical load), which is enough for DC 
rectification. To model real vibration conditions harvester prototype was mounted onto shaking platform with 
adjustable frequency and amplitude of oscillation. It was found that harvesting productivity strictly depends on 
mechanical resonance of the oscillating part of the device. Mechanical system improvements allowed achieving 
maximum power output of more than 38 mW (1 mW • cm-3) at 101 ± 1 Hz. 
 
 
Introduction

Power generation from ambient environmental 
energy becomes a growing field of interest [1]. 
Mechanical vibrations in particular have attracted 
attention due to its prevalence [2]. Several 
technologies have been developed to harvest this 
energy such as magnetostrictive, piezoelectric, 
electrostatic and electromagnetic technologies. An 
emerging technology combines the principles of 
electromagnetism with the magnetic shape memory 
(MSM) effect to create an energy harvester using 
Ni-Mn-Ga as the actuating material [3-7]. Due to 
magnetic anisotropy of martensitic crystal lattice, 
the longer a-axis has a magnetic permeability that is 
over 20 times greater than that of the shorter c-axis 
[8]. If a sufficient mechanical stress is applied a 
single crystalline element of martensitic Ni-Mn-Ga 
reorients from one twin variant to another. This 
crystallographic reorientation induces the 
corresponding change to the easy direction of 
magnetization within the sample. As such, the flux 
of an applied magnetic field changes according to 
the twin variant ratio of the MSM element. The 
MSM energy harvester is realized when the 
electromotive force within a pick-up coil appears 
according to this magnetic flux modulation, 
therefore generating an alternating electric current. 
 

See full review of literature in our recent study [9], 
in which experimental energy harvesting setup was 
built and theoretical model was developed. The 
model allows construction of energy harvester (EH) 
with preliminary defined characteristics. 
Experimental setup utilized external DC power 
supply to bias magnetic field in the system, while 
harvested AC power was measured over the 
adjustable load in the parallel line with capacitor, 
which was simultaneously used to achieve electric 
resonance conditions. It was found that material 
itself is capable to produce 0.33 mW • mm-3 and 
1.37 mW • mm-3 when electric resonance system is 
used. Developed model was used to build stand-
alone energy harvester prototype with a permanent 
magnet as a magnetic field source. 
 
Results and discussion 

Figure 1 shows the energy-harvesting device 
containing 4 parallelepipedal MSM elements 
(1*2.5*10 mm). To maximize the performance and 
lifetime stabilized fine twin structure was created in 
MSM elements [10]. Stress-strain characterization 
of MSM elements inside the assembled energy 
harvester prototype was performed prior to 
harvesting tests and is shown on Figure 2. 
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First, external oscillation mechanism was used to 
actuate the MSM material and it was found that with 
no load VRMS exceeds 2 volts (at 3% stroke), which 
is suitable for DC rectification. Electro-magnetical 
shaker “Ling Dynamic Systems Model V72” was 
utilized to simulate close to real energy harvesting 
conditions. It was found that harvesting productivity 
strictly depends on mechanical resonance of the 
oscillating part of the device. Mechanical system 
was reconstructed to obtain an ability of resonance 

frequency adjustment and a full range of 
experiments was performed in studied frequency 
range. Studied energy harvester prototype improved 
by resonance adjustment system is capable of 
effective energy harvesting in 60-105 Hz frequency 
range at 0.2 mm vibration amplitude. Figure 2 
demonstrates the most a variety of power output 
curves at a range of resonance frequencies. 
 
 
 

 

Fig. 1: Photograph (a) and schematic (b) drawing of the energy harvester prototype. Experimental prototype 
consists of bias magnet gap (1), pick-up coil (2), iron laminate magnetic core (3), MSM element (4), resonance 
amplifier (5), plunger for MSM actuation (6), flat springs (7), resonance frequency adjustment system (8) and 
constructive materials. 

	  

Fig. 2: 2 cycle stress-strain characteristics of MSM 
samples set inside the energy harvester prototype 
(raw data points plot). 

Fig. 3: Power output dependence on the platform 
oscillation frequency at different resonance 
settings (lines are for eye guidance).
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Vibration Control of Large Civil Engineering 

Structures (Review) 
 

A. Preumont, Université Libre de Bruxelles, Brussels, Belgium 
 
Abstract:  
Large civil engineering structures are sensitive to vibrations due to various excitations sources such as 
earthquakes, wind, traffic or pedestrians. These vibrations may induce a catastrophic failure of the structure as in 
the case of earthquake or flutter instability (e.g. Takoma bridge), or they can affect the comfort of the occupants 
(e.g. wind induced sway of high rise buildings). They may result from a fairly complicated interaction between 
the structural motion and its environment which necessitates multiphysics tools for their analysis (e.g. in flutter, 
the structural vibration is the source of unsteady aerodynamic forces). In other cases, they result from the 
nonlinear behaviour of the structure itself (e.g. parametric excitation of stay cables due to the deck motion of 
cable-stayed bridges). In some circumstances, pedestrian bridges may be subjected to the phenomenon of 
synchronization according to which the bridge motion induces the crowd marching on the bridge to synchronize 
their steps (it was the case in the Millenium bridge in London on the inauguration day). Large bridges are often 
more sensitive during the construction phase. As the structures tend to become ever larger with time and 
metallic structures have very little damping, vibration phenomena tend to become more and more important and 
necessitate special engineering devices to mitigate them and reduce the resonance peaks. Because of their size 
and the requirements in terms of reliability and serviceability, the actuators play a critical role in the active 
control loop. This paper reviews various vibration mechanisms and various vibration control devices which have 
been used successfully (mostly in the Far-‐East), and explores some new applications where vibration control 
could be applied successfully. 
 
Keywords:  
 
 
Unfortunately, the final manuscript has not been received by the printing date. Please contact the author for 
additional information. 
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necessitate special engineering devices to mitigate them and reduce the resonance peaks. Because of their size 
and the requirements in terms of reliability and serviceability, the actuators play a critical role in the active 
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could be applied successfully. 
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Actuator Concepts for Active Vibration Control 
M. Werhahn, R. Genderjahn, H.-J. Karkosch, P.M. Marienfeld 
ContiTech Vibration Control GmbH, Hannover, Germany 

Abstract: 
Even though active vibration control systems can especially offer a wide range of benefits for passenger cars, 
they are not yet widespread in the automotive industry. With this in mind, an overview of commonly used 
actuator types is given and specific requirements of the automotive industry are discussed. It then goes on with 
the introduction of a newly designed, linear electromagnetic actuator, which is particularly suited for the use in 
active engine mounts. To demonstrate the effectiveness of an implemented solution vehicle test results are 
presented. 

Keywords: Active Vibration Control, Linear Reluctance Actuator, High Frequency Applications, Active Engine 
Mounts, LINAK 

Introduction

Consumers are becoming more environmentally 
aware, global reserves of raw materials are 
dwindling, and the legislature is intensifying 
pressure on automotive manufacturers to reduce 
fleet emissions. OEMs are amplifying their efforts 
to develop efficient, low-emission engines 
accordingly. These include high compression 
gasoline or diesel engines in combination with 
hybrid drives, engines with cylinder deactivation, or 
engines with only two or three cylinders. As a 
matter of principle, all of these approaches lead to 
an overall increased level of vibration and/or a 
wider excitation frequency range. At the same time, 
lightweight vehicle design is being advanced in 
order to reduce consumption and, for example, to 
compensate for the weight of the growing number of 
assistance and comfort systems. However, 
lightweight constructions tend to increase vehicles' 
susceptibility to vibrations and thus have a negative 
effect on the NVH behavior in the vehicle interior. 
Seeing as, over the years, customers' comfort 
requirements have steadily increased, there is a 
pressing need to resolve the growing tensions 
between comfort, efficiency, and lightweight design 
[1]. 

Systems for active vibration control (AVC) can 
intervene and resolve these conflicts of objectives. 
Active engine mounts or absorbers, which work 
across a wide frequency range and can therefore be 
effective across almost the entire speed range of the 
engine, are particularly suitable. They are used to 
minimize and/or selectively influence the 
transmission characteristics of structure-borne noise 
between engine and chassis. 

This article will focus on the actuator technology for 
active hydromounts and its effects on the design 
process of the AVC-system. The demands on active 
hydromounts will be explained and, with the help of 
a simplified mathematical replacement model, the 
conflict between active and passive mount 

performance will be illustrated. An actuator 
optimized in this way and measurement results used 
to demonstrate the effectiveness of a system with 
broadband capabilities will be presented. 

How an active engine mount works 

Alongside road and airflow excitations, vibrations 
caused by the engine represent a main source of air-
borne and structure-borne noise in the vehicle 
interior. This noise is generally experienced as 
disruptive by passengers and contributes 
significantly to the perception of worth. Seeing as 
the engine mount is the primary transmission path 
from the engine to the interior, the active regulation 
of this interface creates huge potential for improving 
the driving experience [2]. 

In a conventional engine mount, the main rubber 
spring bears the engine's static load. Here, the 
elasticity of the rubber results in the partial isolation 
of the high-frequency engine excitations from the 
chassis, while the low-frequency engine vibrations 
are damped by the flow of fluid in the hydraulic 
channel. Both effects are influenced by the 
mainspring stiffness in contradictory ways and lead 
to a conflict of objectives. Thanks to the principle of 
the active engine mounting system, the structure-
borne noise fed from the engine into the chassis can 
be reduced to a minimum, while the passive mount 
characteristics are largely retained. On the one hand, 
active absorbers near the engine mount can be used 
to generate counterforces to the engine excitations. 
On the other hand, actuator technology can be 
integrated in the engine mount in order to tune the 
engine mount to a lower dynamic stiffness rate for 
particular frequency ranges and operating states, and 
thus to isolate the engine excitation from the chassis. 
This article concentrates on the latter method. This 
consists of one or two active mounts, each with a 
sensor on the chassis side and an electronic control 
unit (ECU) with an integrated amplifier. The engine 



ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016136

https://www.xinxii.com/actuator-2016-manuscript-a61-p-371046.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 137

https://www.xinxii.com/actuator-2016-manuscript-a61-p-371046.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016138

An Efficient and Optimal Moving Magnet Actuator 

for Active Vibration Control 
 
G. Loussert, Moving Magnet Technologies S.A, Besançon, France 
 
Abstract: 
The need for fuel economy and emission restriction has led OEMs to put emphasis on different strategies which 
allow effective improvements in that field (engine downsizing, cylinder deactivation …). These new 
applications imply significant vibration increase, created by the engine and transmitted to the chassis and the 
vehicle interior, such that their cancellation is a key topic for the automotive industry. The use of active engine 
mounts, acting directly on the fluid of the hydromount, or active absorber, acting as an inertial mass-spring 
system, are very effective solutions, particularly when using actuators working on electromagnetic principles. 
Nevertheless, when it comes to concrete solutions, the choice of such actuators must be considered, taking into 
account the full performances and overall cost of the solutions. This paper deals with the presentation of an 
electromagnetic actuator, up to a realistic demonstration stage, showing that it can be considered as the most 
convenient solution, particularly by saving several tens of grams of magnets compared to the electrodynamic 
ones currently proposed by automotive suppliers. 
 
Keywords: NVH, Vibration Cancellation, Electromagnetic Actuator, Demonstrator, Transfer Function 
 
Introduction

The need for fuel economy and emission restriction 
have led OEMs to put emphasis on different 
strategies which allow effective improvements in 
that field, such as engine downsizing, cylinder 
deactivation, start/stop system or hybridization 
(Fig.1). As a consequence, these new applications 
imply significant changes on noise, vibration and 
harshness (NVH) occurrences. Particularly, several 
unwanted vibrations appear, created by the engine 
and transmitted to the chassis and the vehicle 
interior, such that their cancellation has been a key 
topic for the automotive industry [1]. 

 
Fig. 1: Fuel economy driven developments are 
sources of NVH 

 
As it was relevantly studied in the recent past [2], 
the use of active engine mounts [3], acting directly 
on the fluid of the hydromount, or active absorber, 
acting as an inertial mass-spring system, are very 
effective solutions, particularly when using actuators 
working on general electromagnetic principles. 
Nevertheless, when it comes to concrete solutions, 
the choice of such actuators must be considered, 
taking into account the full performances and overall 
cost of the solutions. 

This paper deals with the presentation of an 
electromagnetic actuator, showing that it can be 
considered as the most convenient solution, 
particularly by saving several tens of grams of 
magnets compared to the electrodynamic ones 
currently proposed by some automotive market 
leaders [4], [5]. 
 
Comparison between moving magnet and moving 
coil actuators 

Because of their intrinsic principle, electrodynamic 
and electromagnetic actuators, even though working 
on the same magnetic equations, have different 
magnetic flux paths (Fig. 2) that lead to various 
designs with inherent benefits. As for example, the 
first cited depicts better dynamics ability thanks to a 
low inductance and a low electrical time constant, 
while the second cited implies a better coil thermal 
dissipation and a generally higher force constant per 
magnet mass. 
In the particular application of active vibration 
control, and although high current dynamic is 
requested, it can be shown that electromagnetic 
actuators with moving magnet can be considered as 
a best solution in order to save tens of grams of 
magnet, keeping high dynamic ability within 
realistic specifications. 
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As it was relevantly studied in the recent past [2], 
the use of active engine mounts [3], acting directly 
on the fluid of the hydromount, or active absorber, 
acting as an inertial mass-spring system, are very 
effective solutions, particularly when using actuators 
working on general electromagnetic principles. 
Nevertheless, when it comes to concrete solutions, 
the choice of such actuators must be considered, 
taking into account the full performances and overall 
cost of the solutions. 

This paper deals with the presentation of an 
electromagnetic actuator, showing that it can be 
considered as the most convenient solution, 
particularly by saving several tens of grams of 
magnets compared to the electrodynamic ones 
currently proposed by some automotive market 
leaders [4], [5]. 
 
Comparison between moving magnet and moving 
coil actuators 

Because of their intrinsic principle, electrodynamic 
and electromagnetic actuators, even though working 
on the same magnetic equations, have different 
magnetic flux paths (Fig. 2) that lead to various 
designs with inherent benefits. As for example, the 
first cited depicts better dynamics ability thanks to a 
low inductance and a low electrical time constant, 
while the second cited implies a better coil thermal 
dissipation and a generally higher force constant per 
magnet mass. 
In the particular application of active vibration 
control, and although high current dynamic is 
requested, it can be shown that electromagnetic 
actuators with moving magnet can be considered as 
a best solution in order to save tens of grams of 
magnet, keeping high dynamic ability within 
realistic specifications. 
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Compact, Efficient and Controllable Moving Iron 

Actuation Chain for Industrial Application 

P. Meneroud, C. Bouchet, A. Pages 
Cedrat Technologies SA, Meylan, France 

Abstract: 

In the field of aeronautics, some parts of aircraft engines are tricky and costly to manufacture. In the low 
pressure turbine very thin pieces obtained by turning require a complex support. The R&D work performed here 
aims at improving the manufacturing process through the reduction of vibrations and active modification of the 
clamping conditions. For that purpose, Cedrat Technologies has designed a new innovative Moving Iron 
Controllable Actuator (MICA), which is embedded on the work-piece support. In the first part, the application 
goals and the main particularities of the developed MICA200M magnetic actuator are presented. To be easily 
driven in closed loop, the force is designed to be linear with the current and independent from the interface 
position. The MICA200M stroke is ±2.5mm and its force constant reaches 11.6N/A for a current range of ±15A 
in steady state. The nominal force of 174N for only 1 dm3 size and 3.2kg facilitates the integration and allows 
acceleration up to 132G in transient operation thanks to reduced 0.25kg mobile mass. In the second part, results 
of complete experimental characterisation are detailed. Finally, a comparison analysis is done with COTS voice 
coil actuators and the article concludes with the benefits of the MICA200M. 

Keywords: Actuator, Magnetic, MICA, Moving Iron, High Bandwidth, Current Switching Amplifier  
 
Introduction 

The ICT FP7 European project INTEFIX requires a 
high dynamics linear actuator suitable for anti-
vibration applications like chatter reduction for the 
turning of thin work-pieces [1] for example the 
turbine casing. In the frame of this project, Cedrat 
Technologies has designed a new innovative 
Moving Iron Controllable Actuator (MICA). This 
paper presents in the first part the application goals 
and the main particularities of MICA200M 
magnetic actuator. Then, results of complete 
experimental characterisation are detailed. Finally, a 
comparison analysis is done with existing voice coil 
actuators and the article concludes on the benefits of 
the MICA200M. 

Intefix project and actuation needs 

The INTEFIX project aims at improving the 
machining of thin work-pieces thanks to the use of 
INTElligent FIXtures which includes the reduction 
of vibration, the compensation of constraints 
relaxation and the accurate positioning of work-
pieces. The study case described here concerns the 
turning of the low pressure turbine casing (see 
Fig. 1). The objective is to improve the 
manufacturing process during finish turning, 
through the reduction of vibrations and active 
modification of the clamping conditions. 
Modifications performed on the current fixture 
include the integration of active vibration damping 
to reduce the vibrations during machining and the 
integration of active actuators to produce an active 
controlled deformation on the work-piece in order to 
improve the clamping conditions (see Fig. 2).  
The requirements of both types of actuation are 

different. Vibration reduction requires large 
bandwidth actuation whereas the production of 
active controlled deformations requires significant 
stroke. Additionally, both need large forces and a 
compact profile as they are embedded actuations. 
Both functionalities are fulfilled with the 
MICA200M actuator. 
 

 
 
Fig. 1: Turbine casing work-piece 
 

 
 

Fig. 2: MICA integrated in turning support 

 

Principle of MICA actuator 

MICA actuator, which is a patented technology of 
linear magnetic actuator, whose particular 
characteristic is its high and controllable force on an 
iron mobile part. The actuator force is proportional 
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An Adaptive Negative Capacitance Shunt Network 
for Increasing Performance and Robustness in 
Terms of Noise and Vibration Attenuation
M. Pohl, H.P. Monner 
Deutsches Zentrum für Luft- und Raumfahrt (DLR), Braunschweig, Germany 

Abstract: 
Due to its broadband performance, the negative capacitance shunt can be used for damping multimode systems 
with varying eigenfrequencies. They are usually built with operational amplifiers and passive components. This 
setup is sufficient for laboratory tests, but in real applications, this rather simple setup cannot be used, due to a 
tradeoff between efficient damping and the risk of instability. Therefore an adaptive negative capacitance circuit 
is presented in this paper, which is developed for automatically tuning the capacitance ratio to the appropriate 
value. Tests at a beam structure show, that both better damping and the avoidance of saturation effects and 
instabilities are achieved. 

Keywords: Negative Capacitance, Piezoelectric Shunt Damping, Noise and Vibration Attenuation 

Introduction 

For ecologic sustainability and decreasing reserves 
of fossil energy sources, fuel efficiency is a major 
concern especially for passenger aircraft. Therefore, 
lightweight structures made from carbon fiber 
reinforced plastics offer a great potential. But when 
used for panel-like structures, they have the 
disadvantage of a lower damping and a lower 
coincidence frequency compared to conventional 
differential metal constructions. Both aspects lead to 
an increased vibration level and by this to a higher 
sound radiation. Because of this, special noise and 
vibration treatments are needed to ensure passenger 
cabin comfort. Besides passive damping and active 
structural acoustics control (ASAC), piezoelectric 
shunt damping is investigated.  

Piezoelectric shunt damping 

Piezoelectric shunt damping  subsumes all 
concepts, where an oscillating structure is damped 
with applied piezoelectric actuators connected to 
electric shunt networks. The basic principle can be 
seen in Fig. 1, in which the external electrical 
impedance Z1 is connected to the electrodes of the 
piezoelectric transducer. In order to ensure proper 
damping, the shunt network has to fulfil two tasks. 
Firstly it has to dissipate the vibration energy and 
secondly it has to match the impedances between 
the electric system, the piezoelectric transducer and 
the mechanical structure to maximize the energy 
flow from the mechanical to the electrical system. 
Therefore, several concepts are known from the 
literature, such as passive resonant shunts [1], [2], 
[3] for one or multiple modes, switching shunts [4], 
[5] or the semi-active negative capacitance circuit. 
Due to its broadband performance, the negative 
capacitance shunt can be used for multimode 
systems with varying eigenfrequencies [6], [7]. 

Fig. 1: Working principle of shunt damping

The basic concept of the negative capacitance can 
be seen in Fig. 2. An external impedance Cneg is 
used in this case, which acts like a capacitance, but 
with opposite sign, so that the inherent capacitance 
of the piezoelectric transducer CPZT is compensated.  

Fig. 2: Serial negative capacitance shunt  

Hereby, the power transfer from the mechanical 
system is increased. This transferred energy is then 
dissipated at the resistor RS shown in Fig. 2. 

Negative capacitances can only be created by active 
circuits. Therefore, usually negative impedance 
converters are used as shown in [8]. The basic 
circuit of a negative capacitance shunt with all 
currents and voltages can be seen in Fig. 3. There 
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Adaptive Dynamic Absorber for Wideband  

Micro-Vibration Control Based on Precision  

Self-Positioning Linear Actuator 
 
X. Wang, B. Yang 
Shanghai Jiao Tong University, Shanghai, China 
 
Abstract: 
Micro-vibration suppression for variable excited frequency in wideband is a tough challenge in vibration control 
field. This paper presents an adaptive vibration dynamic absorber (ADVA) based on precision self-positioning 
via driving linear actuators to meet the challenge. This ADVA is applied to suppress micro-vibration in a 
wideband range. When a harmonic external force with variable frequency is detected, the ADVA can adjust its 
natural frequency to create an anti-resonance for vibration suppression of primary system. In order to achieve 
the wideband micro-vibration control, a precision self-positioning inchworm linear actuator combined with a 
beam are presented, with the self-positioning and driving motion of the actuator, the stiffness of ADVA can be 
tuned on-line to match the absorber natural frequency with the frequency of external excitations. An inchworm 
linear actuator/linear motor is designed to realize the scheme of tunable stiffness. Theoretically, when the beam 
is long and thick enough, the ADVA can achieve the vibration suppression in arbitrary range. Based on this 
point, the AVDA is proposed in this paper. 
 
 
1. Introduction 

Dynamic vibration absorber (DVA) is widely used 
to suppress the vibration of a system excited by 
harmonic disturbance. Theoretically, when the 
natural frequency of the DVA is tuned properly to 
equal to the exciting frequency, the vibration of the 
primary system can be completely neutralized. But 
the vibration may increase significantly with the 
variation of the exciting frequency. In order to 
broaden the effective frequency range, the adaptive 
dynamic vibration absorber (ADVA) is developed to 
make the DVA’s natural frequency tunable online. 
The ADVA belongs to semi-active vibration control, 
it means less power is consumed when ADVA 
works. No power is consumed after the tuning 
progress, in other words, the ADVA is more reliable. 
The methods of vibration control can be classified as 
passive, active and semi-active [1]. DVA is a typical 
passive device used to suppress the vibration excited 
by harmonic disturbance, however the vibration of 
the primary system may increase when the exciting 
frequency shifts [2]. Active control method can 
adapt characteristics and parameters of the absorber 
with the variation of exciting force, the active 
vibration absorber is mathematically equivalent to 
DVA, and its stiffness, interia and damping 
coefficient are tunable online [3], but this active 
control method it not reliable because it works and 
consumes power all the time. Semi-active method is 
easily to achieve the adjustment of stiffness or 
damping value by get the feedback signal from the 
response. A flexible cantilever beam attached with a 
mass is used to develop the ADVA, the stiffness of 
the beam varies with the effective length of the beam 
changes [4]. Similar to the cantilever beam ADVA 

in [4], an absorber with circular cross-section beam 
is used to compare two tuning algrithms [5]. An 
electromagnetic ADVA is presented in [6], it 
consists of a clamped-clamped beam and a 
permanent magnet which embedded in the center of 
the beam, the electromagnet force produced between 
the C-shaped electromagnetic coil and permanent 
magnet, the stiffness changes when the current in the 
coil is adjusted. Vibration absorber that uses 
piezoelectric element combined with a resonant 
electrical circuit can be tuned to the required 
frequency, the stiffness of the absorber is adjusted 
electrically, another feature of the piezoelectric 
material is the ability to use the piezoelectric 
elements as sensors in DVA [7-10]. Shape memory 
alloy can be used as a variable stiffness element, the 
Young’s modulus of the element is changed by 
adjusting the temperature of the alloy by passing an 
electrical current through it, thus it results in the 
changing of the natural frequency [11-13]. Magneto-
rheological fluid is used to achieve stiffness 
changing, and the shear stiffness of the fluid is 
adjusted by changing permanent magnets or 
electromagnet to change the magnetic field applied 
to the fluid [14-17]. 
This paper presents an ADVA based on inchworm 
linear motor, the natural frequency of the ADVA 
varies when the inchworm actuator moves on the 
beam, the vibration of the primary system will be 
suppressed when the natural frequency of ADVA 
equals to the exciting frequency. To tune the natural 
frequency precisely, the analytical model of the 
variable natural frequency of the ADVA is proposed. 
Optimal design based on the analytical model is 
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Review on Embedded Sensors and Actuators for 

Gentle Insertion of Cochlear Implants (Review) 
 
L.A. Kahrs, Leibniz Universität Hannover, Hannover, Germany 
 
Abstract: 
Cochlear implants are the actual treatment of choice for severe hearing loss and profound deafness. One part of 
the surgical procedure is the insertion of the electrode array into the cochlea; more precise into one of its com-
partments: the scala tympani. The sheath of the electrodes is made from silicone rubber, has a diameter of ap-
prox. one millimeter and an inserted length of approx. 25 mm. Insertion of this array is done by pushing gently 
until roughly one or one and a half turn (360°-540°) of the cochlea is reached. To monitor the insertion proce-
dure and to avoid potential failures during this process (e.g. buckling, tip fold over, rupture of the basilar mem-
brane) research is undertaken. This contribution gives an overview of actual developments towards embedded 
sensors and actuators into the electrode array. 
 
Keywords: Wires, SMA, Hydrogel, Fluidic, Magnetic Actuation, Proximity, Contact, Optical Sensing 
 
Introduction

For electrode arrays of cochlear implants, neither em-
bedded sensors nor advanced embedded (mechanical) 
actuators are used in clinical routine to support a 
gentle and non-invasive insertion. The so-called stylet 
is a common basic actuator: A platinum wire is used 
to initially straighten the pre-bent shape of the sili-
cone-based electrode array. By pulling out the wire, 
the electrode array curls around the modiolus. The 
actuation is achieved by linear motion, releasing the 
strain energy and causing the electrode return into its 
curled shape. During the procedure, the surgeon per-
forms the insertion of the electrode array into the 
cochlea manually by simultaneously pulling the stylet 
and pushing the electrode array into the cochlea. 
Several research groups are performing investigations 
on insertion tools to support this push-pull-process by 
means of external actuation, either mechanically or 
by mechatronic systems [1,2]. Another mean to con-
trol the insertion of the electrode array is intraopera-
tive medical imaging, which has been proposed clini-
cally by applying fluoroscopy [3]. However, the 
aforementioned means are exclusively external. In 
this review, the focus lies on embedded sensors and 
actuators supporting the insertion process. Here, the 
term ‘embedded’ refers to utilization of existing 
structures of the electrode array as well as integration 
of parts inside the silicone sheath. 
The cochlea with its small sized shape and even 
smaller inner lumen is an extremely delicate structure 
which makes it challenging to perform non-traumatic 
surgery (see Fig. 1). Only expert surgeons have high 
success rates in gentle and non-invasive insertion of 
the electrode array into the cochlea. The (simplified) 
two-chamber compartment of the inner lumen which 
curls around the modiolus is divided by a membrane, 
which should stay intact during insertion to guarantee 
the best outcome for patients with residual hearing. 
This so-called basilar membrane is reported to be 

  
Fig. 1: Cochlear implant. Sound signals from a 
microphone are transmitted to an array of elec-
trodes placed within the cochlea to stimulate the 
acoustic nerve and thus restore the sense of sound. 
 
ruptured in most of the cases when problems during 
the insertion of the electrode occur. Furthermore, 
other failures like buckling and tip fold over, that 
may arise from friction inside the cochlea, often 
result in rupturing the membrane. The literature 
reports on rupture forces of the basilar membrane 
between 42 mN and 122 mN, depending on ana-
lysed specimen [4]. Insertion forces (as accumulated 
friction force) during insertion of the electrode array 
inside the cochlea were determined as well [5]. Thus, 
the overall aim of incorporating sensors and actua-
tors into the electrode array is to control the insertion 
process by keeping forces under those critical thresh-
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Micro-Hydraulic Drives with Integrated 

Displacement Sensor for Medical Application 
 
L.M. Comella, K. Ayvazov, R. Kessel, T. Cuntz, A. van Poelgeest 
Fraunhofer IPA, Mannheim, Germany 
 
Abstract: 
Laparoscopic procedures are becoming increasingly popular in modern medicine, because of the advantages that 
they provide to the patient. However, this type of procedures are more complicated for the surgeons, who have 
to operate in small spaces losing dexterity. In order to overcome these difficulties, new and more performant 
instruments have been developed, actuated with hydraulic force transmission.  
Their success in this field is due to their high force and power density. However, they are often subject to 
leakage, which can lead to undesired movement of the instrument tip. Unwanted movements of the tip represent 
a danger for the patient, and therefore must be avoided.  
The patient safety can be guaranteed by continuously monitoring the instrument’s tip position, but because of 
the drives small dimensions this is not feasible with an off-the-shelf sensor. For this reason, a compact sensor 
has been developed which uses the actuator itself as a sensor, using it as a two cylindrical parallel plate 
capacitor, the plates of which are the rod and the barrel.   
 
Keywords: Actuators, Capacitive Sensing, Displacement Measurement, Electro-Hydraulics 
 
Introduction 

High force and power density make piston-cylinder 
fluidic actuators ideal for integration into micro 
robots [1] and medical instruments. 
An example of their application is instruments for 
minimally invasive surgery, such as laparoscopy [2]  
and also more advanced techniques: Single-Port-
Surgery [3] and Natural Orifice Transluminal 
Endoscopic Surgery (NOTES) [4]. 
The reasons for the success of these techniques are 
the benefits that they provide to the patient: short 
recovery time, and less pain and haemorrhaging. 
These benefits are mainly due to the small incisions 
necessary for the procedures. 
Although, the patients benefit from these surgical 
techniques, the surgeons do not. They lose dexterity, 
working volume as the procedures often require 
more time to complete. 
Technology is the solution to overcome those 
difficulties [3] and to continue the  development of 
minimally invasive surgery techniques, which in 
return improves and speeds up the patient recovery.  
Minimally invasive surgical instruments are 
improved by the use of hydraulic drives. Equipped 
with these actuators, the instruments can be handled 
more precisely and can apply higher forces [5] [6]. 
Force which is even higher as, because of their small 
size, these drives can be integrated directly on the 
tip of the instruments. 
The main disadvantage of this technology is its 
tendency to leak, which results in unwanted 
movement of the instrument, dangerous for the 
patient. The precise control on the instrument tip 
position is of great importance for medical 
applications as the patients’ safety is essential. 

Therefore the actuators must be equipped with an 
appropriate position sensing system. 
Given the typical instrument design and the actuator 
dimensions, an off-the-shelf linear displacement 
sensor cannot be used. Hence, a sensor had to be 
developed which is accurate and compact enough to 
be used with actuators where the size is a critical 
parameter. The proposed solution uses the parallel 
cylindrical plate capacitance principle to measure 
the actuators displacement. The hydraulic cylinder 
itself acts as a cylindrical capacitor, the electrodes of 
which are the barrel and the rod. The measurement 
principle is based on the fact that the capacitive 
value in parallel cylindrical plate capacitor is 
proportional to the length of the inner electrode 
overlapped by the external one. Thus a variation of 
this length can be measured in terms of changes in 
the capacitance value. The movement of the piston 
results in variation of the rod length inside the barrel 
and consequently the measurement of the 
capacitance can be interpreted as the piston’s 
position.  
The result is that the integration of an external 
sensor is not required to measure the displacement. 
The sensor is part of the drive itself and a position 
change of the piston can be measured in terms of 
capacitance variation. 
Compared to already existing sensor solutions [7] 
[8] the proposed sensing method is more easily 
integrable and does not require additional external 
components to be added to the hydraulic cylinder 
design.  
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Hydraulically driven Laparoscopic instruments 

A requirement analysis was done to determine the 
specification that new instruments for laparoscopy 
must possess [9]. It was concluded that the only 
possibility to fulfil the requirements in [9] is to use 
hydraulic drives. Instruments equipped with 
hydraulic drives, in correspondence of the same 
force applied by the user, show bigger force and 
power density at the instrument tip compared to 
instruments using mechanical transmission.  
To prove the usability of hydraulic drives for 
medical applications, the instruments in Fig. 1 and 
Fig. 2 were developed.  
 

 
 

 
A farther development of the concept was a 
bendable instrument which allows multidegree of 
freedom and can be driven  with a joystick or 
mounted on a robot arm. 
Fig. 3 shows the instrument and the instrument’s 
bendable tip.  

 

The capacitive position sensor 

Hydraulically driven instruments offer a significant 
improvement over the standard laparoscopic 
instruments, but they can be subject to leakage 
which can result in undesired displacement of the 
instrument tip and danger for the patient. This is the 
reason why a capacitive sensor integrable on the 
drive has been developed. 
The cylinder geometry is very similar to the coaxial 
cylindrical capacitive sensor, in which the side of 
the barrel and the rod are the electrodes. When 
powered, charge would accumulate on the electrodes 
and an electric field would be generated, see Fig. 4. 

 
As shown from the formula (1) 

Where:  
ra the radius of the inner electrode, 
rb the radius of the outer electrode, 
L the length of the overlap of inner and outer 
electrode, 
ε0 the permittivity of free space, and 
εr the relative permittivity of the material between 
the electrodes. 
The capacitance of the coaxial cylindrical electrode 
sensor is proportional to the length of the inner 
cylinder overlapping the external one. The 
movement of the piston change this length, and 
therefore its position can be determined by 
measuring the capacitance.  
 
Experimental setup  

In order to test the concept, the test rig in Fig. 5 has 
been built.  

 
L

r
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r
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0επε

=  
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Fig. 1: Fixed shaft instruments 

 
Fig. 2: Flexible shaft Instrument 

  
Fig. 3: CAD drawing of the hydraulic bendable 
instrument (on the right). Bendable instrument tip 
(on the left). 

 

 
Fig. 4: Schematic of the coaxial cylindrical parallel 
electrode configuration. The sensor´s electrode are 
barrel side and rod, in black and grey respectively. 
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A Variable Impedance Actuator Based on Shape 

Memory Alloy  
 
L. Manfredi, F.L. Velsink, H. Khan, A. Cuschieri 
University of Dundee, Dundee, United Kingdom  
 
Abstract: 
Surgical robotic design is challenging mostly because of the restricted working space of the platform 
necessitating miniaturized actuators and sensors. Compliance is a fundamental requirement of an actuator design 
for safe atraumatic clinical interaction of the robot with organs and tissues [1]. In the present paper, the authors 
describe a variable impedance miniaturised rotary actuator (VIMRA) using shape memory alloy (SMA) wires in 
antagonist configuration, to achieve a high force to weight ratio. The two SMA wires are connected to a pulley 
providing two forces, which can be independently controlled to adjust the joint stiffness.  
 
Keywords: Smart Materials, Variable Stiffness Actuator, Robotic 
 
Introduction 

Several designs have been proposed for surgical 
robots [2]-[3]. Most however, employ cable 
transmission with location of the actuators outside 
of the robot [7]-[9]. The advantage of this approach 
is to reduce the size of the robot, keeping both 
weight and inertia low. The disadvantage of this 
design is that the number of cables needed increases 
with the number of joints, which limits the degree of 
freedoms (DoFs) of the robot. An alternative design 
solution consists of using actuators embedded in the 
body of the robot, but this requires use of small and 
light actuators. Shape memory alloys (SMAs) are 
materials that can provide a solution to this 
miniaturization issue in view of their light weight 
and high force to weight ratio. The main 
disadvantage of SMAs is their low energy efficiency, 
which ranges from 5 to 7% [10]. SMA shaped as a 
wire, can only be contracted and extended by 7% of 
their total length. This imposes a limitation for the 
length of the joint in order to achieve a wide range 
of motion. Several reports have proposed control the 
output torque by use of SMA wires in antagonistic 
configuration using different design solutions [11]. 
Force sensors connected in series to the SMA have 
been used to control the output torque [12], as this 
can limit the overall size and weight of a 
miniaturised actuator.  
Another challenge in robotic surgery is a soft 
interaction with the environment, which can be 
satisfied by appropriately compliant actuators, 
where the required position can be changed by 
applying an external force. In a variable impedance 
actuator (VIA), the compliance can be adjusted. 
Compliance is crucial for safety, to ensure that the 
robot does not harm adjacent tissues and organs. At 
the same time, the manipulator must be stiff enough 
to perform the component tasks of surgical 
operations. VIAs provide a solution for these 
conflicting requirements [13]. 

To achieve both a compliant behaviour and a 
compact design, we propose a miniaturised variable 
impedance rotary actuator (VIMRA) based on SMA 
wire in antagonistic configuration by using 
miniaturised pulleys to reduce the overall length 
(Figure 1). The adopted antagonistic configuration, 
SMA wire vs. SMA wire, reduced the energy 
consumption needed to achieve a high maximal 
output torque. The two SMA wires are controlled 
independently, thereby achieving a compliant 
behaviour with changing the actuator stiffness by 
regulating the force provided by the opposing SMA 
wires.  
 
Methods 

The proposed design (Figure 1) consists of three 
parts: a) a frame, b) a sensory system which 
includes an analogue position sensor and two force 
sensors, c) an electronic system to control both the 
position and the stiffness of the joint. To reduce the 
friction of the system, each pulley has a 
miniaturized ball bearing. The frame itself was 
designed to work as a force sensor by incorporating 

 
Fig. 1: Actuator design using SMA wires in 
antagonistic configuration. Force and position 
sensors are used to control the stiffness of the 
actuator and an electronic on-board electronics to 
measure the main pulley’s angle. The overall size is 
25 x 9 x 3.5mm  
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strain gauges that recorded the deformation of two 
beams, where the SMA wires are connected, for 
measuring the force applied by each. Several SMA 
wires of various diameter varying from 76 to 150μm 
with different output torque and fast mechanical 
bandwidth were selected. The control system is 
composed of three PID controls, one for each SMA 
wire to control the force applied by each, and the 
third for control of the angular position.  

 
Fig. 2: Left: Finite Element Modelling for the 
Von Mises equivalent stress in the supporting 
frame. Right: A the manufactured frame.  
 

 
Hardware design 

VIMRA has a miniaturised compact design, and is 
composed of two SMA wires in antagonistic 
configuration, which are controlled independently. 
Two force sensors measure the force provided by 
each SMA wire, registering the output torque of the 
joint, which in essence is deduced from the 
difference between the two SMA’s forces, as 
described by the following equation:  

= −   𝑅𝑅𝑅𝑅 =   𝑅𝑅𝑅𝑅  (1) 

where RP is the main pulley’s radius, which is 1.95 
mm, and F1 and F2 are the forces produced by the 
two SMA wires on the main pulley measured by the 
two force sensors.  
 The VIMRA’s frame incorporates two force sensors, 
and ball bearings in the main pulley, to reduce the 
friction. An empty space in the central part is 
occupied by the embedded electronic boards 
measuring the position of the joint. To minimize 
space, the position sensor is embedded in the pulley. 
The SMA wires are coiled round pulleys to reduce 
the overall length of the VIMRA. Each pulley is 
connected to the frame using miniaturised ball 
bearings to reduce friction and thus improve overall 
efficiency. The total weight is circa 0.7 g without 
the cover.  
 
Frame design 
This was optimised to reduce size and weight of the 
actuator by finite element modelling (FEM). The 
frame is made of aluminium and weighs 0.52 grams 
with outer dimensions of 25.0 x 9.0 x 3.5 mm. 

 

 
Fig. 5: Test bed designed to investigate different 
control solutions. 

 

FEM was also used to evaluate the frame 
deformation and results of the stress analysis are 
shown in Fig. 2. The force applied by each SMA 
wire is 3.3 N (SMA wire with a diameter of 150 
m, can produce a force of 3.21N), in order to test the 
worst scenario, with a total force of 6.6 N being 
applied to each pulley. The stress force is 
concentrated in the shaft of the two ball bearings, 
which has a diameter of only 0.5 mm, yet the stress 
is still well below the yield stress. The other stressed 
part is on the top of the VIMRA, where the SMA 
wires are connected and powered. This is because 
this area was designed to provide force 
measurement by strain gauge sensors. The choice of 
the wire diameter is a trade-off between force and 
bandwidth, since thinner wires are faster than 
thicker ones, due to a heat dissipation effect. SMA 
wires tested in this test bed were made of nickel 
titanium with an efficiency up to 7% and can be 
contracted up to 5% of their total length. 
The performance data are reported in Tab I. 
 
Control design 
The VIMRA has an external control and its 
hardware architecture is shown in Fig. 3. 

 

 

Fig. 3: Hardware control architecture 

 

Fig. 4: Control architecture 
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Piezoelectric Hydrocephalus Shunt Valve – Design 

and First Evaluation Results 
 
P.P. Pott, G. Allevato, M. Bartenschlager, J. Butz, P. Schmitt, H.F. Schlaak 
Technische Universität Darmstadt, Darmstadt, Germany 
 
Abstract: 
Excess production and / or impeded drain of Liquor Cerebrospinalis can lead to increased intracranial pressure 
(ICP) resulting in pain and severe damage to the brain. A possible therapy is the use of shunt valves that control 
the drain of the liquor to the abdominal cavity. Conventional valves distinguish between supine and standing 
position and use pre-defined default pressure values. In advanced systems, the pressure can be defined from 
outside the cranium using external programming devices. However, default pressure changes during daytime 
activity cannot be considered eventually leading to headache and dizziness. A user-programmable mechatronic 
valve would be advantageous to overcome these limitations. 
Requirements concerning size, pressure range, electromagnetic compatibility, robustness against external 
acceleration, and power consumption have to be met. Above all, safety has to be ensured at all times by 
providing a fail-safe state in case of malfunction and power shortage. 
To meet these requirements, a system consisting of a conventional spring-loaded ball-in-cone valve and a 
piezoelectric bending actuator is proposed. Here, the actuator is used to raise the preload of the spring above the 
fail safe level. To maintain a certain preload with the piezoelectric actuator, only charge losses have to be 
delivered by the energy source. The internal electronics are based on a new integrated circuit charge pump to 
alter the battery voltage to meet the voltage requirements of the piezo element while avoiding any inductance. 
First evaluation shows that the opening pressure can be controlled with 6 bit. Biocompatibility as well as 
compatibility with an MR environment can be derived by making the housing from PEEK and by using glass for 
the valve ball and PEEK springs. 
 
Keywords: Shunt Valve, Piezoelectric Actuation, MR Compatibility 
 
Introduction 

Intracranial pressure (ICP) is the pressure of the 
cerebral fluid (Liquor Cerebrospinalis) surrounding 
the brain and the spinal cord. This fluid is built up 
and resorbed constantly. In supine position the 
pressure is normally within a range of 7 to 
15 mmHg (930-2000 Pa) [1]. Intracranial 
hypertension can be caused by excess production or 
impeded drain of the Liquor Cerebrospinalis. In 
case the pressure is constantly above 20 mmHg 
(2.7 kPa) medical treatment is indicated [2]. 
Increased ICP leads to headache, nausea, loss of 
consciousness, back pain, papilledema, and ocular 
palsies. One possible treatment is the implantation 
of a shunt system consisting of a catheter leading 
from a ventricle to the abdomen while the flow and 
pressure in the catheter are controlled by a shunt 
valve (Fig. 1). The valve is implanted below the 
skin and cannot be accessed directly. Modern 
systems thus can be adjusted using external 
programming devices and magnetic forces (e.g. [3, 
4]). As the actual set point of the ICP changes 
within the range of a few mmHg during daytime 
activity, an adjustable valve would be desirable. 
However, the static pressure difference between 
standing and supine position (refer to Fig. 1) sums 
up to ~50 cm water column (~4.9 kPa) has to be 
accounted for to avoid excess drainage in standing 
position. This is usually achieved by a so-called 

gravity unit or valve that determines the orientation 
of the patient within earth’s gravitational field. 

 
Fig. 1: Intracranial Pressure (ICP) is the pressure 
of the cerebral fluid. In case of dysfunctional 
drainage or excess production, the pressure can rise 
above a healthy level. To regulate drainage, a 
catheter (1) leading from the ventricle (2) to the 
abdomen (3) and incorporating an shunt valve (4) 
can be implanted that controls ICP and considers 
different static pressure in supine (a) and standing 
(b) position. 
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the valve was set up. The valve was included in the 
flow by means of polysiloxane hoses. By counting 
drips per given time, a flow rate can be determined. 
The functionality of the gravitational valve was 
assessed by rotating the case 90°. 
Also, the electrical power consumption of the device 
was measured to determine battery lifetime. 
 
Results 

The device shown in Fig. 4 fits into the available 
workspace. So does the printed circuit board. The 
chosen material is not yet fully MRI compatible, 
however, a concept for compatibility exists. 
Radiopaque elements can easily be integrated. The 
principle of piezoelectric actuation requires low 
power, as only charge losses on the piezo element 
have to be compensated for during steady state. Also, 
the bending actuator will always return to a given 
position during power shortage. Thus fail safe 
performance is intrinsically given. 
The first evaluation of the device showed that the 
shunt valve is capable of altering the flow rate in 
accordance with the voltage defined by the dip 
switches. Due to varying leakage, a constant rate 
could not be achieved.  
With the available volume of the device, the 
maximum size and thus energy content of the 
battery was determined. For 72 hours of operation 
and/or an estimated 150 switching operations, a 
maximum permissible power consumption of 
32 mW was calculated. The actual power 
consumption is 126 mW when the complete circuit 
is running and 28 mW without charge pump A. 
 
Discussion and Conclusion 

A concept study for an adaptive hydrocephalus shunt 
valve with full MR compatibility has been presented. 
During first evaluation, promising performance but 
also drawbacks became obvious. The leak tightness is 
not yet given. This fact is caused by production 
tolerances in the valves and the combination of two 
rather hard materials in the valves. 
As mechanical problems can be solved easily – and 
already have been according to the state of the art –  
the main focus of this project was put on the 
electronics and the actuation. Here, it could be shown 
that a step-up conversion by a factor of 33 can be 
achieved in a single step without the need of 
inductors or transformers and with a rather small 
footprint. The next generation of circuit design will 
reduce the size of the PCB drastically as the charge 
pump and the micro controller are available as bare 
dies. 
In addition to smaller electronics, future development 
will comprise a mechanically more reliable valve, 
less power consumption of the charge pump, and an 

integrated communication and recharging interface 
based on ultrasound [8].  
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A Hybrid Stimulation Device for Providing Sensory 

Feedback 
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Abstract: 
Providing sensory feedback is important for active upper limb prosthesis users. It cannot only improve the 
functionality of the prosthesis, but also introduce an embodiment feeling to the amputee, thus increasing the 
acceptance of the active prosthesis. One of the major challenges of providing sensory feedback is to increase the 
haptic vocabulary and improve the localization and intensity identification performance. To address the two 
points, a hybrid stimulation device is designed incorporating mechanotactile and vibrotactile modalities into a 
single device. A stimulation array of 5 designed hybrid devices was tested on two amputee subjects. The results 
have shown that in most cases, the hybrid stimulation device could improve both the localization and intensity 
identification performance at the same time could also reduce mental load. 
 
Keywords: Sensory Feedback, Mechanotactile, Vibrotactile 
 
Introduction 

Hand amputation is a traumatic event that brings a 
lot of inconvenience in everyday life. There are 
around three million hand amputees all over the 
world. During the last decades, the dexterity of 
active prosthesis has made significant progress. 
However, there is still no or only limited sensory 
feedback in the commercial prosthesis. To our 
knowledge, the only commercial prosthesis 
equipped with sensory feedback is the Vincent Hand 
Evolution (Vincent System GmbH, Germany). But 
it has only one vibrator, providing limited 
information. A survey done by Biddiss et al. has 
shown the importance of providing sensory 
feedback for active prosthesis users, because 
providing sensory feedback can not only provide 
more information regarding the grasping force, but 
also introduce embodiment feeling to the prosthetic 
users [1]. 
 
During the last decades, some research has focused 
on providing sensory feedback to active prosthetic 
users. There are mainly two methods: the invasive 
one and the non-invasive one. The invasive methods 
directly stimulate the central [2] or peripheral nerve 
system [3-5] using cortical electrodes. Non-invasive 
sensory feedbacks apply stimulation on the skin 
surface. The three commonly used non-invasive 
sensory feedback modalities are mechanotactile 
(static pressure or low-frequency tapping) [6, 7], 
vibrotactile (high frequency vertical or horizontal 
vibration) [8, 9], and electrotactile (electrical 
current) [10, 11]. The invasive sensory feedback 
method involves implants, thus it is neither widely 
accepted nor available. Most of previous research on 
non-invasive sensory feedback has used only one 

modality and/or one actuator per finger, providing 
mainly only the grasping force information [12].  
 
Electrotactile was used by many researchers for 
sensory feedback because of their lightweight and 
small sizes [13-16]. However, electrotactile can 
invoke uncomfortable even painful feelings. Its 
interference with electromyographic (EMG) signal 
is also a major drawback. 
 
Mechanotactile stimulation applies a normal force to 
the skin. Previous researchers have applied 
mechanotactile stimulation both on healthy subjects 
(on the forearm [17] and the toes [18]) and amputees 
(reinnervated chest area [19] or residual limb [20]). 
The commonly used devices include motor-driven 
pushers, voice coil DC linear actuator, DC motor, 
and servo motors. 
 
Vibrotactile stimulation normally involves 
stimulation frequency between 10 to 500 Hz [12]. 
This stimulation modality has been used for 
providing grasp force feedback by many researchers 
[21-23]. The two commonly used ones are linear 
resonant actuators (LRA) and eccentric rotating 
mass (ERM). For LRAs, the frequency is normally 
fixed. ERM can  
 
There are four types of mechanoreceptors in human 
skin: Pacinian corpuscles, Meissner’s corpuscles, 
Merkel’s discs, and Ruffini endings [24]. Among 
the four, Meissner’s corpuscles are responsible for 
static force. Its response frequency ranges from 0 to 
10 Hz. Pacinian corpuscles are responsible for high 
frequency vibration perception. Its frequency 
response ranges from 100 to 300 Hz. Some research 
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has reported that the four mechanoreceptors work as 
four independent channels [24]. It is possible to 
potentially increase the haptic vocabulary by 
incorporating several modalities together. 
 
Jimenz et al. has constructed a multi-modality 
system [25]. But the system consists of three 
discrete systems, each providing a single modality. 
D’Alonzo et al. has integrated electrotactile and 
vibrotactile together [26].  The testing results on 
healthy subjects have shown that combined 
modality has better or similar performance than 
single modality. Considering that electrotactile can 
evoke painful feelings and are hard to locate, we 
propose to incorporate mechanotactile and 
vibrotactile into a single device. 
 
Device design 

A sensory feedback system should be integrated into 
the socket, so it has to be small, light weighted and 
with low power consumption.  

The basic design concept is to use two servo motors 
to push a cylindered vibrator (Fig. 1). The 
vibrotactile stimulation is generated by a cylindrical 
eccentric rotating mass (ERM) vibrator (Fig. 3 (a)) 
from Precision Microdrives (Precision Microdrives 
Ltd. UK). The servo motors (Fig. 3 (b)) are linear 
DC servo motors from Spektrum (Spektrum, United 
States).  

           
 

 
 
Fig. 1: The designed hybrid stimulation device 
 

Experiment procedure 

Two male amputee subjects participated in the 
experiment. One of the amputees (A1) has a clear 
phantom map. A phantom map is a region on the 
body that can evoke sensation of the lost hand [27]. 
Most of the time, the phantom map appears on the 
face or the remaining stump. In this study, subject 
A1 has a clear phantom map with 5 fingers. Before 
the experiment, the distribution of his phantom map 

 
Fig. 2: Explosion view of the hybrid devices. 
 

 
(a) ERM vibrator        (b) Linear servo motor 

 
Fig. 3: The vibrator and servo motor used in 
designing the hybrid stimulation devices 

 
 

was defined by the amputee himself using palpation 
and then the stimulation array was arranged 
according to the distribution of phantom fingers (Fig. 
4 (a)). The other amputee (A2) wore an evenly 
distributed stimulation array on the dorsal side of his 
lower arm (Fig. 4 (b)). Each subject had 5 
stimulation devices. Each device was programmed 
to provide three intensity levels.  
 
Both subjects were first given 5 minutes to lean the 
stimulation patterns. After the learning phase, six 
sets of experiments were conducted:  

1. Finger localization using mechanotactile 
stimulation,  

2. Force level identification using mechano-
tactile stimulation, 

3. Finger localization and intensity identi- 
fiction using mechanotactile stimulation, 

4. Finger localization using hybrid 
stimulation, 

5. Intensity identification using hybrid sti-
mulation, 

6. Finger localization and intensity identi-
fication using hybrid stimulation. 

 

(a) Design concept 
and degree of 
freedom 

(b)  Hybrid stimulation 
device in a 3D printed 
casing 
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Hybrid (Expt 6)      

 
(b) A2 (amputee subject without a phantom 

map) 
Finger localization 
Mechanotactile (Expt 1)      Hybrid (Expt 4)

    
   
Intensity level 
Mechanotactile (Expt 2)      Hybrid (Expt 5)

   
Finger localization and intensity level 
Mechanotactile (Expt 3)                            

 
Hybrid (Expt 6)      

 
 
Discussion 

It can be observed from Table II that A1 (amputee 
with a phantom map) have improved performance 
after adding the vibrational cues. However, for A2 

(subject without a phantom map), the performance 
was degraded for half of the tests. This could be 
caused by the fatigue. For A1, the localization is 
more intuitive than for A2. Subject A2 has only 
gone through a short 5 minutes training, which is 
insufficient for him to remember the exact location. 
This procedure is tiresome. Subject A2 was first 
given the single modality tests (experiment 1 to 3) 
and then the hybrid tests (experiment 4 to 6). So in 
the second experimental set, A2 was tired and not 
able to identify the location as accurate as before.   

From the confusion matrices, it can be observed that 
both amputees only made mistakes with the 
neighbouring stimulations. Subject A1 mistaken 
thumb with middle finger because in the phantom 
map, the two representative regions are close 
together (Fig. 4(a)).  

Both subjects reported that the added vibrotactile 
stimulation before the mechanotactile stimulation 
serves as a ‘warning’ signal, which helps them to 
focus on the coming mechanotactile signal. Both 
subjects reported less mental load when dealing with 
hybrid stimulations. 
 
Conclusions 

In this work, a hybrid stimulation device 
incorporating two modalities: mechanotactile and 
vibrotactile was designed. A stimulation array 
consisting of 5 stimulation devices were tested on 
two amputees.  

The testing results on the two amputees have shown 
that amputee with phantom map can easily locate 
the stimulation point. With minimal training, the 
localization correct rate is above 95%. After adding 
vibrotactile cue, A1 with phantom map has achieved 
almost 100% correct rate in both localization and 
intensity identification tasks. 

For both amputees, most of the time, the localization 
performance was degraded when asked to both 
localize and identify the stimulation intensity. One 
possible explanation could be the attention 
requirements were higher when asked to answer 
both location and intensity at the same time. 

In this study, only localization and intensity 
experiments were conducted. Other possible ways to 
use the hybrid stimulation device include 
incorporating different types of tactile information, 
such as vibrotactile stimulation as slip detection 
feedback and mechanotactile stimulation as pressure 
feedback. 
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Haptic Feedback: From Force-Reflecting Robots to 

Tactile Interfaces (Invited Review) 
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Abstract: 
During the last century, technical means of broadcasting sounds and pictures came into existence. And today, 
many scientific and industrial efforts are being made to develop means of broadcasting tactile and haptic 
sensations. This review covers the latest technological systems and smart actuators used to stimulate the sense of 
touch and deliver programmable haptic sensations. 
  
Keywords: Haptics, Tactile Feedback, Vibrotactile, Actuators, Surface Haptics 
 
Introduction 

More than a decade ago, Hayward et al. observed 
that before computers became a common workplace 
fixture, most human tasks used to involve fine 
sensory-motor skills, whereas little use has been 
made so far of the sense of touch in human-
computer interactions [1]. Haptic interfaces restore 
the tangibility of the interface with a computer and 
are beginning to transit from the laboratory to the 
industrial world in the context of concrete 
applications such as virtual reality, gaming and 
wearable electronics.  
However, most human-computer interfaces are still 
devoid of tactile and haptic feedback and their 
performances therefore fall far short of our 
exquisitely complex human sensorimotor skills. 
Whenever we use a keyboard, mouse, or 
touchscreen to interact with a machine, the 
mechanical cues that we perceive are not in the least 
interactive. The resistance of a click will be identical, 
whether or not the virtual button has been disabled, 
and the frictional drag of the user’s finger on the 
touchscreen will not reflect the shapes conveyed by 
a visual display.   
Haptic interfaces bridge this gap by providing bi-
directional interactions in which the user can touch 
the artificial environment and the computer will 
respond by providing tactile and/or kinesthetic 

feedback. The force levels fed back to the user can 
be correlated with the displacement, velocity and 
acceleration of a limb and generate realistic dynamic 
environments that have elastic, viscous or inertial 
properties.  
 
Human sensory-motor abilities  

Haptic interfaces strive to mimick the mechanical 
interactions occurring in the real world. Actions 
such as pushing an object, sensing the texture of a 
fabric and handling a cup generate forces that vary 
in time and space. The effects of these forces on the 
muscles contribute to our kinesthetic perception of 
the environment and the deformation of the skin, 
which also occurs in the vicinity of the contact 
between the body, and an object constitutes the basis 
of tactile (cutaneous) perception. 
The somatosensory system combines these 
mechanical stimuli along with the motor commands 
to create a haptic representation of the surroundings, 
Perception of friction, stiffness, curvature and other 
attributes of held objects play a central role in 
planning fine motor actions. Because the properties 
of the contact often cannot be assessed visually –for 
instance because vision is occluded by the hand– 
tactile cues are absolutely necessary for guiding 
movement. 

Fig. 1: A. First teleoperation apparatus [5]. B. The PHANToM, one of the first commercial haptic interfaces to 
be developed [7].  C. Parallel robots with greater stiffness and a wider frequency bandwidth. D. Serial 
implementation for larger workspaces. E. Magnetic levitation replaces linkages and effectively removes friction. 
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Introduction 

More than a decade ago, Hayward et al. observed 
that before computers became a common workplace 
fixture, most human tasks used to involve fine 
sensory-motor skills, whereas little use has been 
made so far of the sense of touch in human-
computer interactions [1]. Haptic interfaces restore 
the tangibility of the interface with a computer and 
are beginning to transit from the laboratory to the 
industrial world in the context of concrete 
applications such as virtual reality, gaming and 
wearable electronics.  
However, most human-computer interfaces are still 
devoid of tactile and haptic feedback and their 
performances therefore fall far short of our 
exquisitely complex human sensorimotor skills. 
Whenever we use a keyboard, mouse, or 
touchscreen to interact with a machine, the 
mechanical cues that we perceive are not in the least 
interactive. The resistance of a click will be identical, 
whether or not the virtual button has been disabled, 
and the frictional drag of the user’s finger on the 
touchscreen will not reflect the shapes conveyed by 
a visual display.   
Haptic interfaces bridge this gap by providing bi-
directional interactions in which the user can touch 
the artificial environment and the computer will 
respond by providing tactile and/or kinesthetic 

feedback. The force levels fed back to the user can 
be correlated with the displacement, velocity and 
acceleration of a limb and generate realistic dynamic 
environments that have elastic, viscous or inertial 
properties.  
 
Human sensory-motor abilities  

Haptic interfaces strive to mimick the mechanical 
interactions occurring in the real world. Actions 
such as pushing an object, sensing the texture of a 
fabric and handling a cup generate forces that vary 
in time and space. The effects of these forces on the 
muscles contribute to our kinesthetic perception of 
the environment and the deformation of the skin, 
which also occurs in the vicinity of the contact 
between the body, and an object constitutes the basis 
of tactile (cutaneous) perception. 
The somatosensory system combines these 
mechanical stimuli along with the motor commands 
to create a haptic representation of the surroundings, 
Perception of friction, stiffness, curvature and other 
attributes of held objects play a central role in 
planning fine motor actions. Because the properties 
of the contact often cannot be assessed visually –for 
instance because vision is occluded by the hand– 
tactile cues are absolutely necessary for guiding 
movement. 

Fig. 1: A. First teleoperation apparatus [5]. B. The PHANToM, one of the first commercial haptic interfaces to 
be developed [7].  C. Parallel robots with greater stiffness and a wider frequency bandwidth. D. Serial 
implementation for larger workspaces. E. Magnetic levitation replaces linkages and effectively removes friction. 
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Introduction 

More than a decade ago, Hayward et al. observed 
that before computers became a common workplace 
fixture, most human tasks used to involve fine 
sensory-motor skills, whereas little use has been 
made so far of the sense of touch in human-
computer interactions [1]. Haptic interfaces restore 
the tangibility of the interface with a computer and 
are beginning to transit from the laboratory to the 
industrial world in the context of concrete 
applications such as virtual reality, gaming and 
wearable electronics.  
However, most human-computer interfaces are still 
devoid of tactile and haptic feedback and their 
performances therefore fall far short of our 
exquisitely complex human sensorimotor skills. 
Whenever we use a keyboard, mouse, or 
touchscreen to interact with a machine, the 
mechanical cues that we perceive are not in the least 
interactive. The resistance of a click will be identical, 
whether or not the virtual button has been disabled, 
and the frictional drag of the user’s finger on the 
touchscreen will not reflect the shapes conveyed by 
a visual display.   
Haptic interfaces bridge this gap by providing bi-
directional interactions in which the user can touch 
the artificial environment and the computer will 
respond by providing tactile and/or kinesthetic 

feedback. The force levels fed back to the user can 
be correlated with the displacement, velocity and 
acceleration of a limb and generate realistic dynamic 
environments that have elastic, viscous or inertial 
properties.  
 
Human sensory-motor abilities  

Haptic interfaces strive to mimick the mechanical 
interactions occurring in the real world. Actions 
such as pushing an object, sensing the texture of a 
fabric and handling a cup generate forces that vary 
in time and space. The effects of these forces on the 
muscles contribute to our kinesthetic perception of 
the environment and the deformation of the skin, 
which also occurs in the vicinity of the contact 
between the body, and an object constitutes the basis 
of tactile (cutaneous) perception. 
The somatosensory system combines these 
mechanical stimuli along with the motor commands 
to create a haptic representation of the surroundings, 
Perception of friction, stiffness, curvature and other 
attributes of held objects play a central role in 
planning fine motor actions. Because the properties 
of the contact often cannot be assessed visually –for 
instance because vision is occluded by the hand– 
tactile cues are absolutely necessary for guiding 
movement. 

Fig. 1: A. First teleoperation apparatus [5]. B. The PHANToM, one of the first commercial haptic interfaces to 
be developed [7].  C. Parallel robots with greater stiffness and a wider frequency bandwidth. D. Serial 
implementation for larger workspaces. E. Magnetic levitation replaces linkages and effectively removes friction. 
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Fig. 2: A. Excentric rotating motor suitable for simple rumble. B. Exploded view of a linear resonant actuator 
(LRA). C. The Haptuator provides a tactile stimulation with a 50 to 500 Hz frequency bandwidth using Laplace 
force actuation [21]. D. Example of a vibrotactile stimulator made of electroactive polymer. E. Owing to its fast 
response time, piezoelectric bimorph is another popular choice of material. 
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Just as designing loudspeakers requires a thorough 
understanding of the human auditory system, 
designing haptic interfaces requires detailed 
knowledge of the processes underlying human 
sensorimotor skills. The forces exerted by humans 
interacting with the environment with their arms can 
be as large as 100 N [2]. In contrast, the smallest 
force detectable is four times smaller under quasi-
static conditions [3] and six times smaller when the 
stimulation is dynamic [4]. The changes in forces 
that are perceived include frequencies ranging from 
quasi-static to about 800 Hz, and a peak in the 
sensitivity occurs at around 250 Hz [5]. The vast 
dynamic range of haptic perception makes it 
difficult to emulate the entire repertoire of human 
haptic sensations with a single artificial device.  
 
Force-reflecting robots 

One of the methods most commonly used to 
simulate haptic interaction is force feedback. The 
user holds the manipulandum of what is essentially 
a small robot. The force applied to the end-effector 
varies according to the user’s motion, resulting in 
realistic sensations of collision or the frictional 
sliding of objects on virtual walls. Force-reflecting 
robots originated from remote control devices 
developed in the nuclear and spatial sectors [6,7,8] 
for dealing with issues of conveying a force sensed 
by a slave robot back to an operator (see Fig. 1A). In 
the context of virtual reality, a physical simulation 
replaces the remote robot. 
An ideal force-feedback device would accurately 
reflect the force levels computed by the simulation 
or sensed by the remote apparatus, and thus have an 
infinite stiffness and virtually no mass or damping 
between the motor and the end effector. In practice, 
however, structural deformation and the inertia of 
the linkages have to be taken into account to ensure 
the transparency of the interface.   
The simplest force-feedback system is one with a 
single degree of freedom. In this simple case, a 
virtual environment can be explored by performing 

either linear or rotational movements and simulate 
complex responses to events such as the puncture of 
the skin during the insertion of a virtual needle or 
the resistance of a virtual steering wheel. The 
number of degrees of freedom can be increased in 
order to simulate more complex virtual 
environments. Planar and 3-D interfaces use 
linkages between the end effector and the actuators, 
which are often located in the base. The main 
disadvantage of these linkages is that they increase 
the weight and the inertia, which is detrimental to 
the sensation produced. In the PHANToM [9], one 
of the first mainstream devices to become available 
on the market, a near-perfect balance was reached 
between the weight of the end effector and that of 
the DC-motors, so that there was no longer any need 
for a gravity compensation process (see Fig.1B). To 
create stiffer interfaces, parallel structure such as the 
planar 5-bar [10] and Delta configurations [11] 
presented in Fig. 1C have been adopted. Serial 
configurations such as that shown in Fig. 1D are 
offer less stiffness in return for a vastly larger 
workspace in which whole arm interactions can take 
place.  
 
Actuators and power requirements  

The majority of force-feedback devices rely on 
coreless brushed motors for actuation. Electric 
motors of this kind boast low rotational inertia and 
ease of control. And contrary to brushless motors, 
which may seem at first sight to be more suitable 
because of their low speed and high torque, coreless 
DC motors do not exhibit torque-cogging [12]. Non-
homogeneity of the torque throughout the angular 
range creates ripples that are responsible for 
undesirable oscillations, which usually have 
frequency components of around 100 Hz, to which 
the human perceptual system is particularly 
sensitive. Some efforts have been made to 
compensate for cogging [13]. Butterfly Haptics use 
Laplace-force motors inducing multi-axis magnetic 
levitation to produce force feedback (Fig. 1E). Since 

aplace 
force actuation [21]. D. Example of a vibrotactile stimulator made of electroactive polymer. E. Owing to its fast 
response time, piezoelectric bimorph is another popular choice of material. 
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Fig. 3: A. Cable-driven overlay [33]. B. Flexible wrap-around overlay [34]. C. Device using electrovibration to 
provide tactile texture [36]. D. Spatially distributed electrovibration device [37] E. Ultrasonic friction 
modulation on a metal resonator [41]. F. Transparent version of the ultrasonic friction modulation device. [42]. 
G. Travelling wave motor delivering shear forces to the static finger. H. 2-axis ultrasonic vibration delivers 
programmable lateral forces to the bare fingertip [46] 
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this application is devoid of linkages, it involves 
remarkably low levels of friction [14]. In order to 
the ensure a compatible with MRI, some haptic 
interfaces specifically made for neuroscientific 
inquiry, use pneumatic pistons or traveling-wave 
piezoelectric motors instead of electromagnetic 
actuators [15][16].  
All actuators alike suffer from the fact that a 
tradeoff has to be made between the maximum force 
they can deliver and their inertia. The ideal motor 
would have a large torque output while showing low 
rotational inertia. To overcome this physical 
limitation, some authors have combined a fast, light 
actuator producing the transients of the signals with 
a larger, more powerful motor that is capable of 
delivering large tactile forces [3]. In addition, to 
ensure that the control loop will always be passive 
and reduce the power consumption, some interfaces 
combine brakes and actuators [17,18].  
 
Vibrotactile feedback 

In spite of the wealth of sensations now being 
mediated by force-feedback interfaces, recent 
scientific and technological developments have 
focused on improving the performances of 
vibrotactile devices. The main reason for this 
development has to do with the progress made in the 
field of mobile electronics. Eccentric rotating-mass 
motors, which take advantage of humans’ acute 
sensitivity to vibration, provide a cost-effective 
solution for communicating tactile signals. However 
these motors suffer from a coupling between the 
amplitude and frequency of the stimulation which 
both depend on the rotational velocity. It limits the 
range of stimulation possible with eccentric 
rotating-mass motor to simple rumbles (see Fig. 2A).  
The latency due to the acceleration of the motor is 

also a serious limitation. Instead of relying on the 
rotation of a mass, linear resonant actuators (LRAs) 
have a linear suspension actuated by 
electromagnetic forces, which resonates strongly at 
one particular frequency. Exciting the actuator at a 
high-Q resonance triggers a sharp vibratory tone, 
which typically falls around 200Hz. This 
construction allows for faster response time than 
pager motors. Because of the low power 
consumption required thanks to the resonance, these 
actuators are well suited for mobile electronic 
applications. More complex signals, which include 
multiple frequencies, can be generated by applying 
amplitude modulation to the fundamental resonance 
[19].  To produce richer signals, linear voice-coil 
systems, such as the one shown figure 2B, have 
been designed to damp the resonances, offering a 
wide frequency range of stimulation [20,21]. 
Because of the additional dissipation, however, 
more energy is required to generate a given signal 
amplitude. The high quality of these devices is at the 
expense of the consumption and the compactness. 
When driven by an appropriate vibration synthesis 
algorithm, these high-fidelity vibrotactile actuators 
are able to simulate the subtle vibrations of a virtual 
guitar string, the texture of a fabric or the sensation 
of a ball rolling over a rough surface [22,23,24].  
While most of the vibrotactile stimulators available 
use electromagnetic forces to impart vibrations, 
some others have been designed using electro-active 
polymers (see Fig. 2D) or piezoelectric bi-morph 
materials (see Fig. 2E). These actuators have the 
advantage of being thin, solid-state materials and 
often boast higher energy densities at the expense of 
higher operating voltages [25]. 
A single vibrotactile actuator can be used to send 
complex transient and vibratory signals back to the 
user. However, the user’s perceptual experience can 

Fig. 3: A. Cable-driven overlay [33]. B. Flexible wrap-around overlay [34]. C. Device using electrovibration to 
provide tactile texture [36]. D. Spatially distributed electrovibration device [37] E. Ultrasonic friction 
modulation on a metal resonator [41]. F. Transparent version of the ultrasonic friction modulation device. [42]. 
G. Travelling wave motor delivering shear forces to the static finger. H. 2-axis ultrasonic vibration delivers 
programmable lateral forces to the bare fingertip [46] 
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be greatly enhanced by distributing multiple 
actuators across the skin in order to produce 
spatially patterned sensations. By tuning the timing 
and the relative amplitude suitably in each of the 
cells in the array of vibrators, the discreteness of the 
array can be made to disappear, leaving the user 
with an impression of a moving actuator. This effect 
was first observed by von Békésy [26] and used for 
non-intrusive navigation [27] and game-playing [28] 
purposes. Another technique worth mentioning is 
that in which two adjacent actuators are driven in 
anti-phase to produce a sharp edge at their boundary 
[29]. Lastly, a method has been developed in which 
asymmetrical stimulation is applied with an 
ungrounded actuator so that the maximum signal 
amplitude is greater during one part of the periodic 
motion, giving the user the perception of a net 
overall force [30].  
 
Surface haptics 

Vibrotactile actuators are especially suitable for 
simulating complex tactile interactions in mobile 
devices. However, by construction, their frequency 
range is limited to approximately 50 to 500 Hz, and 
does not include the low end of the spectrum, where 
force-feedback devices typically excel. Low-
frequency forces, especially the continuous force 
component, are fundamental for simulating contact 
with virtual shapes, walls and switches [31]. When 
pressing on a virtual spring, for instance, since the 
force is a function of the displacement and not of time, 
the reaction force can be expected to persist as long 
as the pressure is maintained on the spring, even if the 
finger stops moving. Much research has focused 
during the last decade on designing means of 
delivering simulated force feedback directly to the 
bare fingertip, a class of device called surface-haptic. 
Some authors have used micro-fluidic approaches 
whereby dots are raised on the surface, providing the 
user’s fingertip with a series of tangible bumps [32]. 
Other authors have provided force feedback on a 
touchpad via a moving overlay placed over a screen, 
which pushes and pulls the finger along [33]. The 
force is transmitted to the fingertip via a cable 
assembly (Fig. 3A) or using a flexible sheet of plastic 
wrapped around the device as shown in 
figure 3B [34].  
However, solid-state devices, which modulate friction 
directly between a surface and the fingertip, are 
among the most promising applications. One 
implementation called electro-vibration, increases the 
normal force applied by a fingertip onto a surface by 
means an electrostatic attraction. The increase normal 
force therefore affects the friction force that is 
experienced by the user. Eletrovibration is achieved 
using a conductor covered by a thin insulator. The 
conductor will accumulate electric charges that will 
repel any opposite charges present in the skin 

contacting the insulator. Because of the insulation, no 
current flows, but an attractive force will make the 
skin adhere more firmly and thus increase the friction 
force [35]. Some devices derived from transparent 
touchscreen overlays, such as the 3M	   microTouch 
shown figure 3C, contain a large ITO conductor 
coated with a thin silica insulator and provide off-the-
shelf solution for building elaborate computer-
interfaces equipped with electro-vibration [36]. 
Patterned conductor arrays such as that shown in 
figure 3D make it possible to spatially distribute the 
effects and eliminate the need for a fingertip position 
sensor [37]. Electro-vibration is able to affect friction 
forces only by approximately 100 mN, which are 
perceptible only when the signals carry a high 
frequency component. The oscillating voltage is of 
the order of 100V with a maximum ac current of 
5mA. Electro-adhesion, where a semi-conductor 
replaces the insulator, creates lateral forces as large as 
4N, thus dramatically increasing the force range 
achievable while conserving the wide frequency 
bandwidth provided by electronic switching 
devices [38,39].  
Another method based on ultrasonic vibration reduces 
the friction force induced by a finger sliding over a 
smooth or rough surface. This method makes use of 
the non-linear compression of the air trapped between 
the skin and the surface, causing the skin to levitate a 
few micrometers above the surface. Because of this 
slight levitation, the contact area between the skin and 
the surface is smaller and the user feels less frictional 
drag [40]. The friction force can be programmed to 
evolve according position and the velocity of the 
user’s fingertip which give rise to sensations of 
bumps, holes, textures and gratings [41,42].  
Examples of devices designed on the basis of this 
principle are presented in figures 3E and F. The range 
of lateral forces achievable starts at around 2N, but 
this value depends on the substrate material and can 
be decreased by one order of magnitude at vibration 
amplitudes higher than 2 µm. These devices are 
usually constructed around a rectangular glass plate 
that is excited by piezoelectric actuators bonded onto 
the plate. The expansion and contraction of the 
piezoelectric actuators produce a standing flexural 
wave that causes vertical oscillations of the plate. The 
power required to sustain the levitation has been 
estimated to be approximately 1W [43]. 
Variable friction is undoubtedly a strong candidate 
for providing modern touchscreen interfaces with the 
ability to produce programmable tactile features. Still, 
this approach has a major limitation. Since friction is 
modulated, the force experienced by the finger is 
always in the opposite direction to that of the user’s 
motion. When simulating situations, such as moving 
over oblique gratings or going downhill, the force has 
to be in an arbitrary direction with respect to the 
motion of the finger.  Forces also have to be applied 

https://www.xinxii.com/actuator-2016-manuscript-b20-p-371092.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016186

https://www.xinxii.com/actuator-2016-manuscript-b20-p-371092.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 187

ACTUATOR 2016, MESSE BREMEN   7/6	  
	  

ACTUATOR 2016, MESSE BREMEN   6/6	  
	  

haptic interface device. Carnegie Mellon 
University, Engineering Design Research 
Center;. 

[15] Gassert R, Moser R, Burdet E, Bleuler H. 
(2006) MRI/fMRI-compatible robotic system 
with force feedback for interaction with human 
motion. IEEE ASME Transactions On 
Mechatronics. 11(2):216. 

[16] Flueckiger M, Bullo M, Chapuis D, Gassert R, 
Perriard Y. (2005) fMRI compatible haptic 
interface actuated with traveling wave 
ultrasonic motor. In Fourtieth IAS Annual 
Meeting. Conference Record Vol. 3, pp. 2075-
2082.  

[17] Conti F, Khatib O, Baur C. (2007) A hybrid 
actuation approach for haptic devices. In proc. 
IEEE World Haptics 2007. (pp. 367-372). 

[18]  Mohand-Ousaid A, Millet G, Régnier S, 
Haliyo S, Hayward V. (2012) Haptic interface 
transparency achieved through viscous 
coupling. The International Journal of Robotics 
Research. 31(3):319-29. 

[19] Park G, Choi S. (2011) Perceptual space of 
amplitude-modulated vibrotactile stimuli. In 
World Haptics Conference 2011 (pp. 59-64). 
IEEE. 

[20] Mortimer BJ, Zets GA, Cholewiak RW. (2007) 
Vibrotactile transduction and transducers. The 
Journal of the Acoustical Society of 
America. ;121(5):2970-7. 

[21] Yao HY, Hayward V. Design and analysis of a 
recoil-type vibrotactile transducer. (2010) The 
Journal of the Acoustical Society of America. 
128(2):619-27. 

[22] Romano JM, Kuchenbecker KJ. (2012) 
Creating realistic virtual textures from contact 
acceleration data. IEEE Transactions on 
Haptics, (2):109-19. 

[23] Wiertlewski M, Lozada J, Hayward V. (2011) 
The spatial spectrum of tangential skin 
displacement can encode tactual texture. IEEE 
Transactions on Robotics, (3):461-72. 

[24] Yao HY, Hayward V. (2006) An experiment 
on length perception with a virtual rolling 
stone. In Proceedings of Eurohaptics pp. 325-
330 

[25] Poupyrev I, Maruyama S, Rekimoto J. (2002) 
Ambient touch: designing tactile interfaces for 
handheld devices. InProceedings of the 15th 
annual ACM symposium on User interface 
software and technology pp. 51-60. ACM. 

[26]  Von Bekesy G. (1959) Similarities between 
hearing and skin sensations. Psychological 
review. 66(1):1. 

[27] Van Erp JB, Van Veen HA, Jansen C, Dobbins 
T. (2005) Waypoint navigation with a 
vibrotactile waist belt. ACM Transactions on 
Applied Perception (TAP). 2(2):106-17. 

[28]  Israr A, Poupyrev I. (2011) Tactile brush: 
drawing on skin with a tactile grid display. In 
Proceedings of the SIGCHI Conference on 
Human Factors in Computing Systems pp. 
2019-2028. ACM. 

[29] Sakurai T, Shinoda H, Konyo M. (2013) Sharp 
tactile sensation using superposition of 
vibrotactile stimuli in different phases. In 
World Haptics Conference (WHC), pp. 235-
240. IEEE. 

[30] Amemiya T, Gomi H. (2014) Distinct pseudo-
attraction force sensation by a thumb-sized 
vibrator that oscillates asymmetrically. In 
Haptics: Neuroscience, Devices, Modeling, 
and Applications 2014 Jun 24 (pp. 88-95). 
Springer Berlin Heidelberg. 

[31]  Chubb EC, Colgate JE, Peshkin MA. (2010) 
Shiverpad: A glass haptic surface that produces 
shear force on a bare finger. IEEE Transactions 
on Haptics. 3(3):189-98. 

[32]  Ciesla CM, Yairi MB, Saal NM, inventors; 
Tactus Technologies, assignee. (2012) Method 
for adjusting the user interface of a device. 
United States patent US 8,243,038.  

[33] Saga S, Deguchi K. (2012) Lateral-force-based 
2.5-dimensional tactile display for touch screen. 
In Haptics Symposium (HAPTICS), pp. 15-22. 
IEEE. 

[34] Roudaut A, Rau A, Sterz C, Plauth M, Lopes P, 
Baudisch P. (2013) Gesture output: eyes-free 
output using a force feedback touch surface. In 
Proceedings of the SIGCHI Conference on 
Human Factors in Computing Systems (pp. 
2547-2556). ACM. 

[35] Mallinckrodt E, Hughes AL, Sleator Jr W. 
(1953) Perception by the skin of electrically 
induced vibrations. Science. 

[36] Bau O, Poupyrev I, Israr A, Harrison C. 
TeslaTouch: electrovibration for touch surfaces. 
(2010) In Proceedings of the 23nd annual 
ACM symposium on User interface software 
and technology pp. 283-292. ACM. 

 [37] Tang H, Beebe DJ. (1998) A microfabricated 
electrostatic haptic display for persons with 
visual impairments. IEEE Transactions on 
Rehabilitation Engineering, 6(3):241-8. 

 [38] Shultz CD, Peshkin MA, Colgate JE. (2015) 
Surface haptics via electroadhesion: Expanding 
electrovibration with Johnsen and Rahbek. 
InWorld Haptics Conference (WHC), IEEE. 

[39] Meyer DJ, Wiertlewski M, Peshkin MA, 
Colgate JE. (2014) Dynamics of ultrasonic and 
electrostatic friction modulation for rendering 
texture on haptic surfaces. In HAPTICS pp. 
63-67. 

[40] Watanabe T, Fukui S. (1995) A method for 
controlling tactile sensation of surface 
roughness using ultrasonic vibration. In IEEE 

https://www.xinxii.com/actuator-2016-manuscript-b20-p-371092.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016188

B 2. 1

Design of Haptic Master Featuring Improved MR 

Brakes 
 
H.G. Gang, J.W. Sohn 
Kumoh National Institute of Technology, Gumi-si, South Korea 
 
Abstract: 
In this paper, a new design of haptic master featuring lightweight and low inertia configuration is proposed and 
its performance is evaluated experimentally. To reduce the weight and inertia of the master device, aluminium 
frame is designed and four haptic actuators for 3-DOF rotational motion and 1-DOF gripper motion are installed 
to the frame. Magneto-rheological (MR) brake, which has large braking torque with small size and lightweight, 
is suggested as an actuator to generate haptic feedback force. For the MR brake, dual magnetic core type is 
adopted to obtain large braking torque under limited size and weight. The braking torque of the proposed MR 
brake is evaluated experimentally according to applied input currents. After designing control algorithm, torque 
tracking control performance of the actuator is also investigated for desired sinusoidal input. By constructing the 
proposed haptic master device, the suitability of practical workspace is also evaluated by compared with that of 
free human wrist motion. 
 
Keywords: Haptic Master, Magneto-Rheological Fluid, MR Brake, Tracking Control 
 
Introduction 

Recently, since the robot assisted surgery system has 
many advantages, such as small invasion, reduced 
infection rate, and fast recovery, the number of 
application in surgical operation has been greatly 
enlarged. But, because the limited visual data is only 
provided for the operator in surgery system, the 
immersion and reality are restricted and performance 
of surgery can be affected. Due to this reason, many 
research works have been carried out about master 
mechanism with haptic effect for the robot assisted 
surgery system. However, most of the developed 
haptic system has a bulky package with mechanical 
components and cannot be implemented to real 
medical systems.  
Magneto-rheological (MR) fluid is a kind of smart 
fluid and its rheological properties can be changed 
by applied external magnetic field. Then the yield 
stress can be controlled accurately according to 
applied magnetic field intensity. The advantages of 
MR fluid application are simply listed as follow; 
extremely fast response time, small power 
consumption, and simple mechanism. Among the 
mechanical applications of MR fluid, MR brake is 
widely studied mechanism which can generate 
controllable large braking torque with simple 
structural configuration [1, 2]. The application 
methods of MR brake can be classified into three 
types as disk type, drum type and hybrid type by 
considering the position and direction of generated 
MR effect. For drum type MR brake, the MR effect 
take place at the radial gap between rotor and stator. 
Imaduddin et al. reviewed the previous researches 
for the design and modelling of MR brakes [3]. In 
these days, many research works for MR clutch and  
 

brake have been conducted to apply as a haptic 
actuator. Liu et al. reported design, modelling of 
disk type MR brake and suggested its application in 
haptic device [4]. An and Kwon proposed five-bar 
linkage haptic device featuring DC motors and MR 
brakes [5]. Senka and Rurocak developed spherical 
MR brake for multi degree of freedom actuator and 
applied to joystick type haptic device [6]. Nguyen et 
al. developed optimally designed MR brake-based 
3D haptic gripper for tele-operation [7]. However, 
the structural configuration of the haptic master 
becomes complex and the number of degree of 
freedom is also increased. This means that the 
required feedback force is also increased to provide 
precise haptic effect. 
In this paper, a new type of mechanism for haptic 
master device is proposed and its performance is 
evaluated experimentally. To increase haptic effect 
for master device, the master device is designed with 
lightweight and low inertia configuration. Then, a 
dual magnetic core type of MR brake is designed for 
large actuating force under limited small size and 
lightweight. The braking torque of the proposed MR 
brake is evaluated through experiment and it is 
demonstrated that enough braking torque can be 
obtained. After designing and implementing of 
control algorithm, tracking control performance of 
the manufactured MR brake is evaluated according 
to desired input. Then master device is designed 
with lightweight aluminium frame structure and four 
actuators. Available workspace for rotational motion 
is measured by gyro sensor and its effectiveness is 
verified by compared with workspace of free hand 
motion. 
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proposed haptic master device, the suitability of practical workspace is also evaluated by compared with that of 
free human wrist motion. 
 
Keywords: Haptic Master, Magneto-Rheological Fluid, MR Brake, Tracking Control 
 
Introduction 

Recently, since the robot assisted surgery system has 
many advantages, such as small invasion, reduced 
infection rate, and fast recovery, the number of 
application in surgical operation has been greatly 
enlarged. But, because the limited visual data is only 
provided for the operator in surgery system, the 
immersion and reality are restricted and performance 
of surgery can be affected. Due to this reason, many 
research works have been carried out about master 
mechanism with haptic effect for the robot assisted 
surgery system. However, most of the developed 
haptic system has a bulky package with mechanical 
components and cannot be implemented to real 
medical systems.  
Magneto-rheological (MR) fluid is a kind of smart 
fluid and its rheological properties can be changed 
by applied external magnetic field. Then the yield 
stress can be controlled accurately according to 
applied magnetic field intensity. The advantages of 
MR fluid application are simply listed as follow; 
extremely fast response time, small power 
consumption, and simple mechanism. Among the 
mechanical applications of MR fluid, MR brake is 
widely studied mechanism which can generate 
controllable large braking torque with simple 
structural configuration [1, 2]. The application 
methods of MR brake can be classified into three 
types as disk type, drum type and hybrid type by 
considering the position and direction of generated 
MR effect. For drum type MR brake, the MR effect 
take place at the radial gap between rotor and stator. 
Imaduddin et al. reviewed the previous researches 
for the design and modelling of MR brakes [3]. In 
these days, many research works for MR clutch and  
 

brake have been conducted to apply as a haptic 
actuator. Liu et al. reported design, modelling of 
disk type MR brake and suggested its application in 
haptic device [4]. An and Kwon proposed five-bar 
linkage haptic device featuring DC motors and MR 
brakes [5]. Senka and Rurocak developed spherical 
MR brake for multi degree of freedom actuator and 
applied to joystick type haptic device [6]. Nguyen et 
al. developed optimally designed MR brake-based 
3D haptic gripper for tele-operation [7]. However, 
the structural configuration of the haptic master 
becomes complex and the number of degree of 
freedom is also increased. This means that the 
required feedback force is also increased to provide 
precise haptic effect. 
In this paper, a new type of mechanism for haptic 
master device is proposed and its performance is 
evaluated experimentally. To increase haptic effect 
for master device, the master device is designed with 
lightweight and low inertia configuration. Then, a 
dual magnetic core type of MR brake is designed for 
large actuating force under limited small size and 
lightweight. The braking torque of the proposed MR 
brake is evaluated through experiment and it is 
demonstrated that enough braking torque can be 
obtained. After designing and implementing of 
control algorithm, tracking control performance of 
the manufactured MR brake is evaluated according 
to desired input. Then master device is designed 
with lightweight aluminium frame structure and four 
actuators. Available workspace for rotational motion 
is measured by gyro sensor and its effectiveness is 
verified by compared with workspace of free hand 
motion. 
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(a) torque 

 
(b) control input 

 
Fig. 4: Torque Tracking Control Results 
 
Haptic Master Design 

A new type of haptic master device is proposed and 
the structural configuration is presented in Fig. 5. As 
shown in Fig. 5, 3-DOF rotational motion and 1-
DOF gripping motion can be realized in this master 
device. Since the configuration of the master device 
is inspired by human wrist, rotational axes of the 
proposed master device intersect each other in one 
point as same as human wrist. Then, this master 
device has intuitive design and user interface.  
To provide better haptic effect, the master device 
should be designed as low inertia and lightweight 
structure. In this work, aluminium frame is used to 
reduce the weight of device and independent rotating 
mechanism is developed for the realization of three 
rotational motions. Four MR brakes, three for 
rotational motion and one for gripper motion, which 
have improved performance with limited size and 
weight, are installed to the master device. Since the 
MR brake is adopted for haptic actuator and 
installed to each rotating axis directly, no other 
mechanical coupling component is used and the 
weight and inertia of the master device is reduced.  
 

 
 

Fig. 5: Haptic Master Device 
 

 
(a) pitch angle 

 

 
(b) yaw angle 

 
Fig. 6: Measured Workspace of the Proposed 
Haptic Master Device 
 
In addition, a small chip type MEMS gyro sensor is 
used to collect the motion data of the master device 
instead of three rotary encoders and reduce the 
weight of the master. The MEMS gyro sensor is 
embedded in the stick to measure the rotational 
displacement and acceleration for three axes. The 
practicable workspace is obtained by gyro sensor of 
the master device and the results are presented in Fig. 
6. The workspace of the master device is compared 
with workspace, measured by using same gyro 
sensor, of free human wrist. As shown as Fig. 6, the 
measured workspace of the proposed master device 
is large enough to cover the range of free human 
wrist motion.  
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Abstract: 
The current techniques in minimally invasive surgery allow treating fetal disorders. Treatment in an earlier stage 
increases the chance or level of recovery. However, fetal interventions require precise instrument manipulation 
from the surgeon. For instance, in the treatment of the twin-to-twin transfusion syndrome (TTTS) the surgeon 
needs to bring a laser in close vicinity to the placenta. It is crucial that the surgeon maintains a specific distance 
between the tip of the employed instrument and the placenta, while lasering target sites on the placental surface. 
To facilitate this procedure, we suggest a new approach where the surgeon comanipulates the instruments 
together with a robotic stabilizer arm. The stabilizer arm provides haptic guidance to the surgeon, augmenting 
the surgeon's precision and helping him maintain a desired lasering distance. The benefit of this approach is 
demonstrated experimentally. 
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Introduction 

Current surgical techniques allow treatment of fetal 
disorders in a minimally invasive surgical (MIS) 
manner. In such procedures, the surgeon enters the 
uterus with a small diameter – typically 3mm – 
endoscope through a small incision in the patient’s 
womb in order to perform the necessary diagnostic 
and therapeutic steps. Most endoscope manipulations 
require a considerable amount of dexterity and high 
precision from the surgeon, as the surrounding 
structures are very delicate. As such, this type of 
surgery requires highly skilled surgeons [1].  
One particularly challenging intervention aims to 
treat the twin-to-twin-transfusion syndrome (TTTS), 
a pathology where unwanted blood vessel 
connections, anastomoses, in the placenta of 
monochorionic twins cause an unbalanced blood 
flow [2]. If left untreated, this condition can be 
lethal for both fetuses. The treatment of TTTS is a 
non-contact laser-coagulation procedure. The 
surgeon manoeuvres the endoscope, equipped with a 
laser fibre, over the placenta to coagulate all 
anastomoses. Alternatively or additionally he/she 
will laser a continuous coagulation line over the 
vascular equator of the placenta, in order to separate 
the blood circulation of both twins [3]. 
During the lasering, it is essential to maintain a 
minimum distance between the placental surface 
and the laser, i.e. the tip of the fetoscope. A larger 
distance would render the laser process ineffective, 
while a smaller distance introduces the risk of 
undesired and dangerous contact. 

TTTS treatment is a highly demanding task for the 
surgeon, not only due to this distance criterion, but 
also because of the scale, the required precision and 
the fulcrum effect, typical to MIS [4]. To facilitate 
this task, we suggest an approach where a robotic 
stabilizer arm provides haptic guidance to the 
surgeon. A comanipulation approach, where both 
the surgeon and the stabilizer arm hold the 
instrument and jointly determine the instrument 
pose, was preferred over a teleoperation approach, 
as comanipulation can be more readily integrated 
into the current surgical practice and it allows the 
surgeon to remain in close vicinity to the patient.  
In this paper we investigate to what extent a robotic 
stabilizer arm can improve safety and precision 
during a lasering task. 
 
Method 

For the proposed application the requirements for 
the robotic stabilizer arm are that it is highly back-
drivable, has a very large workspace and can display 
fairly large levels of stiffness throughout its 
workspace. The back-drivability of the stabilizer is 
crucial as the surgeon must be able to move the 
instruments in an unhindered fashion. The 
workspace of the stabilizer has to be sufficiently 
large to be able to cope with the variability in the 
location of the incision point on the patient’s womb. 
The reachable stiffness (Z-width) is important for 
comanipulation as it allows providing effective 
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haptic guidance, e.g. keeping the surgeon 
(instrument) away from contact. [5] 

 
Fig. 1: Robotic stabilizer 

The haptic manipulator Virtuose6D (Haption S.A., 
Laval, France) fairly well meets the above 
requirements and was consequently selected as the 
robotic stabilizer arm. Its default end effector was 
replaced by a custom-made dummy tool (Fig. 1). 
A controller was developed for the stabilizer to help 
the surgeon maintain a desired distance  between 
the instrument and the placenta. If frame  is a 
frame rigidly attached to the instrument tip, with  
along the instrument axis, and if frame  is the 
placenta frame, with  orthogonal to its surface 
(Fig. 2), then the distance  between the instrument 
and the placenta can be expressed as: 

      

where  refers to the origin of the instrument frame 
{i} and leading superscript  designates the 
reference frame. 

 
Fig. 2: Distance  between instrument tip and 
placenta 

The following PD force control law was 
implemented: 
 

 

where is a repulsive force applied along the 
instrument’s axis. This control law can be 
interpreted as a virtual compression spring-damper 
of rest length  that is permanently attached to the 
tip of the instrument (Fig. 3). This spring will 
generate repulsive forces along the instrument axis 

 whenever . With such a controller, the 
robotic stabilizer provides haptic cues to the surgeon 
when he is approaching the placenta too close with 
the instrument tip. 

 
Fig. 3: Physical interpretation of the control law 

For safety reasons  is chosen larger than the 
proximity limit for safe lasering . This ensures that 
the controller exerts sufficiently noticeable forces on 
the surgeon when he/she is at the desired distance  
and thus increases safety. Practically, for our 
controller with a stiffness of 1000 N/m,  was set to 
15 mm for a target  of 10 mm. Consequently, the 
surgeon had to provide a force of 5 N during the 
lasering in order to enter the no go zone.  
Note that, the stability of this controller has to be 
carefully investigated. Especially in configurations 
where , the distance  is very sensitive to 
changes in  or in . The system could in 
such case become easily instable. To solve this issue, 
the force and its rate were saturated. Proper values 
were determined to ensure the stability of this system. 
 
Experiments 

A test setup, shown in Fig. 4, was created and 
consists of three main elements: the robotic 
stabilizer arm holding a dummy instrument, a 
simple womb mockup and a virtual reality system 
[6]. During the experiments the surgical tool was 
inserted through the incision point in the womb 
mockup to recreate the fulcrum effect.  
The virtual reality system serves to replace the real 
placenta and laser by simulated ones. After 
calibration, it is possible to estimate the pose of the 
instrument tip from the encoder measurements of the 
Virtuose6D. This information is used to set the 
camera position in the virtual reality environment 
rendering a simulated endoscopic view upon a virtual 
placenta. The user can freely inspect the placenta, 
while receiving an additional indicator in the corner 
of the screen that provides the distance information. If 
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Introduction 

Current surgical techniques allow treatment of fetal 
disorders in a minimally invasive surgical (MIS) 
manner. In such procedures, the surgeon enters the 
uterus with a small diameter – typically 3mm – 
endoscope through a small incision in the patient’s 
womb in order to perform the necessary diagnostic 
and therapeutic steps. Most endoscope manipulations 
require a considerable amount of dexterity and high 
precision from the surgeon, as the surrounding 
structures are very delicate. As such, this type of 
surgery requires highly skilled surgeons [1].  
One particularly challenging intervention aims to 
treat the twin-to-twin-transfusion syndrome (TTTS), 
a pathology where unwanted blood vessel 
connections, anastomoses, in the placenta of 
monochorionic twins cause an unbalanced blood 
flow [2]. If left untreated, this condition can be 
lethal for both fetuses. The treatment of TTTS is a 
non-contact laser-coagulation procedure. The 
surgeon manoeuvres the endoscope, equipped with a 
laser fibre, over the placenta to coagulate all 
anastomoses. Alternatively or additionally he/she 
will laser a continuous coagulation line over the 
vascular equator of the placenta, in order to separate 
the blood circulation of both twins [3]. 
During the lasering, it is essential to maintain a 
minimum distance between the placental surface 
and the laser, i.e. the tip of the fetoscope. A larger 
distance would render the laser process ineffective, 
while a smaller distance introduces the risk of 
undesired and dangerous contact. 

TTTS treatment is a highly demanding task for the 
surgeon, not only due to this distance criterion, but 
also because of the scale, the required precision and 
the fulcrum effect, typical to MIS [4]. To facilitate 
this task, we suggest an approach where a robotic 
stabilizer arm provides haptic guidance to the 
surgeon. A comanipulation approach, where both 
the surgeon and the stabilizer arm hold the 
instrument and jointly determine the instrument 
pose, was preferred over a teleoperation approach, 
as comanipulation can be more readily integrated 
into the current surgical practice and it allows the 
surgeon to remain in close vicinity to the patient.  
In this paper we investigate to what extent a robotic 
stabilizer arm can improve safety and precision 
during a lasering task. 
 
Method 

For the proposed application the requirements for 
the robotic stabilizer arm are that it is highly back-
drivable, has a very large workspace and can display 
fairly large levels of stiffness throughout its 
workspace. The back-drivability of the stabilizer is 
crucial as the surgeon must be able to move the 
instruments in an unhindered fashion. The 
workspace of the stabilizer has to be sufficiently 
large to be able to cope with the variability in the 
location of the incision point on the patient’s womb. 
The reachable stiffness (Z-width) is important for 
comanipulation as it allows providing effective 
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the user has identified a target to laser coagulate, 
he/she can press a foot pedal to generate a virtual 
burn mark on the placenta, thus replicating the course 
of events in a real TTTS procedure. 
 

 
Fig. 4: Experiment setup 

The user is asked to complete a laser task in the virtual 
environment. The task consists of tracing (and 
lasering) a line on the virtual placenta, while ensuring 
that the distance , displayed with the endoscopic view, 
deviates minimally from a desired distance , set here 
to 10 mm. This procedure is performed with and 
without haptic guidance from the robotic stabilizer. For 
the cases with haptic guidance, the user was able to 
turn it on and off, but all users preferred to have it 
constantly on, as soon as the line tracing began. 
The experiments were carried out with novice users 
which didn’t have any experience in MIS. Fig. 5a and 
5b depict the results of the lasering, without and with 
haptic guidance respectively. The timeline of the 
distance  is shown in Fig. 6. Finally, Fig. 7 shows 
the frequency spectrum of the distance timeline. 
 
Discussion 

The results from Fig. 6 show a clear difference in the 
task performance without and with haptic guidance. 
Without haptic guidance the user was able to obtain 
an average distance of 11.2 ± 3.2 mm between the 
instrument tip and the placenta, while with the haptic 
guidance this was reduced to 10.6 ± 0.8 mm. Similar 
results were observed for different users. Furthermore, 
the motions of the user were more stable, and thus 
more controlled and safe, when the haptic guidance 
was enabled. This can clearly be seen from Fig. 6 and 
is also supported by Fig. 7 showing the frequency 
spectrum of the distance  during the lasering task. 
Human movements executed by the hand typically go 
up to a maximum frequency of 4.5 Hz [7]. If the 
energy spectral density for frequencies up to 4.5 Hz is 
computed from the data in Fig. 7, the resulting ratio 
of the case with haptic guidance to the case without 
is 5.2 % . This clearly shows the stabilizing feature 
of the robotic arm. 
 

 
Fig. 5: The lasering results without haptic guidance 
(a) and with haptic guidance (b). 

However, if one compares the lasering results (Fig. 
5), the tracking quality should still be improved 
when haptic guidance is activated. This approach 
experiences some overshoots while following the 
line. This problem is directly linked to the chosen 
haptic guidance method, based on user feedback. It 
was preferred to apply forces only along the 
instrument axis, which corresponds to the vision 
direction of the scope. Forces applied on the 
instrument in other directions lead to a feeling of  
“losing complete control of the instrument”.   This 
design choice leads to two problems. 
First, despite this intuitive haptic guidance, the price 
to pay is having forces not always related with the 
instrument motion and thus giving the impression that 
slippage occurs. Second, the sensitivity of distance d 
is non-homogeneous. It varies more strenuously when 
the instrument is being tilted rather when it is moving 
along the instruments axis.  
An approach for improving the haptic guidance 
would be to add frictional forces along the plane 
parallel to the placenta. This would decrease the 
tendency of overshooting while moving over the line. 
Another solution is to apply an adaptive gain in the 
control law which would take into account the 
sensitivity of d when tilting, e.g. multiplying  by 

. The consequences for the feel of the user 
would have to be carefully studied. 
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Fig. 1: System layout of the combined actuator 
including side view, isometric view and a detailed 
view on the membrane spring unit. 

The normal force actuator itself can be separated into 
two units (Fig.2). The first one is the electromagnetic 
driver unit, which is fabricated employing precision 
engineering. And the second one is the passive spring 
unit employing microsystems technology. 
The electromagnetic driver unit uses the reluctance 
principle to generate normal forces. The magnetic 
field is induced by the coil and led by the flux 
guidance. Physically the system is aimed to reduce 
the magnetic resistance. By this mechanism the air 
gap between the coil core and the lower side of the 
coupler element serving as a back iron is reduced. 
The plunger is moved downwards and the contact to 
the finger is released. As plunger and spring element 
are attached to one another, the spring is also moved 
downwards. When the electrical induced magnetic 
field is turned off, the potential energy stored in the 
spring is released and the plunger is moved upwards 
and pushes against the finger. 

 

Fig. 2: Exploded view inside the electromagnetic 
normal force actuator, drawn with compressed 
electromagnetic driver unit. 

The modular design of the actuator allows 
adjustment of the mechanical properties and 
maximal force applied to the finger, by varying the 
stiffness of the spring element, either by changing 
its thickness or its geometric dimensions. Its 
fabrication is designed to be made by Deep Reactive 
Ion Etching (DRIE). A spin coated film of Polymer 
serves as a spring membrane. The employed 
polymer is Durimide® 7320. 
 
Dimensioning 

Interaction with the bending actuator 
The influence of the bending actuator on the 
electromagnetically driven normal force actuator is 
depending on its weight, resulting from its 
dimensioning. The Institute of Dynamics and 
Vibration Research chose an analytic model to 
describe the piezoelectric bending actuator assuming 
the following boundary conditions. One side is fixed 
and the other side is unsupported to determine the 
resulting amplitudes and the resonance frequencies. 
To evaluate the blocking force both ends are fixed 
[4]. The resulting mass of the bending actuator is 
196 mg and its blocking force is 140 mN. The 
geometric boundary condition of the normal force 
actuator results on the one hand from the aim to 
realise a pin distance of 2.4 mm and on the other 
hand from fabrication limitations concerning the 
plunger height. The dimensions are as follows: 
The coil core has a diameter of 1 mm and a height 
of 10.29 mm. The plunger has a wall thickness of 
150 µm and a height of 11.8 mm. The calculated 
mass of the movable parts of the normal force 
actuator is 95.23 mg. The weight of the normal- and 
bending- actuator added to the pushing force 
requirement against the finger of 7.2 mN results in 
the minimum force requirement of the actuator of 
10.06 mN.  
 
The membrane spring 
Spring stiffness is calculated with two methods. The 
first one uses the quotient of the applied force 
divided by the resulting displacement of a three 
dimensional FEM model in Ansys. The second one 
is an analytical approach developed by Steinhilper et 
al. [5]. Material specific parameters of Durimide® 
7320 can be found in the Datasheet [6]. Both 
methods lead to similar results for deformations up 
to ten microns. Deformations of 50 microns lead to 
a mismatch of 24.2%. This can be caused by the 
constant factor of non-linearity over the deformation 
in the approach of Steinhilper, combined with the 
large deflection (50 µm) in comparison to the 
membrane thickness (9 µm). The result of the 
dimensioning is that a nine micron thick membrane 
has a spring stiffness of 146 N/m. The resulting 
resonance frequency of the normal force actuator in 
an unloaded case is 112 Hz. 
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Abstract: 
We present a tactile display able to induce normal and shear forces into the human fingertip within the same pin. 
This is realised by combining an electromagnetically driven normal force actuator with a piezoelectrical driven 
bending actuator to induce shearing forces. To design a normal force actuator with high performance and low 
energy dissipation in heat a hybrid solution of micro and precision mechanics is employed. This innovative 
approach leads to an actuator with small dimensions in the planar level with a pin to pin distance of 2.4 mm, 
combined with high flux densities resulting in high forces at low applied currents. Dimensioning of the system 
includes geometric, mechanic, electromagnetic and thermal aspects of the normal force actuator. 
Characterization is done by measuring the amplitudes over a specific frequency band with a Laser Doppler 
Vibrometer and by determining the blocking forces with a prestressed resistance strain gauge. The results are 
compared to the requirements of such a system.  
 
Keywords: Tactile Display, Precision- and Micromechanics, Hybrid Actuator  
 
Introduction 

The interest in tactile perception and tactile displays 
is rising since the past decades [1]. To design a 
tactile actuator that is able to induce a wide range of 
tactile sensations, special care regarding the 
neurophysiological considerations has to be taken.  
Three of the four types of mechanoreceptors within 
the human skin are identified to be responsible for 
vibro-tactile sensations. As shown in table 1, the 
Merkel (SA1), Meissner (RA) and Pacinian (PC) 
receptors show strong distinctions regarding their 
sensitivity to frequency and activation threshold [2]. 
The forth type of mechanoreceptors, the Ruffini 
corpuscles (SA 2), is known to be responsible for 
detecting slow skin stretch, so it can be neglected. 
Designing an actuator capable of producing 
vibrations of at least 30 µm amplitude, the contact 
force exerted on the actuator pin becomes a crucial 
aspect for the mechanical specification. 

 

 

Measurements of the finger pads' impedance, which 
is strongly dependent on the vibration frequency can 
be found in literature [3]. At low frequencies of 1-
2 Hz, the impedance magnitude of the finger pad is 
about 0.09 N/mm, whereas at frequencies greater 
than 56 Hz the impedance reaches values of about 
0.24 N/mm. If the tactile display should be enabled 
to reach an amplitude of 30 µm, a total force of 
7.2 mN needs to be applied. It must be noted, 
however, this value neither includes the pressure 
force applied by the finger itself nor the influence of 
this pressure on the impedance. 
 
Concept 

To face the challenge of high actuator density with a 
distance between two pin centers of 2.4 mm in the 
X-Y plane and a force requirement of at least 7.2 
mN per pin in normal direction a hybrid concept 
combining precision- and micromechanic 
production techniques is created. This way the 
restriction concerning the effective work per volume 
of electromagnetic driven actuators, due to small 
dimensions in the microcosm is avoided because the 
volume can be extended by increasing the 
dimensions in the Z-axis.  
The combined actuator can be divided into three 
components: The bending actuator, the coupling 
element and the normal force actuator (Fig 1). The 
normal force actuator is guided by two slide 
bearings. In this way moments induced by the 
bending actuator can be absorbed. 
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Introduction 

The interest in tactile perception and tactile displays 
is rising since the past decades [1]. To design a 
tactile actuator that is able to induce a wide range of 
tactile sensations, special care regarding the 
neurophysiological considerations has to be taken.  
Three of the four types of mechanoreceptors within 
the human skin are identified to be responsible for 
vibro-tactile sensations. As shown in table 1, the 
Merkel (SA1), Meissner (RA) and Pacinian (PC) 
receptors show strong distinctions regarding their 
sensitivity to frequency and activation threshold [2]. 
The forth type of mechanoreceptors, the Ruffini 
corpuscles (SA 2), is known to be responsible for 
detecting slow skin stretch, so it can be neglected. 
Designing an actuator capable of producing 
vibrations of at least 30 µm amplitude, the contact 
force exerted on the actuator pin becomes a crucial 
aspect for the mechanical specification. 

 

 

Measurements of the finger pads' impedance, which 
is strongly dependent on the vibration frequency can 
be found in literature [3]. At low frequencies of 1-
2 Hz, the impedance magnitude of the finger pad is 
about 0.09 N/mm, whereas at frequencies greater 
than 56 Hz the impedance reaches values of about 
0.24 N/mm. If the tactile display should be enabled 
to reach an amplitude of 30 µm, a total force of 
7.2 mN needs to be applied. It must be noted, 
however, this value neither includes the pressure 
force applied by the finger itself nor the influence of 
this pressure on the impedance. 
 
Concept 

To face the challenge of high actuator density with a 
distance between two pin centers of 2.4 mm in the 
X-Y plane and a force requirement of at least 7.2 
mN per pin in normal direction a hybrid concept 
combining precision- and micromechanic 
production techniques is created. This way the 
restriction concerning the effective work per volume 
of electromagnetic driven actuators, due to small 
dimensions in the microcosm is avoided because the 
volume can be extended by increasing the 
dimensions in the Z-axis.  
The combined actuator can be divided into three 
components: The bending actuator, the coupling 
element and the normal force actuator (Fig 1). The 
normal force actuator is guided by two slide 
bearings. In this way moments induced by the 
bending actuator can be absorbed. 
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Table 1: Properties of afferent systems [2]
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aspect for the mechanical specification. 
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be found in literature [3]. At low frequencies of 1-
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X-Y plane and a force requirement of at least 7.2 
mN per pin in normal direction a hybrid concept 
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production techniques is created. This way the 
restriction concerning the effective work per volume 
of electromagnetic driven actuators, due to small 
dimensions in the microcosm is avoided because the 
volume can be extended by increasing the 
dimensions in the Z-axis.  
The combined actuator can be divided into three 
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element and the normal force actuator (Fig 1). The 
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Thermal simulation 
The maximum current applied to the coil is limited by 
the thermal stability of the insulation on the copper 
wire. The system warming is calculated in an electro-
thermal coupled simulation. It leads to a system 
temperature of 215 °C at the coil core appearing 
when a 90 mA current is applied. The insulation of 
the copper wire withstands a temperature of 225 °C. 

Electromagnetic reluctance force 
The reluctance force pulls the lower area of the 
coupler element against the upper area of the coil core. 
The plunger, which is coupled to the coupler element 
and the membrane spring, is pulled down. In this way 
the membrane spring is tensioned. Due to this 
principle the reluctance force must be higher than the 
spring force. 
The reluctance force is calculated for different initial 
air gaps applying a constant current of 90 mA to the 
coil. The reluctance force is increasing approximately 
linearly by reducing the air gap for initial gaps of 
200 µm and 150 µm. Comparing the spring force 
with the reluctance force of the actuator (FActuator) one 
can see, that an initial air gap smaller or equal to 
100 µm is needed to guarantee a displacement of 
45 µm (Fig 3.). The maximum force is reached when 
the initial air gap is 50 microns. 
 
Component fabrication  

Membrane spring 
The membrane spring is fabricated using a 300 µm 
thick silicon wafer. First a 200 nm thin layer of 
chromium is sputtered on the lower side. Afterward the 
Polyimide serving as an elastic spring material is spin 
coated onto the chromium. The three dimensional 
structuring is done by photolithography and deep 
reactive ion etching on the top side of the wafer (Fig. 
4). The chromium serves as an etch barrier. 

Carrier wafer 
A 500 µm thick silicon wafer is employed to realise 
the carrier wafer. First a self-adhesive permalloy 
(81%Ni-19%Fe) film is laminated on its upper side. 
Structuring of the radial flux guidance is done by  

 
Fig 3: Reluctance force for different initial air gaps 
applying a current of 90 mA and spring force using 
a 9 µm thick spring. 

 
Fig. 4:  a) Carrier wafer with flux guidance 
 b) Membrane spring 
 c) Plunger in lower slide bearing 
 d) wounded coil on core in plunger with  
      coupler element 

photolithography and wet chemical etching in an 
acidic solution of 25% hydrochloric acid and 5% 
hydrogen peroxide. Stripping off the photoresist and 
the adhesive layer is done by plasma ashing. 
 
Assembling  

During the assembly of the system the main 
challenge is to bond the spring element with both, 
the carrier wafer via the spacer and the plunger via 
the plunger intake.  
Including a holder with integrated spiral springs 
simplifies the assembly. Another advantage is the 
possibility to adapt the spring force by varying the 
spring preload. The adjustment of the preload is done 
by triggering the spiral spring with a spring constant of 
120 N/m, with an Allen wrench from the lower side. 
By turning the screw inwards the spring hits against the 
microtechnically realised spring unit (Fig. 5). 
In this way the force applied on a finger can be 
optimized dependent on the measured force generated 
by the electromagnetic actuator by varying the spring 
preload. The spring unit serves as a point of application 
and smoothest the travel of the pin in the upper end 
position.  

 
Fig. 5: Photograph of the Prototype of the coupled 
actuators consisting of both springs. 
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quency and stroke are considered as rough guideline 
to evaluate the investigated materials.  
The force sensing system has to withstand and 
measure the forces a human is able to exert with his 
fingers. According to NASA [4] the maximum 
strength a human can momentarily exert by grasping 
with the tips of index finger and thumb is 60 N.  

Investigated smart materials 

Electroactive Polymers 
EAPs, especially dielectric elastomers (DE), are an 
energy efficient technology to convert electrical 
energy to mechanical energy and thus are pre-
destined for actuator applications [5]. A promising 
DE material for dynamic applications is silicone 
(PDMS) due to its low viscoelasticity. The basic 
transducer topology is characterized by a thin film, 
made form DE material, which is coated with com-
pliant electrodes on both sides. According to the 
electrostatic principle a force Fel occurs due to the 
electric field E between the two electrodes if a volt-
age vp is applied to them. The force depends on the 
area Ae covered with electrode material and can be 
expressed by the Maxwell stress σel with Eq. (1).  

Fel

Ae

=σ el = ε0 ⋅εr ⋅E
2 = ε0 ⋅εr ⋅

vp
2

d 2  (1) 

Due to this force the DE film with the thickness d 
and the relative permittivity εr deforms as it can be 
seen in Fig. 1. However, these deformations are 
quite small but can be increased with an advan-
tageous design introduced in the next section.  
Their working principle can be reversed making DE 
materials also suitable for sensor applications [6]. 
Considering that, an external force can be detected 
and a feedback can be generated simultaneously.  

 
Fig. 1: Working principle of a DE transducer. 

Magnetorheological fluids 
MRFs are composed of magnetically polarizable 
particles dispersed in a non-magnetic carrier fluid. 
The spherical particles commonly consist of carbo-
nyl iron powder while the carrier fluid is usually a 
type of oil. In the presence of a magnetic field the 
particles align along the direction of the field lines 
forming chains, see Fig. 2, and therefore increase 
the MRF’s viscosity [7]. 

 
Fig. 2: Schematic depiction of the non-activated and 
activated MRF. 

In its activated state the MRF behaves as a Bingham 
fluid where its flow rate is linear dependent on the 
shear stress after reaching the yield stress point. This 
point can be controlled very dynamically and accu-
rately by the intensity of the magnetic field. In the 
absence of a magnetic field the fluid can be de-
scribed as a Newton fluid. A disadvantage of MRFs 
is their semi-active behaviour. They cannot be used 
to actively exert forces or generate a stroke. 

Magnetoactive elastomers 
MAEs are usually soft materials, like PDMS, filled 
with ferromagnetic particles in the micro and nano-
scale. These materials provide two important fea-
tures. They elongate if exposed to a magnetic field 
on the one hand and stiffen significantly on the other 
hand. These characteristics are called magneto-
striction and magnetorheological effect, which is 
why they are also referred to as magnetorheological 
elastomers (MRE). Since their behaviour is highly 
dependent on the material’s structure, a large 
amount of materials have been developed in the past 
with different characteristics. They can be divided 
into anisotropic and isotropic MAEs depending on 
the particle distribution within the soft polymer 
matrix. Isotropic MAEs have the filler particles 
randomly dispersed, while anisotropic MAEs are 
fabricated and cured under the presence of a mag-
netic field causing the particles to align along the 
field lines [8].  
 
Design proposals for feedback and force sense 
applications  

DE actuators and sensors exist in various topologies. 
The most common ones are membrane and stack-
actuators. While membrane actuators (cf. Fig. 3a)) 
are known for their large strokes of over 100% [9], 
their achievable forces are rather small. Their coun-
terparts are stack actuators with significant and 
scalable forces and stroke ratios of about 3% [10]. 
Stack-actuators as shown in Fig. 4a) utilize the 
compression in the same direction as the electrostat-
ic pressure. They consist of multiple layers of DE 
film whereby electrode layers are placed between 
them. The overall deformation of the stack-actuator is  

0Vpv ≠E

electrode DE film
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Introduction 

Due to their versatile possible applications, touch-
sensitive visual displays became a popular user 
interface. In many use cases they gradually replace 
mechanical buttons, providing a haptic feedback 
when pressed. Consequently, the user has to rely 
solely on the visual feedback if there is no possibil-
ity to utilize sound. However, there are circum-
stances where the user must be aware of the envi-
ronment and must not be distracted by the display. 
Thus, a haptic feedback is necessary and additional-
ly increasing the customer’s convenience [1]. This 
publication presents initial investigations on the 
utilization of smart materials such as electroactive 
polymers (EAP), magnetorheological fluids (MRF) 
and magnetoactive elastomers (MAE) for haptic 
feedback applications. A haptic feedback device 
mainly has to fulfil two tasks. On the one hand it has 
to sense the user input and on the other hand it has 
to actuate the user interface to provide a feedback. 
In the following these two tasks are called force 
sense and force feedback. 
The aim is to develop a device which is able to emu-
late the “click” feeling provided by pressing a typi-
cal mechanical button. Additionally, the sensing of 
the force exerted by the user creates new possibili-
ties of input methods. Thus, different tasks can be 
executed depending on the pressure on the screen. 
This, for example, is utilized by Apple in their cur-
rent generation of MacBooks and IPhones and is 
named Force Touch. 
 
Human sense of touch 

The design of haptic feedback devices requires a 
basic understanding of the sense of touch. Therefore, 
a brief introduction into the function of human hap-
tic perception is given.  
Mechanical stimuli are perceived by various kinds 
of receptors in the different layers of the skin. Their 
distribution and density vary with the area of the 

body. Four different kinds of mechanoreceptors are 
located in the hand’s glabrous skin [2]. They mainly 
differ in the speed of their adaptation to a change in 
applied external pressure. Thus, they are classified 
as slow adapting (SA) and fast adapting (FA) recep-
tors. Further important characteristics such as fre-
quency range and threshold of skin deformation are 
summarized in Table 1 [2, 3].  

Table 1: Summary of the skin’s mechanoreceptors [3]. 

Receptor Class 

Frequency 
range 

(most sensi-
tive) 

Threshold 
skin defor-

mation 
(median) 

Pacinian 
corpuscle FA-II 40-800 Hz 

(200-300 Hz) 
3-20 µm 
(9.2 µm) 

Meissner’s 
corpuscle FA-I 10-200 Hz 

(20-40 Hz) 
4-500 µm 
(13.8 µm) 

Ruffini  
ending SA-II 7 Hz 40-1500 µm 

(331 µm) 

Merkel’s 
cells SA-I 0,4-100 Hz 

(7 Hz) 
7-600 µm 
(56.5 µm) 

Requirements of the actuation and sensing 

In order to develop haptic feedback systems, re-
quirements of the actuator and sensor system can be 
derived from Table 1. To achieve an optimized per-
ception of the feedback, preferably all kinds of re-
ceptors should respond. For this reason, the actua-
tors and sensors should operate within a frequency 
range from DC to approximately 300 Hz. Further-
more, the deformation of the skin and therefore the 
stroke of the actuation has to exceed the threshold of 
the receptors. Since the threshold varies a lot be-
tween the receptor classes, a feasible value of 300 
µm has been chosen as reference value. Both, fre-
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tors. Further important characteristics such as fre-
quency range and threshold of skin deformation are 
summarized in Table 1 [2, 3].  
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Requirements of the actuation and sensing 

In order to develop haptic feedback systems, re-
quirements of the actuator and sensor system can be 
derived from Table 1. To achieve an optimized per-
ception of the feedback, preferably all kinds of re-
ceptors should respond. For this reason, the actua-
tors and sensors should operate within a frequency 
range from DC to approximately 300 Hz. Further-
more, the deformation of the skin and therefore the 
stroke of the actuation has to exceed the threshold of 
the receptors. Since the threshold varies a lot be-
tween the receptor classes, a feasible value of 300 
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Fig. 3: Working principle of DE membrane actuator 
(a) and utilization to actuate a haptic surface (b). 

approximately the sum of every single layer’s de-
formation, while the force is calculated with Eq. (1). 
DE stack-actuators can easily be utilized to actuate a 
rigid surface like a touch sensitive display as can be 
seen in Fig. 4b). In order to actuate the display hori-
zontally instead of vertically membrane actuators 
can be used beneath the display as schematically 
depicted in Fig. 3b). Membrane actuators utilize the 
deformation perpendicular to the electrostatic pres-
sure. Their deformation and force is highly depend-
ent on the actuator configuration and geometry, like 
for example the shape of the electrode, the restraint 
and/or prestretch of the DE material [11]. 

 
Fig. 4: Structure of a DE stack-actuator (a) and its 
functional principle in application (b). 

If a force sense mechanism is required the EAP tech-
nology can also be utilized to measure the force of the 
finger exerted to the display by using self-sensing 
algorithms [6]. 
MRF-based haptic feedback devices have been de-
veloped frequently in the past [12], [13]. Since the 
MRFs operate semi-active they cannot feed energy 
into a system. Instead they are used to control the 
intrinsic energy dissipation of a system. Thus, MRF 
based actuators are not suitable for active feedback 
applications like for example a vibrotactile feedback 
device. However, the aim is to develop a device with 
a high dynamic adaptive damping and breaking char-
acteristic, whereby the switching behaviour between 
the two different states of the MRF is perceptible by 

the user. The MRF push-button developed in [13] (cf. 
Fig. 5a)) has an approximately linear force-current 
characteristic. Hence, the force can easily be con-
trolled and thus a programmable force-position char-
acteristic can be adjusted. A desired exemplary char-
acteristic is shown in Fig. 5b). 

 
Fig. 5: MRF pushbutton [13] actuator (a) and desired 
force-position characteristic of a haptic button (b). 

MAEs are a symbiosis of both MRFs and DEs 
providing new opportunities for haptic applications. 
Their magnetorheological effect can be used in a 
similar manner as the MRF’s effect, since their stiff-
ness varies greatly with the applied field. A semi-
active actuator with adaptable stiffness is shown in 
Fig. 6 and was proposed by Zschunke [14]. Although 
it originally was designed for damping application a 
similar design can be used for a haptic button, as well. 
Active actuators using the magnetostriction are still in 
its initial phase due to the challenge considering the 
availability of qualitative commercial materials. 

 
Fig. 6: MAE actuator proposed in [14]. 

Experimental investigations 

The last section of this paper presents the results of 
first experiments conducted with the considered smart 
materials to evaluate their suitability for dynamic 
haptic applications. Therefore, their dynamic behav-
iour is investigated and evaluated according to the 
requirements, mentioned before. 
The dynamics of PDMS based DE stack-actuators is 
determinded by recording the stroke as response to a 
voltage step signal. The measurement results are 
shown in Fig. 7. The response is fitted by a second 
order lag to determine its dominant time constant. 
The cutoff frequency was calculated to be 280 Hz and 
thus fullfils almost the most sensitive frequency 
range. However, these measurements have not taken 
into account any effects of the environment on the 
actuator. Once it is integrated into a real application 
its system parameters change due to coupled masses 
and other design dependend influences.  
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Miniature Piezoelectric Multilayer Actuators and 

their Applications (Review) 
 
W.A. Groen, Delft University of Technology, Delft, and TNO Holst Centre, Eindhoven, The Netherlands 
P. Pertsch, PI Ceramic GmbH, Lederhose, Germany 
 
Abstract: 
Piezoelectric multilayer actuators are well suited driving elements for miniaturized electro mechanical systems 
with geometrical dimensions in the lower millimeter range. They have properties like high electromechanical 
energy conversion rate at small volume, low driving voltages, high displacement resolution as well as large 
bandwidth for very dynamic mechanical signals. 
The manufacturing process of miniaturized co-fired piezoelectric multilayer actuators is described in the first 
part of the paper. It addresses technological challenges like small grain size piezoceramic materials, layer 
thicknesses smaller than 20 µm, low lateral manufacturing tolerances as well as appropriate termination 
electrode technologies. 
The second part of the paper gives a survey on recent applications of such miniaturized actuators in acoustical 
and optical systems, in hard disc drives, in ultrasonic motors as well as in micro fluidic assemblies like micro 
pumps and ink jet devices. 
 
Keywords: Piezoelectric Ceramics, Multilayer Actuators, Layer Thickness, Grain Size, Applications, Ultrasonic 
Motors, Micro Fluidics, Acoustics, Optics 
 
Introduction 

Piezoelectric actuators became the primary techno-
logy for electromechanical solid state actuators 
during the last 25 years [1,2,3]. Their main ad-
vantages are ultrahigh displacement resolution, very 
dynamic mechanical response and high induced 
forces. Although there are several technological 
routes to manufacture and assemble piezo actuators, 
multilayer co-firing is the most important for indus-
trial applications [4]. The fundamental technologies 
tape casting and screen printing allow for low driv-
ing voltages and efficient parallel batch manufactur-
ing. Furthermore this is an appropriate technological 
approach to produce miniature devices in the mm-
dimensional range which can be assembled by 
conventional methods like gluing and soldering [5]. 
Even smaller components, i.e. microactuators, can 
be made by thin film technology. They usually ex-
hibit very low forces and request higher manufactur-
ing quantities because of higher initial efforts [6]. 
Miniaturization is also a major trend for multilayer 
ceramic capacitors (MLCCs). These components are 
produced by similar technologies to multilayer 
actuators in very high quantities of some trillion 
pieces per year. Applications in smart phones, wire-
less and wearable devices put an extreme pressure 
on downsizing these capacitors. Smallest MLCC’s 
have an envelope of 0.250 x 0.125 x 0.125 mm³ and 
a layer thickness below 1 µm including the screen 
printed electrodes [7,8]. Core shell type materials [9] 
as well as base metal electrodes – mostly nickel – 
together with special sintering conditions to prevent 
oxidation in the electrodes as well as oxygen vacan-
cies in the ceramic are state of the art [10]. 

Although similar, MLCC technologies can’t be ap-
plied to co-fired actuators on a one-to-one basis. 
Actuators will need a minimum height because 
displacement is related to the length. Passive elec-
trodes are compressed by the lateral contraction of 
the stack and therefore hinder the longitudinal dis-
placement. Hence, layer thickness should be finite to 
get a good relation between active and passive mate-
rial in the stack. 
Finally tight contact is needed between the stack and 
the mechanical environment to transfer the mechani-
cal signals. This implies a minimum size of the de-
vice to allow for conventional assembly techniques 
and proper manual handling at smaller quantities. 
Nevertheless, there is a miniaturization trend for 
piezo actuators too (Fig. 1). A few micrometer or 
even some hundred nanometer displacement are 
sufficient for a lot of applications in optics, semicon-
ductor manufacturing, acoustics and ultra-precision 
engineering.  
The following paper describes the design and the 
technological challenges of miniature actuators in 
the first part as well as typical applications of such 
small actuators in the second part. 
 

Fig. 1: Miniature co-fired multilayer actuators [11]. 



ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 205

https://www.xinxii.com/actuator-2016-manuscript-b30-p-371097.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016206

Hard disk drives 

Hard disk drive technology has made impressive 
progress over the last 40 years. Meanwhile 10 TB 
drives are available. They have a 3 nm flight height 
at 10,000 min-1 and 200 nm line spacing. These 
specifications request for an appropriate precise 
positioning technology of the read/write heads. 
Miniature piezo actuators either in the suspension 
design (Fig. 10) or in the collocated design next to 
the head [23] are a solution for the radial positioning 
of the head [24, 25]. 
 

 
Fig. 10: Suspension based dual stage multilayer 
actuators in a hard disk drive head (dimensions 
6.3 x 5.4 x 0.2 mm³, layer thickness 20 µm, driving 
voltage 5 V, transversal mode bending operation, 
resonant frequency >9 kHz) [26]. 
 
Ear implants 

Miniature piezoelectric actuators can be considered 
as active elements in middle ear implants (Fig. 11). 
Compared to magnetic actuators they would have a 
higher bandwidth up to 10 kHz, no interference with 
external electromagnetic fields (MRI’s) and lower 
power consumption in the µW-range [27, 28]. 
 

 
 
Fig. 11: Middle ear implant piezoelectric floating 
mass transducer with an encapsulated miniature 
multilayer stack of L/W/H 1.0x1.0x1.8 mm³, 90 lay-
ers of 20 µm thickness, driving voltage 3.5 Vrms [27]. 

Ultrasonic applications 

Ultrasonic resonant operation is a common driving 
mode of piezoelectric devices. Besides bulk 
transducers it can also be realized by miniature 
multilayer actuators, especially in applications with 
low voltage request like in medical products next to 
the human body. Micro knifes for cellular scale 
treatments (Fig. 12) or eye surgical instruments are 
examples for this [29,30]. 
 

 
Fig. 12: a) Micro–dissection tool with a 2x3x9 mm³ 
mini multilayer actuator, operation up to 50 kHz, 
2…25 V, b) displacement amplitude 0…3 µm [30]. 
 
Ultrasonic motors 

An ultrasonic motor is another category of resonant 
ultrasonic piezo application. A friction element is 
attached to the transducer and shows an elliptical 
motion in resonance due to the design of the device.  

 
Fig. 13: Multilayer ultrasonic motor resonator with 
electrical termination side (left) and friction element 
side (right), driving voltage 1…2.8 V, resonant fre-
quency 600 kHz [31]. 
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Two materials have been investigated: 1) the stand-
ard material PXE55 [15] which is a PLZT – 
Pb(Mg1/2W1/2)O3 composition and 2) PG01 which is 
a low sintering version of PXE55 with GeO2 and 
PbO as sintering fluxes [12]. For the final sintering 
conditions the PG01 is more fine grained (D50 in the 
sintered co-fired 10 µm layer sample: 2.4 µm with a 
small distribution) than the PXE55 (3.1 µm with a 
wider distribution). The embedded screen printed 
inner electrodes are made of AgPd 70/30 and have a 
final thickness of 1.5 µm (Fig. 6). 
 

 
Fig. 6: Optical microscopy on multilayer samples of 
PXE55 (left) and PG01 (right) with a layer thickness 
of 10 µm. [12]. 
 
Fig. 7 shows the results of the effective longitudinal 
piezoelectric deformation coefficient d33 measure-
ment of the samples at 3 V/µm as measured with a 
photonic sensor (MTI 2000). It can be seen that the 
displacement signal is surprisingly stable down to 
10 µm for the PG01 material although the content of 
the passive electrode material becomes quite high. In 
contrast the PXE55 sample displacement is signifi-
cantly lower for the thinnest layer. 
 

 
Fig. 7: Longitudinal piezoelectr. deformation coeffi-
cient d33 for multilayer PXE55 and PG01 ceramics 
as a function of the active layer thickness [12]. 
 
This difference is mainly attributed to the difference 
in the grain size [12]. For the PXE55 samples there 
is sometimes just one grain between the 10 µm sepa-
rated electrodes (Fig. 6). It is known from the litera-
ture that the number of grains between the electrodes 
is strongly influencing the performance [16,17], i.e. 
thinner layers require fine grained materials. Other 
known aspects of thin layer low voltage actuators 

are the interaction between the electrode silver and 
the PZT material, interfacial layers between 
electrode and ceramic as well as ferromechanical 
domain clamping in the ceramic grains due to the 
thermal mismatch between electrodes and ceramic 
[2,18,19,20]. 
 
Applications of miniaturized actuators 

Optical applications 

The wavelength of visible light is in the range of just 
some hundred nanometers. Miniature multilayer 
actuators with maximum some micrometer induced 
nominal displacement are therefore sufficient for a 
large number of optical applications like laser cavity 
stabilization, laser frequency tuning, adaptive optics, 
scanners and sensors (Fig. 8,9). The actuators can be 
operated up to several hundred kHz for low applied 
fields. Optical applications often need an aperture. 
Then either a tripod (Fig. 8) or a ring shaped minia-
ture actuator is used. 

 
Fig. 8: Example of a tunable external laser cavity 
with a tripod of 2x3x9 mm multilayer stacks. The 
induced displacement is 2.5 µm at +/-10 V up to 
3 kHz [21]. 
 

 
Fig. 9: Actuator part of a high order deformable 
mirror with 3368 channels at 1.8 mm pitch and 2 µm 
stroke at 0-100 V [22]. 
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Fig. 18: Micropump with three multilayer driving 
elements (7x7/10x10 mm , 0.15 mm height, layer 
thickness 15 µm) which are glued to a silicon valve 
and membrane structure, flow rate 1.6 ml/min and 
backpressure 500 mbar at 45 Vpp [38]. 
 
Conclusions 

The paper gave a review of the current status of 
miniature piezoceramic co-fired multilayer actuators. 
The first part described some technical challenges 
which are immanent to these components like pas-
sive volume ratio or layer thickness. The second part 
surveyed typical applications such as in mico optics, 
piezoelectric motors or micro fluidics. 
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Fig. 14: Miniature multilayer ultrasonic motor beam 
resonator, dimensions 4.5 x 0.82 x 0.7 mm³, driving 
voltage 2.3 V, resonant frequency 110 kHz [32]. 
 
If the resonator is pressed against a slider, it will 
move it. The smaller the motor the more advanta-
geous is the piezo driving principle in terms of effi-
ciency compared to electromagnetic micro-motors. 
Small devices like autofocus or zoom driving units 
in smart phone camera modules request low driving 
voltages. Hence miniature multilayer elements are 
needed for the transducers (Fig. 13,14). They are 
made from ferroelectric hard PZT material composi-
tions because their higher mechanical quality factor 
ensures best mechanical motion amplitudes in reso-
nance. 
 
Stick Slip Motors 

Another piezoelectric motor category are slip-stick 
or inertia motors. Again they contain a piezoelectric 
actuator, a friction element and a slider. But they are 
not driven in resonance. A sawtooth like signal to 
the actuator changes between sticking and sliding 
friction of the friction element and the slider (Fig. 
15). The moving direction can simply be changed by 
mirroring the signal. The easy principle can be real-
ized in a very compact form factor, i.e. multilayer 
actuators with low voltages are preferred. 

Fig. 15: Piezoelectric driven inertia motor with a 
miniature multilayer chip actuator 3x3x2 mm³. Stage 
footprint is just 21x21 mm  [33]. 
 

Micro robots 

Piezoelectric stick slip type motion of tripods on a 
plain surface is also very often used as the locomo-
tion principle in mobile micro robots. The example 
in Fig. 16 shows a walk or inch worm type drive 
with electromagnets as the clamping elements. 
 

 
Fig. 16: Inch worm type micro robot with multilayer 
actuators 5x5x10 mm³ as the moving and electro-
magnets as the clamping elements [34]. 
 
Micro gripper 

Micro- and nano-manipulation of small objects dur-
ing assembly processes or on a cellular level can 
also be treated by miniature multilayer actuators. 
The example in Fig. 17 uses tiny xy-multilayer 
bending actuators to realize a multi-DOF control. 
 

 
Fig. 17: Microgripper with two xy-bending multi-
layer elements (5) 36.5x1.75x1.75 mm³, 180 µm dis-
placement at 0…60 V [35, 36]. 
 
Micro fluidics 

High mechanical slew rates at low voltages as well 
as compactness and low energy consumption are the 
main advantages of piezoelectric miniature multi-
layer actuators in micro fluidic applications. Conse-
quently they have been used in ink jet printheads 
with a pitch of 180 dpi [37], in lab on chip type 
products as well as in micropumps (Fig. 18). 
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Micro Ultrasonic Motor Using One Cubic Millimeter 

Stator 
 
T. Mashimo, Toyohashi University of Technology, Toyohashi-shi, Japan 
 
Abstract: 
We propose a miniature ultrasonic motor using a cubic stator with a side length of one millimeter. The proposed 
motor uses a three-wave mode generated at the circumference of its hole, unlike bending vibration modes that is 
often used in existing micro ultrasonic motors. In this paper, we built an experimental setup and study how to 
improve of the torque by changing the thickness of the piezoelectric elements and the preload between the stator 
and rotor. 
 
 
Introduction 

Ultrasonic motors have been expected as the micro 
actuator to be used for future medical devices such 
as catheters and endoscopes. They have two 
advantages for miniaturization: (1) high energy 
density, which is a high ratio of output to volume, 
and (2) a simple structure comprising of a simple 
stator and rotor [1-3]. In fact, an ultrasonic motor 
with diameter less than 5 mm has been implemented 
for rotating calendar rings in watches [4]. For 
further miniaturization, several researchers have 
built micro ultrasonic motors that use a bending 
vibration mode of the cylindrical stator as the 
driving principle. These micro motors are 
constructed of a stator with a diameter of 
approximately 1.5 mm and about 5 mm length [5-7]. 
A similar–sized linear ultrasonic motor are 
commercially available [8]. The linear motor uses 
the same bending vibration mode and translates its 
rotary motion to linear motion by a screw 
mechanism. The smallest ultrasonic motor uses 
coupling of axial and torsional vibration modes of 
the coil stator as the driving principle [9, 10]: A 
stator with 0.25 mm diameter and 1 mm length is 
excited by a piezoelectric element and generates the 
rotation of a sphere. However, total size including 
magnets for preload is over a few millimeters.  
We have built a micro ultrasonic motor using a 
vibration mode that generates three waves inside the 
hole of a stator [11]. Fig. 1 shows the prototype 
micro ultrasonic motor comprising of a single 
metallic cube with a side length of 1 mm and a 
through-hole of 0.7 mm. Four piezoelectric elements 
are bonded to the four sides of the stator and 
generate vibration. This simplicity of the stator 

makes the manufacturing easy and makes the size 
small. An output shaft, which is inserted to the 
through-hole as a rotor, generates rotation when 
voltages are applied to the piezoelectric elements 
and the vibration mode is excited. We have reported 
that the micro ultrasonic motor could generate large 
torque when some weights are applied as the 
preload [12, 13]. However, the size of the preload 
mechanism using weights is too large in comparison 
with that of the micro ultrasonic motor.  
Next step is the miniaturization of the preload 
mechanism attached to micro ultrasonic motors. In 
this report, we propose a new miniature preload 
mechanism using a coil spring and clarify the motor 
output experimentally.  
 
Driving principle 

The stator uses a vibration mode that excites three 
waves along the circumference of the through-hole 

Fig. 1:  Prototype micro ultrasonic motor 
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An Ultrasonic Motor Using Side-Push of Centre-

Attached Eyelets on an Octagonal Piezoelectric 

Plate 
 
B. Koc, Physik Instrumente (PI) GmbH & Co. KG, Karlsruhe, Germany 
 
Abstract: 
An octagonal piezoelectric plate, on which two alumina eyelets are attached symmetrically at the center of the 
two main surfaces, was used as the vibrator of a piezoelectric resonance motor. The electrodes that are dividing 
the two main surfaces into two regions are arranged at 90 degrees to each other. Two alumina rods are attached 
at both ends of a U-shaped slider, which is used as the sliding element. A hula-hoop motion is generated when 
two signals (one driving the top and the other driving the bottom electrodes) with 90 degrees out of phase drive 
the vibrator. The hula-hoop motion is transferred to the slider through frictional coupling as the side surfaces of 
the both eyelets are contacted tangentially to the alumina rods on the U-shaped slider. 
 
When the test motor was driven by 160 Vp-p square waveform signal at its first in plane mode that is about 68 
kHz, it can supply a force of 20 N.  Independent driving method also improves speed-control voltage 
nonlinearity significantly at low speed region.  
 
Keywords: Octagonal Piezoelectric Plate, Ultrasonic Motor, Hula-Hoop Motion 
 
Introduction 

Precise positioners in the order of several tens of 
nanometer resolutions are in demand for medical 
and biological research such as in microscope stages 
and micro assembly units. Requirements from these 
positioners are not only obtaining a motion at high 
precisions but also very wide range of moving 
speeds from 100 nanometers per second to one 
meter per second.  The obvious solution is to use a 
hybrid motion using two types of positioners; one is 
to obtain fast and coarse motions and the other is 
slow and precise motions. However, availability of 
space and requirement of many wires for electrical 
driving of actuators in moving stages make the 
system to be complex and costly.  A linear motor 
with a wide range of moving speed and a capability 
to make motion steps in the order of several tens of 
nanometers could be useful for industrial and 
assembly technologies.  
 
Resonance piezoelectric motors have the feature of 
low speed at high torque without a need of gear 
mechanisms. These motors also have the advantages 
of wider operating speed compared to inertia and 
piezo-walk drive type piezoelectric motors [1-2]. In 
a resonance type piezoelectric motor, a continuous 
motion is generated because a small vibratory 
microscopic elliptical or oblique motion is 
transferred to a moving element through frictional 
coupling. However, the “driving voltage-speed” 
nonlinearity causes some limitations when using a 
resonance piezoelectric motor for nano-positioning 
applications [3-4]. 
 

In general, normal component of this microscopic 
motion with pre-stressing force define generated 
force and tangential component defines the motor 
speed [5-7].  Controlling microscopic displacement 
in normal and tangential directions at the vibrator-
slider interface independently could improve speed-
driving voltage nonlinearity. Several researchers [8-
9] tried to solve this speed-driving voltage 
nonlinearity by redesigning surface electrodes on 
various piezoelectric vibrating elements and control 
displacement in normal and tangential direction 
independently. However, after installing a vibrating 
element into a motor unit, holding and pre-stressing 
force could change two orthogonal resonance mode 
frequencies. In addition, temperature dependency of 
the two orthogonal modes could be different, which 
could also create a frequency shift of corresponding 
resonance modes differently after the motor 
operated for some time.  As a result, an efficiency 
decrease could be observed. 
In order to minimize the frequency changes of the 
two resonance modes, a symmetric structure was 
selected so that the excited two resonance modes are 
identical in orthogonal direction.  
 
The octagonal piezoelectric plate with surface 
electrodes configuration and attached eyelets was 
modified from one of our previous work, where a 
square plate with identical electrodes was used in a 
rotary motor [10].  
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mechanisms. These motors also have the advantages 
of wider operating speed compared to inertia and 
piezo-walk drive type piezoelectric motors [1-2]. In 
a resonance type piezoelectric motor, a continuous 
motion is generated because a small vibratory 
microscopic elliptical or oblique motion is 
transferred to a moving element through frictional 
coupling. However, the “driving voltage-speed” 
nonlinearity causes some limitations when using a 
resonance piezoelectric motor for nano-positioning 
applications [3-4]. 
 

In general, normal component of this microscopic 
motion with pre-stressing force define generated 
force and tangential component defines the motor 
speed [5-7].  Controlling microscopic displacement 
in normal and tangential directions at the vibrator-
slider interface independently could improve speed-
driving voltage nonlinearity. Several researchers [8-
9] tried to solve this speed-driving voltage 
nonlinearity by redesigning surface electrodes on 
various piezoelectric vibrating elements and control 
displacement in normal and tangential direction 
independently. However, after installing a vibrating 
element into a motor unit, holding and pre-stressing 
force could change two orthogonal resonance mode 
frequencies. In addition, temperature dependency of 
the two orthogonal modes could be different, which 
could also create a frequency shift of corresponding 
resonance modes differently after the motor 
operated for some time.  As a result, an efficiency 
decrease could be observed. 
In order to minimize the frequency changes of the 
two resonance modes, a symmetric structure was 
selected so that the excited two resonance modes are 
identical in orthogonal direction.  
 
The octagonal piezoelectric plate with surface 
electrodes configuration and attached eyelets was 
modified from one of our previous work, where a 
square plate with identical electrodes was used in a 
rotary motor [10].  
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though the main target in this study is to reduce 
speed-control input (driving voltage) nonlinearities, 
significant improvement of load capacity compared 
to our previous study was also observed [10]. The 
test motor can produce maximum force 20 N at 70 
mm/s operating speed. 
 

 
Fig. 8: load characteristics of the test linear motor. 
Square wave signals generating normal and 
tangential displacements have magnitudes of 160 
and 140 volts (p-to-p), respectively. 

 
Conclusions 

In this study, a linear motor using an octagonal 
piezoelectric plate with attached two eyelets on the 
top and bottom surfaces was used as the vibrator of 
a linear resonance piezoelectric motor. Identical 
modes in orthogonal direction, thus elliptic motion 
at the vibrator-slider contact points are fully 
controllable by phase and magnitude of the driving 
signals. When the electrodes responsible for 
generating displacement in normal direction were 
driven at maximum voltage and the signal on the 
electrodes responsible for generating displacement 
in tangential direction as the control input, the motor 
had smaller control input-speed nonlinearity.  
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(HAS 4011 and HAS4014). Before applying the two 
signals to the test motor, two electromagnetic 
transformers with a ratio of 1:1 were used to shift 
the common grounds to floating state. Slider 
position data were collected by a PC. From the 
collected position data, motor control input vs. 
speed and load characteristics were calculated. 
 

 
 
Fig. 5: Side surface of the both eyelets are 
contacted tangentially to the alumina rods on the U-
shaped slider. 
 

 
Fig. 6: Perspective view of the test linear motor. 
 
Speed Characteristics 

Conventionally, speed of an ultrasonic motor for 
one or two phase driving type resonance 
piezoelectric motors is controlled by changing the 
magnitude of driving signals or phase difference 
between the two signals. Both driving methods have 
disadvantages of nonlinearities such as dead-zone 
and hysteresis especially at low speed region. In this 
motor, microscopic motion at the contact points in 
tangential and normal directions are generated by 
the two driving signals. When the corresponding 
electrodes that are responsible for generating 
tangential displacements are excited, displacement 
only in tangential direction is generated. Similarly, 
when the corresponding electrodes that are 
responsible for generating normal displacements are 
excited, only normal displacement is generated. 
Since magnitude of a normal direction displacement 
is responsible for generated force and magnitude of 
a tangential displacement is responsible for slider 
speed, these two parameters in this motor are 
independently controlled.  
 
In order to clarify advantages of independent driving, 
the motor was driven with two different cases. 

Case 1: Magnitudes of both signals were changed at 
the same time and a speed-driving voltage (control 
input) curve was obtained. As can be seen in Fig. 7, 
the threshold voltage is relatively large and with the 
increase of pre-stress, the threshold voltage also 
increased.  
Case 2: Magnitude of the signal responsible to 
make normal displacement was at maximum (160V 
p-to-p) and the signal responsible to generate 
tangential displacement was changed as the control 
input changed. Speed–control input curve were also 
obtained and shown in the same figure (curves S1). 
For the two different pre-stress conditions at 35N 
and 70N, case 2 driving has a smaller dead-zone. 

 
a) 

 
b) 

Fig. 7: Speed-driving voltage (control input) 
characteristics for two cases of driving. a) Pre-
stress in normal direction 35N, b) Pre-stress in 
normal direction 70N. 
 
Load Characteristics 

A typical load characteristic of the test motor is seen 
in Fig. 8 when square waveform signal at normal 
electrode was 160 V and at tangential electrodes 
was 140 V (peak to peak). The motor was driven 
under different loading conditions and displacement 
values as a function of time. The displacement and 
the corresponding speed data were measured. Even 
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Performance Evaluation of a Single-Stage Valve at 

High Temperatures Actuated by Piezoelectric Stack 
 
C. Han, W.H. Kim, S.-B. Choi 
Inha University, Incheon, South Korea 
 
Abstract: 
This paper propose a single-stage valve system actuated by a piezostack actuator and control performance is 
experimentally evaluated from room temperature to high temperature(150℃). In order to achieve this goal, a 
design of a piezostack driven single-stage valve system is proposed and an experimental apparatus is manufactured 
to evaluate the valve performance with high temperature conditions. The experimental apparatus consists of a heat 
chamber, pneumatic-hydraulic cylinders, a hydraulic circuit, a pneumatic circuit, thermal insulator, and electronic 
devices such as computer, Data acquisition (DAQ) board, sensors, and a high voltage amplifier. The displacement 
control performance of the valve system is evaluated via experiment. In order to evaluate of performance with high 
temperature, the piezostack valve system is heated and controlled at the inside of heat chamber. The experiment 
results are compared between room temperature condition and high temperature condition. Control of displacement 
tracking is evaluated and compared between room temperature and high temperature. 
 
Keywords: Piezostack Actuator, High Temperature, Single-Stage Valve, Displacement Control
 
Introduction 

The piezoelectric actuator are widely used for various 
control applications because of their salient features 
such as fast frequency response, high actuating force 
and infinite control resolution. The lead-zirconate-
titanate (PZT) type of piezoelectric material are 
widely used for actuators because the PZT type has 
good performance to convert electronic to mechanical 
energy. However, the PZT piezoelectric material has 
low Curie temperature which materials lose their 
permanent piezoelectric properties. Usually, the 
guarantied temperature of PZT material actuator is up 
to 80℃. In many industrial fields, however, working 
temperature is over then 100℃ . Therefore, the 
behaviour of the piezoelectric actuator needs to be 
researched under various temperature conditions. Li et 
al., Schranz et al., and Senousy et al. studied the 
actuating properties of the piezostack actuators under 
the temperature range from 25 to 125℃  [1-4]. 
Furthermore, Chio et al. researched the dynamic 
properties and control capability of a piezostack 
actuator at various temperature conditions up to 
190℃  [5]. They proved that the piezoelectric 
actuators are dependable under its accessible working 
temperature conditions. 
The hydraulic-mechanical system is widely used 
because the system has high power density and can 
convert from hydraulic power to mechanical power. 
Many mechanical systems is controlled using 
hydraulic control valves to control mechanical 
motions. In hydraulic-mechanical systems, the 
performance of mechanical system is decided from 
performance of a valve system. Almost valve systems 
are actuated using an electric hydraulic, a pneumatic, 
and a solenoid actuator. A valve system has low limit  
 

performance ability because the actuators has low 
limit performance [6,7]. Kitching et al. proposed 
semi-active suspension based on hydraulic oil. The 
suspension is controlled by a solenoid actuator [8]. 
However, the damper has slow response time more 
than 30 ms because a solenoid actuator has slow 
respose time. 
Consequently, a valve system is proposed actuated 
piezostack actuator and evaluated at various 
temperature conditions including up to 150℃. After 
briefly explaining the piezostack valve system, the 
experimental apparatuses at various temperature 
conditions are described. The temperature of valve 
system is controlled by a heat chamber and the 
performance of valve system is measured using a gap 
sensor and flow rate meter. The output results are 
displayed and discussed. 

 
Proposed Piezostack Based Single-Stage Valve 

Figure 1 shows schematic diagram of proposed 
valve system based on piezostack actuator. The 
proposed valve system is consist of a piezostack 
actuator, a housing, displacement amplifier, a spool 
valve system, and aerogel. The commercial 
piezostack actuator (pst150/20/80/V25, 
PIEZOMECHANIK) is considered to control of a 
valve system. The guarantied working temperature 
of the piezostack is 80℃ because the actuator bases 
on  PZT piezoelectric material. The lever-hinge type 
displacement amplifier is adopted to magnify the 
displacement from the actuator. A spool valve 
system is used for control flow rate and a gap sensor 
is placed on the end of spool for detecting the 
position of spool. Because the gap sensor use eddy 
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Module Stepping Piezoelectric Actuator 

- A Versatile Way of Micro-Positioning Actuation - 
 
F. Dubois1,2, F. Barillot1, V. Thiebaud1, C. Belly1, T. Porchez1, M. Barraja1, A. Saulot2, Y. Berthier2. 
1Cedrat Technologies SA, Meylan, France 
2LaMCoS UMR 5259, Université de Lyon, INSA-Lyon, Villeurbanne, France 
 
Abstract: 
Stepping Piezoelectric Actuators (SPA’s) – based on the Piezoelectric Friction-Inertial Actuation (PFIA) 
principle – are made from Cedrat Technologies Amplified Piezoelectric Actuators (APA). They use the stick-
slip principle to couple high resolution positioning (<µm), long stroke (>cm) and low volume (<15cm3). These 
motors are used in optronic, medical and military applications. However, current rubbing contact between the 
shaft and clamp limits the potential evolution of SPA’s. In this paper, a new concept: called Module SPA 
(MSPA) – offering long stroke capabilities (>10cm), allowing easier multi-DoF mechanism developments and 
miniaturization possibilities – is presented. Results obtained on three innovative engineering models – linear 
long stroke, rotary and three-DoF actuators – are presented, giving the reader actual benefits of this concept and 
allow addressing new applications such as consumer goods and medical devices.  
 
Keywords: Piezoelectric Motor, Micro-Positioning, Multi-DoF Actuation. 
 
Introduction 

Piezoelectric Friction-Inertial [1] SPA’s use the 
stick-slip principle to have high resolution 
positioning (<µm), long stroke (>cm) and small size 
(<15cm3) [2]. These motors are composed of four 
main elements: an APA, an inertial mass, a shaft and 
a clamp [3].  In this paper, firstly, current rubbing 
shaft/clamp configuration’ limitations are 
highlighted. Then, the MSPA concept is detailed 
with its differentiating factors.  Finally, three 
engineering models  – linear long stroke, rotary and 
three-DoF actuators – are introduced to highlight the 
benefits of this concept and to prove a 
miniaturization capability.  
 
Scientific context 

PFIA principle 
PFIA principle of SPA relies on the stick-slip effect. 
Fig. 1.A-B illustrates the two phases needed to 
produce steps; from slow-fast alternation voltage 
order to friction drived step-by-step moving mass 
displacement. By repeating this operation, a stroke 
of several millimeters can be reached. The opposite 
motion is done by inversing the slow-fast voltage 
sequences. SPA’s are suitable to offer a high 
blocking force at rest, micron and submicron 
positioning capabilities, high miniaturization 
potential and nonmagnetic properties.  
 
Shaft-Clamp SPA configuration’ limitations 
In former Linear SPA motors, a shaft was enclosed 
in a clamp. The clamp was moved by friction at a 
variable distance from the APA. This introduced 
limits in stroke of the motor, and a reduction of force 
with the distance. Additionally, when integrated in a 
stage, hyperstatism appeared with the guidance. 

Additionally, noise and parasitic vibrations are 
amplified by the different casing parts of the stage. 
 

   
Fig. 1: MSPA motor: A- Stick-Slip principle, B-
scheme and C- preliminary breadboard. 
 
MSPA Concept 

In comparison, MSPA frees the rubbing contact and 
distance between the friction force and the APA 
electromechanical force remains co-localized (see 
Fig. 1.B-C). So, the payload can be driven by 
friction in a linear or rotary motion depending on the 
guiding. This configuration allows removing the 
limitations of the first generation of SPA’s with 
largely extended stroke and higher versatility. 
In addition, as in the shaft-clamp configuration, the 
main MSPA characteristics such as high force at rest, 
nonmagnetic properties, micron and submicron 
positioning are retained.  
 

A B 

C 
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Muscle-Like Piezohydraulic Actuators for Robotic 

Grippers 
 
W. Zoels, I. Vittorias, G. Bachmaier 
Siemens AG, München, Germany 
 
Abstract: 
Industrial robotic grippers nowadays do not present the required flexibility against changing or individual 
workpieces. As a result, tools and gripping systems have to be changed often. The human-hand, on the other 
side, with a huge degree of dexterity can handle many workpieces with a wide variety of dynamic properties 
ranging from precise positioning up to applying high forces. The goal of this contribution is to demonstrate the 
usage of the piezohydraulic actuation principle as a muscle-like actuator in the realization of a versatile robotic 
hand. By combining a human-like multi-fingered robot hand with this flexible actuation principle, a dexterous 
gripping mechanism can be realized. Fifteen such actuators are integrated in the fore-arm of a 6-DoF robotic 
arm and drive the tendons of the human-like robotic end-effector. This enables a broader range of objects that 
can be grasped with such a gripper than with typical grippers, being able to grasp both delicate objects using soft 
dynamics as well as to realize high forces required in many industrial applications.  
 
Keywords: Human-Like Robot Hand, Piezohydraulic Actuator, Dexterous Manipulation, Variable Impedance 
 
Introduction 

Today’s automation customers call for more 
flexibility from robotic solutions. Versatile and 
flexible robots are required to avoid re-designing 
and re-engineering the system as long as the 
problem to be solved changes. Use cases such as lot 
size 1, envisioned in Industry 4.0 settings can then 
be much easier realized. The ability of a robot to 
handle objects like a human - dexterously - is with 
nowadays actuators still challenging and has been a 
wide research field for the past years. Classical stiff 
electric drives cannot respond to the aforementioned 
problem settings, as it is recognized in [1]. Secondly, 
in terms of safety, human-friendliness of the robotic 
actuators has been already criticized in [2]. This 
highlights the large need for modern, safe, and in 
parallel high-performing actuators. Further, 
Robotics - VO, a NSF sponsored organization in the 
U.S., presented in [3] a roadmap for the robotics 
field in the next 15 years. Amongst other key drivers 
of robotics they identify the need for human-like 
capabilities, similar to the ones of a hand, in terms 
of dynamic performance, force, and intrinsic safety. 
There is, therefore, a strong need on actuators and 
robotic gripping technologies with human-like 
characteristics and safety to enable collaboration 
with the human. 
In the required actuator power range of less than 
30W, the efficiency of electromagnetic devices 
drops sharply. In contrast, piezo actuators have a 
constant efficiency even in this low power range. 
Additionally, piezo actuators have several 
advantages such as high force density and high 
dynamics. However, the limited stroke is a big 
drawback. Combining the piezo with a micro-
hydraulic transformer, the limited stroke of the 

piezo can be compensated by a hydraulic stroke 
integrator as shown in [4]. Furthermore, the 
flexibility and versatility of hydraulic circuits makes 
it easy to built additional functionality like variable 
impedance or back-drivability directly into the 
actuator hardware. In contrast to traditional 
approaches utilizing closed control loops for the 
same purpose, the hardware-only approach offers 
advantages in regard to safety, reliability and 
certification. The abilities of such a muscle-type 
actuator were demonstrated in a first laboratory 
sample presented in [5].  
In this contribution this muscle-like piezohydraulic 
actuator is further developed, miniaturized and 
integrated on the fore-arm of a 6-DoF robotic 
manipulator. The kinematics of a human-like robotic 
hand, that of the Shadow Robot Company [6], are 
combined in one system with 15 of the developed 
piezohydraulic actuators to realize a versatile 
human-like robot hand. 
The paper is organized as follows. First, a 
background on the piezohydraulic actuation is 
provided. Next, the actuator integration in a tendon-
driven structure is demonstrated. Experimental 
results of the actuator conclude the paper. 
 
Muscle-like piezohydraulic actuation 

As described in [5], the muscle-like piezohydraulic 
actuator works basically like a hydraulic pump by 
using a PWM voltage signal. During the rising edge 
of the PWM-signal, the piezo actuator in Fig. 1 
compresses the fluid of the input volume so that it 
flows over check valve 1 (cv1) into the output. At 
the falling edge, the piezo actuator contracts and 
induces low-pressure so that the fluid is sucked from 
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Topological In-Plane Polarized Piezo Actuation  

for Compact Adaptive Lenses with Aspherical 

Correction 
 
F. Lemke, M. Stürmer, U. Wallrabe, M.C. Wapler 
Albert-Ludwigs-Universität, Freiburg, Germany 
 
Abstract: 
In this contribution, we investigate the effects of using in-plane polarized piezo actuators with topological 
buckling displacement to drive glass-piezo composite membranes for adaptive lenses with aspherical control. 
We find that the effects on the focal power and aspherical tuning range are relatively small, whereas the tuning 
speed is improved significantly with a first resonance of 1 kHz for a 13 mm aperture lens.  
 
Keywords: Adaptive Lens, Aspherical Correction, In-Plane Polarization, Buckling 
 
Introduction 

Adaptive lenses usually have a large outer diameter 
compared to their aperture and are limited to tens of 
ms response time (e.g. [1]). In [2, 3] we demonstrated 
piezo actuated ultra-compact lenses with aspherical 
correction and ms-scale response. These consist of an 
ultra-thin glass membrane sandwiched between two 
out-of-plane polarized (“d31”) piezo rings (Fig. 1a) 
that cover a flexible oil-filled fluid chamber made out 
of polyurethane as shown in Fig. 2 (with the new 
piezo design). The supporting ring in the fluid 
chamber acts both as a hinge for the membrane and as 
a soft spring to give way to the volume displacement. 
 

 
Fig. 1: Cross-section of glass (blue) and piezo rings 
(black) and their actuation principle: bending mode 
(a) and buckling mode (b) 
 
In our new approach we replace the d31-piezo 
actuators by in-plane polarized films with ring-shaped 
finger electrodes, both with single-sided and with 
double-sided electrodes. This leads to the overall lens 
structure shown in figure 2. On the one hand, it 
allows for single-sided contacting that may simplify 
the fabrication. On the other hand, these actuators 
have an intrinsic buckling effect and potentially larger, 
anisotropic strains. 
We will investigate whether the topological buckling 
effect [4] of the piezos does influence the deflection 
and aspherical control. We further investigate the 
difference between single-sided electrodes with easier 
fabrication and double-sided electrodes with 

potentially larger deflection [4, 5]. Furthermore, we 
analyse the resonance behaviour of the lens. 
 

 
Fig. 2: Cross-section (schematic layout) of new lens 
with in-plane polarized piezo rings 
 
Theory 

When applying an effective radial electric field E to 
the rings along the radial polarization, they contract 
tangentially and hence also overall radially with 
   𝑅𝑅𝑅𝑅 = 𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑 𝐸𝐸𝐸𝐸 ,      (1) 

 

which is the same as for the conventional actuators. 
The width of the rings however expands with 

𝑊𝑊𝑊𝑊 = 𝑊𝑊𝑊𝑊𝑑𝑑𝑑𝑑 𝐸𝐸𝐸𝐸 .      (2) 
 

By taking into account the finite width of the rings, 
we can apply the results of [4] that they will tilt 
conically with 
𝜃𝜃𝜃𝜃 = ± 2 𝑑𝑑𝑑𝑑 − 𝑑𝑑𝑑𝑑 𝐸𝐸𝐸𝐸 .    (3) 

 

While this result was derived for a closed disk, the 
mathematical locality of the derivation in [4] means 
that it applies also for an open ring.  

In [2,3], we found that the active membrane has two 
actuation principles: The buckling and the bending 
mode. In the buckling mode, both piezo actuators 
contract with electric fields Eupper and Elower, such 
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Bimorph Mirrors for Adaptive Optics in Space 

Telescopes 
 
D. Alaluf, R. Bastaits, K. Wang 
Université Libre de Bruxelles, Brussels, Belgium 
M. Horodinca, Technical University Gheorghe Asachi, Iasi, Romania 
I. Burda, Babes Bolyai University, Cluj-Napoca, Romania 
G. Martic, Belgian Ceramic Research Centre, Mons, Belgium 
A. Preumont, Université Libre de Bruxelles, Brussels, Belgium 
 
Abstract: 
This paper discusses a concept of bimorph deformable mirror used in adaptive optics to compensate for 
manufacturing errors, gravity release and thermal distortion affecting large lightweight mirrors in space 
telescopes. The mirror consists of a single-crystal Silicon wafer (D=75 mm t=500 m) covered with an optical 
coating on the front side and an array of 25 independent PZT actuators acting in d31 mode on the back side. The 
mirror is mounted on an isostatic support with three linear PZT actuators controlling the rigid-body motion. The 
paper presents the experimental results obtained with this design and a new, more compact alternative. 

Keywords: Adaptive Optics, Deformable Mirror, Bimorph Actuator, Piezoelectric Actuator. 
 
Introduction

Adaptive Optics (AO) has been used very 
successfully to improve the image quality of 
terrestrial telescopes. AO systems use a small 
deformable mirror (DM) located in the optical train, 
deformed mechanically with a set of actuators, to 
produce a wavefront correction opposing the 
wavefront error produced by the atmospheric 
turbulence and the residual error of the active optics. 
The main parameters of a DM are: the number of 
actuators (number of independent degrees of 
freedom); the stroke (typically a few microns); the 
size (from microsystems up to more than one meter 
for the future E-ELT; the size of the DM is related 
to the field of view); the temporal bandwidth 
(typically 50-100 Hz, which brings a lower limit to 
the first natural frequency of the mirror). The 
linearity and hysteresis have only a second order 
impact on performance in closed-loop.  
 
More recently, the space telescope community has 
been interested in using deformable mirrors to 
compensate for manufacturing errors, gravity 
release and thermal distortion affecting large 
lightweight mirrors in space telescopes (D>0.5m). 
This paper describes the outcome of the ESA project 
BIALOM [1].  
The main goals of this project were as follows: RMS 
wavefront error	  λ/10 at 633nm; long term stability 
(open loop): 24 h; voltage range for active control:  
20% of Vmax; reflectivity at test wavelength >95%; 
surface roughness < 2nm; lowest eigen-frequency > 
140Hz; design load: 20 g. The minimum clear 
aperture should be 30 mm.  
The deformation amplitude of the various Zernike 
modes Z4 to Z11 should be: 

Z4, Z7, Z8: 1 m ;  Z5, Z6 : 2 m 
Z9, Z10 (trefoil): 500 nm 
Z11 (spherical) : 750 nm 
with an accuracy of 30 nm RMS. 
 
Design and manufacturing 

The mirror consists of a single-crystal Si wafer 
(D=75 mm t=500 m) covered with an optical 
coating on the front side and an array of PZT 
actuators acting in d31 mode on the back side (d=50 
mm, t=200 m) with 25 independent electrodes. The 
mirror is mounted on isostatic support with linear 
PZT actuators. 
 

  
 
Fig. 1:  Geometry of the deformable mirror 
(isostatic support, keystone electrode design, 
electric tracks and optical pupil). 
 



ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 233

Bimorph Mirrors for Adaptive Optics in Space 

Telescopes 
 
D. Alaluf, R. Bastaits, K. Wang 
Université Libre de Bruxelles, Brussels, Belgium 
M. Horodinca, Technical University Gheorghe Asachi, Iasi, Romania 
I. Burda, Babes Bolyai University, Cluj-Napoca, Romania 
G. Martic, Belgian Ceramic Research Centre, Mons, Belgium 
A. Preumont, Université Libre de Bruxelles, Brussels, Belgium 
 
Abstract: 
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Concluding remark 

The bimorph AO mirror presented in the paper is 
compliant with the goals of the project in terms of 
performances and natural frequencies. It uses only 
space qualified components.   The next step of the 
development should be devoted to the environment 
tests. Among the problems that we have 
encountered, we would like to stress the difficulty to 
obtain Si wafers with very good surface figure. 
Discussions with the supplier (Si-Mat) indicate that 
the surface figure error requirements for AO mirrors 
are more stringent than the production standards for 
the electronic industry, particularly for what 
concerns the high frequency residuals and that 
finding a good wafer may be regarded as a “happy 
accident”. Another aspect which deserves additional 
efforts is the electrical connections between the 
control electrode and the control board; the electric 
tracks obtained by laser ablation can only be used 
for a small number of electrodes; for a larger array, 
this problem should be reconsidered. Finally, Figure 
7 shows a new, ultra-light design which has been 
obtained by changing the position of the piston-tip-
tilt actuators; this configuration is more compact 
than that of Figure 2 and has a first mode at 350 Hz. 
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error; one can see that no further reduction of the 
RMS error is achieved, which indicates that the 
residual error is orthogonal to the low order Zernike 
modes which are well controlled. 
 

 
Fig. 4: Residual surface figure error when the 
fabricated AO mirror is corrected to be flat. Left: 
numerical F.E. simulation. Centre: Experiment. 
Right: High frequency residual error when 15 
Zernike modes have been removed. 

	  	  

	  
Fig. 5:  Comparison of numerical simulation and 
experiment for an incremental surface of 1µm of 
astigmatism. From top to bottom: surface figure, 
voltage map and residual error. 

	  
Table 1 shows the performances that have been 
measured on the fabricated mirror: PV amplitude, 
residual surface figure error, voltage range. 

Table 1: Performance of the AO mirror on the 
various Zernike modes (PV amplitude, Residual 
surface figure error, voltage range). 

 
Figure 5 shows a control experiment in which it is 
requested to superimpose an astigmatism of 1 m on 
the current shape of the mirror. The left side shows 
the numerical simulation and the right side shows 
the experiment, from top to bottom, the incremental 
surface figure, the voltage map on the 25 electrodes, 
and the residual surface figure error. 
 

 
Fig. 6: Resonance peaks and mode shapes of the AO 
mirror of Figure 2. 
 
Natural frequencies 
 
Figure 6 shows the result of a modal analysis 
conducted on the mirror of Figure 2 using the 
central electrode to excite the mirror and a scanner 
vibrometer Polytec as sensor. The lowest frequency 
is a 243 Hz and corresponds to a piston mode, likely 
to be due to a double sided tape at the connection 
between the flexible blades and the mirror (which 
will be removed in the final design).  
 
 
 

Zernike mode PV [ m] Err. [nm] ∆V [V] 
     
 Tilt foot 1 16.8 / 100 
 Tilt foot 2 15.9 / 100 
 Tilt foot 3 16.7 / 100 
Z5 Astigmatism  1.99 20.4 32 
Z4 Defocus 1.1 24.1 28 
Z6 Astigmatism 1.93 25.8 79.9 
Z9 Trefoil 0.62 24.6 55 
Z7 Coma 1.02 25.9 52 
Z8 Coma 1.01 24.7 53 
Z10 Trefoil 0.6 26.6 66 
Z14 Quadrafoil 0.47 21.5 42 
Z12 Sec. Astigm. 0.52 29.7 37 
Z11 Spherical 

Ab. 
0.87 29.9 115 

Z13 Sec. Astigm. 0.43 28.9 61 
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Abstract 

A machine tool’s manufacturing accuracy depends significantly on its structural dynamics. By integrating active 
guiding systems into the machine structure, the structural dynamics can be adapted during the machining 
process. In this publication a novel class of contactless guiding systems is presented. The guiding concept is 
based on ultrasonic levitation and reluctance forces. This combination enables the development of compact, 
fluid- and contactless guiding systems which supersede a mechanical wrap around. This article presents two 
variants of the novel actuator concept. The first one is suitable for non-controlled, self-stabilizing systems, the 
second one allows controlled high performance active damping and fine positioning guiding systems. Finally the 
development of a position controlled three degrees of freedom (3 DOF) planar-guide is shown. First 
measurements proves the concept by a stationary exact positioning step response. 
 
Keywords: Ultrasonic Levitation, Reluctance Force, Magnet Actuator, Contactless Guiding System 
 
Introduction 

Contactless guiding systems are common in 
applications that require precise positioning within a 
range of a few micrometres or below. Known 
systems, such as air-lubricated and magnetic guides 
offer the advantage of very low friction losses as 
well as the absence of the stick-slip-effect and wear 
[1][2][3][4]. These systems are characterized by 
unidirectional force generation of each guiding 
element. Consequently, conventional contactless 
guiding systems require a mechanical wrap around. 
This results in complex and large machine structures. 
In addition to that, air lubricated bearings provide its 
characteristic low compliancy for air gaps less than 
10µm [1]. Already small heating effects results in a 
few µm thermal growing of the structure. In worst 
case, air bearings mounted in a wraparound will get 
jammed and loose its guiding capabilities. 

This work develops a novel guiding system based on 
bidirectional actuators which we presented in [5] and 
[6]. These actuators use ultrasonic levitation to 
generate repellent forces and magnetic actuators to 
generate attracting forces. Both technologies are 
implemented in a combined, bidirectional actuator. 
These allows compact machine designs without a 
mechanical wrap around. The actuator principle 
allows non-controlled, self-stabilizing systems as 
well as controlled, high performance active damping 
and fine positioning guiding rails. For both 
alternatives an actuator design is presented. Finally 
the development of a position controlled 3 DOF 
planar-guide is shown. 

 

Actuator Principles 

In this application the ultrasonic levitation works 
like a static controllable air lubricated bearing. By 
applying additional magnetic reluctance forces, the 
air gap of the air lubricated bearing can be adjusted.  

Ultrasonic squeeze film levitation occurs between 
two planar surfaces when one of the surfaces 
oscillates at a frequency usually above 20 kHz. The 
principle of the squeeze film levitation is shown in 
Fig. 1 (left). Typically, the gap between the surfaces 
is within a range of 10 to 50 µm. Due to the high 
frequencies there is nearly no exchange of the 
medium inside the gap and the ambience. Therefore, 
the gap can be considered as a closed cylinder and 
the fluid film is rapidly compressed and expanded 
within a vibration period [7].  

 
Fig. 1: Actuator principles ultrasonic squeeze film 
levitation and reluctance forces 

Due to thermodynamic effects the time-averaged 
mean pressure inside the gap is higher than the 
ambient pressure. This kind of levitation is called 
squeeze film levitation or near field levitation and is 
the base of the functional principle of the ultrasonic 
levitation actuators. In Fig. 1 (left), a is the vibration  
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computer aided design (CAD). The known 
disturbance effects like inhomogeneous flux 
distribution and magnetic saturations were used to 
design an application adapted working behaviour. 

 
Fig. 4: Integrated ultrasonic-levitation magnetic 
actuator (left), Static behaviour (right) 

The working point respectively the air gap is set 
self-stabilized to the intersection of repellent 
ultrasonic levitation forces FUS and attracting 
reluctance forces FR (Fig. 4, right). As shown, the 
reluctance force FR is designed nearly constant 
across the changing air gap . In addition to that, the 
relationship between the coil current imag and magnet 
force FR was set approximately linear. In relation to 
a conventional design (squared relationships), the 
magnet force of this specialized actuator got a 
intended reduced sensitivity to these actuating 
variables. Especially for lower air gaps (steeply 
rising ultrasonic forces) the working point 
respectively the air gap of the actuator can be 
adjusted very fine.  

The developed integrated bidirectional actuator got a 
horn diameter of 80 mm and provides a theoretical 
maximum levitation force up to 500 N at 10 µm air 
gap. The magnet circuit provides attracting forces of 
up to 1000 N. The air-gap of this actuator is 
adjustable within a range of 10 µm to 100 µm by 
setting the reluctance force, respectively the magnet 
coil current.  

In the actuator concept described above, the 
magnetic flux is conducted through the ultrasonic 
transducer and its mounting. For integrated actuators 
ferromagnetic and electroconductive materials like 
steel (mounting) and ferrotitanit (transducer) are 
used. In case of highly dynamic magnetic force 
control, the magnetic flux is continuously changing. 
This causes eddy currents in all magnetic flux 
conducting elements. The eddy currents cause 
additional local heating which leads to undesired 
deformation of the structure and reduces the 
production accuracy of precision manufacturing 
machines. To avoid this disturbance effect a second 
actuator variant was developed. 

For higher performance guiding systems, such as 
position- and active damping controls, the 
combination of a statically driven ultrasonic actuator 
and a highly dynamic force controlled magnetic 
actuator was realized. In this variant a high 
performance magnetic actuator was mounted around 
the ultrasonic actuator (Fig. 5, left).  

 
Fig. 5: Collocated ultrasonic-levitation magnetic 
actuator (left), Static and dynamic behaviour 

By separating the actuator technologies, the 
calculation and realization of both collocated 
actuators are substantially simplified. But, because 
of the concentric shape, the force application points 
of both force generations are still located in the 
center of the ultrasonic levitation surface. In this 
concept, the ultrasonic actuator and its mounting are 
no longer part of the magnetic circuit. They are 
designed predominantly on mechanical- and 
manufacturing-oriented aspects. The independently 
designed magnet actuator consist of 38 high 
permeability tape wound cores (Type SG 27/6, DIN 
41309, material quality M097). Each core has a 
constant cross sectional area along the magnetic flux 
line. Thus, a nearly homogeneous flux distribution 
within the core occurs (Fig. 5, left). The influence of 
the inhomogeneous flux distribution in the air gap 
and guiding plane is assumed to be negligible. A 
permeability of µμ = 45800 reduces the reluctance 
Rm of the magnet cores to a very low level, thus 
leakage fields are negligible too. These 
preconditions allow to calculate the imag- mag-FR-
behaviour of the magnet actuator by eq. 1. The 
analytic results were confirmed by FEM-analysis 
and measurement on a test bench. Both exhibit a 
maximum deviation to the calculated results of less 
than 6% within the working area of 
𝛿𝛿𝛿𝛿 =   150…   200µμ𝑚𝑚𝑚𝑚 and up to 500 N reluctance 
force. By reason of a nearly ideal magnetic 
behaviour, the air gap mag is the determining factor 
to adapt the sensitivity of the magnet actuator. A 
large air gap leads to the intended reduced 
sensitivity. This comes at the cost of higher currents 
and therewith increased thermal losses. For precision 
manufacturing a compromise between sensitivity 
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case the feeding axis, is driven by a structure 
integrated linear motor. This system will be 
integrated into a precision manufacturing milling 
machine. 
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Abstract: 
This paper reports a new proportional flow control valve for pneumatic actuators. We have researched valves 
that use particle excitation with a piezoelectric transducer. The valves have high flow rate/weight and high 
controllability. In this report, we introduce a new proportional flow control valve using particle excitation by 
piezoelectric transducer. The valve is composed bolt-clamped Langevin-type transducer (BLT) and the flow rate 
is proportion to the applied voltage at the transducer. We have designed a prototype of the valve using finite 
element method (FEM) and measured flow rate characteristics by experiments. In the results of the experiments, 
we have confirmed that the control flow rate is proportionate to the applied voltage at the transducer and 
maximum flow rate is about 70 L/min under 0.5 MPa. 
 
Keywords: Pneumatic, PZT, BLT, Proportional Flow Control Valve 
 
Introduction 

Pneumatic actuators have light weight and a high 
power/weight ratio compared to electromagnetic 
actuators and hydraulic actuators. However, because 
pneumatic actuators are nonlinear and their control 
is very complex, highly controllable devices are in 
great demand. In general, highly controllable 
devices like proportional flow control valves have 
large volume, heavy weight and low response. 
Several new pneumatic control devices have been 
developed, including proportional valves [1] and 
small control valves [2] using PZT elements. We 
designed a control valve using particle excitation by 
PZT devices, and this device can control air flow 
smoothly with small weight.  
Here, we report the design of a proportional flow 
control using particle excitation. This control valve 
uses resonance mode by PZT vibration and is driven 
by a bolt-clamped Langevin transducer (BLT). In 
this paper, we first show the basic mechanism of the 
particle excitation valve and explain how the valve 
proportionally controls flow rate. 
Second, we demonstrate the prototype using BLT.   
Next, we describe the prototype’s basic 
characteristics. Finally, we provide the results of our 
flow rate change experiment and explain the flow 
rate characteristics.  
 
Working principle and Configuration 

First, we explain the working principle and the basic 
structure of the particle-excitation flow control 
valve we previously proposed [1]. The particle 
excitation valve consists of an orifice plate, a PZT 
vibrator, and iron particles. This valve controls the 
air flow rate to change the orifice plate vibration 
amplitude. Fig. 1 shows a cross-sectional image of 

the flow control valve. Fig. 1(a) shows the valve’s 
closed state. Because the particles seal the air flow 
by supplying air pressure, this valve is closed 
without driving voltage. Fig. 1(b) shows the valve’s 
opened state. In this state, the excitation of the 
orifice plate by the PZT vibrator moves the particles 
away from the orifice plate, generating space 
between them and the orifices so that air flows 
through them. The excitation intensity controls the 
flow rate. The flow control valve is designed 
through calculation and analysis.  

(a)                                   (b) 
Fig. 1: Basic working principle of particle 
excitation flow control valve 
 
Its drive condition is decided by acceleration in the 
orifice part. The condition for making the particles 
move away from the plate is derived as follows from 
the dynamic balance of forces acting on the particle:   

a > πr
2P±mg
m

       (1) 

where a represents the acceleration at the particle on 
the orifices, P is the air-flow pressure inner control 
valve, r is the radius of the orifice, m is the particle 
mass, and g is the acceleration of gravity. In this 
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Performance of a Novel Small Component Conveyor 

Utilizing Flexural Travelling Waves 
 
T. Wielert, A. Vagapov, J. Twiefel 
Leibniz Universität Hannover, Hannover, Germany 
I. Mešan, K. Bott 
Afag GmbH, Amberg, Germany 
 
Abstract: 
The linear transport of small components on long distances is an important part of the automation technology. 
This paper presents a novel conveyor system for this task. The ambition for developing the conveyor was to 
improve the overall system performance compared to conventional linear conveyors, especially in terms of a 
dynamic start and stop behavior, the reduction of wearing processes and audible noise emission. The developed 
system utilizes structural vibrations in a bar shaped conveying body for the transport of small objects. Ultrasonic 
travelling waves are generated in the conveying body by a piezoelectric transducer. Thus, complex contact 
processes, namely stick, slip and separation, between the vibrating conveying body and the objects placed atop 
of it take place. As a result, the objects are driven forward. This contribution describes the new transport system, 
its working principle and characteristics. The main focus is the performance of the new device compared to the 
conventional technique. Experimental studies are carried out attesting an overall performance on pair or above 
typically used vibration conveyors. 
 
Keywords: Ultrasonic, Travelling Wave, Conveyor, Piezoelectric, Object Transport 
 
Introduction 

Small components for mechatronic and microsystem 
devices set high standards on reliable and efficient 
feeding systems in production environments. 
Sensitive parts must be transported gently to reduce 
mechanical damage. At the same time the industry 
claims for more and more dynamic feeding 
characteristics. Thus, high performance conveyor 
systems are needed that ensure an adequate supply 
of the components. 
This contribution presents a novel conveyor system 
utilizing ultrasonic vibrations to realize the linear 
transport of small components. This technique offers 
several advantages compared to conventional vibra-
tion conveyors [1]. The operating frequency is 
above the audible frequency range and results in a 
very low hearable noise emission. Simultaneously, 
the high operating frequency leads to very dynamic 
conveying characteristics with a very fast start and 
stop behaviour. The maximum normal force in the 
contact interface between the transported objects 
and the conveyor is lower throughout the transport 
process and ensures a gentle conveying charac-
teristic. The compact system allows the transport of 
a broad range of objects up to a weight of 0.015 kg. 
Thus, it is variable applicable and allows an easy 
integration in existing production processes. 
In the following, the working principle of the new 
conveyor system is described in detail. Experimental 
studies of a prototype system are carried out investi-
gating the conveyor characteristics. The overall per-
formance is compared to a reference system based 
on the conventional vibratory conveyor technique. 
 

Travelling wave conveyor 

The transport of small components utilizing travel-
ling waves is based on the function principle of 
ultrasonic travelling wave motors. The fundamentals 
of these motors are described in detail by e.g. Wal-
laschek [2], Ueha und Tomikawa [3], and Sashida 
and Kenjo [4]. However, instead of driving a motor 
shaft the principle is used to move small objects. Fig. 
1 shows the basic structure of the novel travelling 
wave conveyor. A piezoelectric Langevin transducer 
driven in the second longitudinal vibration  
 

 
Fig. 1: Function principle of the small component 
travelling wave conveyor. 

mode is utilized to generate the ultrasonic travelling 
waves. It is attached to the end of a bar shaped 
conveying body made of polycarbonate (PC). 
Considering the mounted conveying body, the 
transducer resonance frequency is in the range of 
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We checked the flow-control valve response at 
driving frequency. We measured the responsive 
using a metering valve and pressure gage. Fig. 11 
shows the experimental setup to check the 
responsive. We used a high-response digital 
pressure gage (Keyence AP-C30), and this gage’s 
response time is 2.5 ms. The metering valve works 
pressure value to keep observable value. When the 
control valve works, the air pressure is changed 
from 0.5 MPa to 0.1 MPa. Fig. 12 shows the 
responsive of the flow control valve and that the 
pressure fits the target value. In the falling condition, 
the pressure value lags from the target value because 
of the metering valve. Therefore, we focused on the 
start-up condition (Fig. 13). From Fig. 13, the 
pressure value changed soon, and switching time 
was about 5 ms. From this result, the control valve 
has a high response time.  
	  

 
Fig. 11: Experimental setup image to measure 
response characteristics  

 

 
Fig. 12: Response characteristics of valve 

 

 
Fig. 13: Startup time of flow control valve 
 
Conclusion 
We reported a new proportional flow control valve 
using particle-excitation. We designed a prototype 
using BLT and checked the characteristics of this 
valve by experiment. From these results, this control 
valve can control air flow proportionally by driving 
voltage, and the maximum flow rate is 70 L/min at 
0.5 MPa. In addition, this control valve has fast 
switching time, about 5 ms in the start-up condition. 
We concluded this control valve mechanism has 
many advantages for controlling pneumatic 
actuators. 
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23 - 24 kHz depending on the load and environmen-
tal conditions. The optimal operating point is tuned 
using a phase control. Based on the phase difference 
between the current and the voltage driving the 
transducer, the operating frequency is set. The phase 
locked loop working with a controller cycle of 
500 Hz is implemented on a microcontroller system 
developed by IDS [5]. The controller output signal 
is again amplified to drive the piezoelectric 
transducer. During the following experiments the 
transducer is operated with an electrical power of 
approximately 13 W resulting in a vibration 
amplitude of a few µm. Due to the material damping 
of the conveying body and an additional damper 
attached to its end, flexural travelling waves are 
formed in this body. The waves propagate from the 
transducer to the damper. The amplitude is 
decreasing along the conveying body and finally 
almost subsides in the damper. However, the 
flexural travelling waves deform the conveying 
body in such a way that all surface points move on 
elliptic trajectories, cf. [2]. Between the objects on 
the conveyor and the conveying body it comes to 
complex contact processes, including stick, slip and 
separation. As a result, the objects on the conveying 
body are lifted slightly and driven forward. During 
this process, the objects are moved reverse to the 
wave propagation direction heading towards the 
transducer. 
 
Reference system 

Typically, vibratory conveyors are used for the 
linear transport of small objects. The resonant tuned 
systems are often excited by electromagnetic 
actuators in a frequency range from a couple Hz 
towards a few 100 Hz. The as rigid assumed 
conveying body is connected to a flexural base 
usually consisting of some leaf spring blocks. Due 
to the angle between the conveying body and the 
springs, it moves with a horizontal as well as a 
vertical vibration component. Oscillating this way, 
the utilized reference system drives the objects 
placed atop of it by the so called micro-throw-
principle. The objects are frequently thrown forward 
in small “steps”. This results in a macroscopic linear 
movement along the conveying body [6]. 
The reference system displayed in Fig. 2 is an estab-
lished linear vibratory conveyor of the type HLF7-
M manufactured by the Afag GmbH. It operates at a 
resonance frequency of approx. 100 Hz. In the 
following experiments it is driven by the laboratory 
controller QRG1 with an electrical power of 13 W 
just as the novel travelling wave system [7]. The 
obtained vibration amplitude in this case is slightly 
above 0.35 mm.  

 
Fig. 2: Linear vibratory conveyor HLF7-M (Afag 
GmbH) used as reference. 
 
Experimental setup 

The aim of the experimental studies is to investigate 
the conveying performance of the new system 
compared to the conventional one. Therefore, a 
broad range of cylindrical samples is defined 
varying in material, weight and geometry. Table 1 
shows more detailed parameters of 4 representative 
samples.  

Table 1: List of representative samples. 

Sample I II III IV 
Diameter 

[mm] 
10 12 5 4 

Length 
[mm] 

24 6.5 20 20 

Mass 
[g] 

12.5 0.5 1 0.2 

Material steel PUR steel, 
glass 

steel 

Geometry cylinder spiral 
spring 

 
The transport characteristics of all samples are 
tested individually on both aforementioned 
conveyor systems using the experimental setup 
shown in Fig. 3. The objects are placed atop of the 
conveyors with their round side lying in a v-groove. 
Utilizing a straight conveyor path, the velocity of 
the samples is measured by a laser vibrometer. 
Considering the ambition of capturing the dynamic 
characteristics of the transport process a high sample 
rate of 1 MS/s is selected. For further investigations 
the coordinate s is defined describing the object 
position along the conveying path. The object 
position is computed based on the velocity 
measurement. All measurements are repeated 30 
times to ensure the statistical significance of the 
results and to reduce parasitic errors. 
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Aeronautics Applications (Invited Review) 
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Abstract: 
Smart structures influence the elastomechanical behaviour in a wanted way by optimally integrated actuators 
and sensors to realize morphing, active vibration reduction, active structural acoustic control and structural 
health monitoring. Especially in aeronautics large progress can be observed, meaning that the lab stage has been 
passed and high TRL levels are reached. Challenges for harsh environmental conditions involving lightning 
strike, bird impact and icing, just to name a few, have to be overcome. Also integrational aspects of actuators 
and sensors play a major role to realize lightweight and producible smart structure like morphing droop noses, 
actively twisted rotor blades, smart linings or CFRP fuselages with integrated structural health monitoring. This 
review gives an overview of some recent applications within aeronautics which involve full-scale demonstration 
and wind tunnel testing of smart structures as well as an outlook for further developments. 
 
Keywords: Morphing, Adaptive Wing, Smart Droop Nose, Active Twist, ASAC, Active Structural Acoustic 
Control, Smart Lining, SHM, Structural Health Monitoring, Smart Structures 
 
Introduction 

The challenging long-term targets formulated in the 
ACARE research agendas (75% reduction in CO2 
emissions, 90% reduction in NOx emissions and 
65% reduction of the perceived noise in reference to 
narrow body engine performance of year 2000 are 
envisaged up to 2050) have motivated the 
introduction of new technologies like smart 
structures into aeronautics applications in the past 
10 years [1], [2]. National and European funding has 
strongly supported this development. Smart 
structures have great potential in aeronautics since 
they allow a structure to actively influence its 
elastomechanical behaviour. This way morphing, 
active vibration reduction, active structural acoustic 
control and structural health monitoring can be 
realised. Morphing structures have especially been 
boosted by the European projects SADE, CHANGE, 
NOVEMOR, Clean Sky I-SFWA and SARISTU. 
The smart morphing droop nose is one major result 
of these efforts and illustrates the development from 
basic research to an industrial level of maturity in an 
impressive way. Highly dynamic morphing for 
helicopter rotor blades has intensively been 
investigated within the European projects 
FRIENDCOPTER and Clean Sky I-GRC. Actively 
twisted rotor blades with integrated piezoceramic 
actuators have proven to master this challenging 
task both structurally and aerodynamically. 
Strategies for active structural acoustic control, 
better known as ASAC, could be demonstrated 
within the national projects SYLVIA and DIANA. 
A smart lining based on a lining structure of an 
aircraft’s interior from the shelf could be 
demonstrated to reduce broadband and multi tonal 
noise but also in parallel to be used as replacement 
for loudspeakers. Finally for structural health 

monitoring systems the level of maturity was lifted 
to another step within the European Project 
SARISTU. A full scale CFRP fuselage structure 
with integrated actuators and sensors proved the 
feasibility of the Lamb wave based approach. These 
are some outstanding examples for recent 
developments of smart structures within aeronautics 
which will be illustrated in the following sections. 
 
Actively twisted rotor blades  

The complex unsteady aerodynamic conditions on 
helicopter main rotors cause vibration and noise in 
and around rotary wing aircrafts. One way of 
working against those is the use of individual blade 
control to increase the miss distance between 
vortexes and blades – a major reason for most of the 
noise. Most prominent technologies to support 
individual blade control are blade flaps, and active 
pitch links to introduce control inputs. An effective 
way, which does not generate additional vortexes, is 
active blade twist. The basic principle to derive tip 
twist (φ) on a blade of the length l is the 
implementation of piezoceramic actuators in a way 
that a twist momentum (Mt) is being generated, 
which is working against the torsional rigidity (GI) 
of the blade. 
 

ϕ
l

=
Mt

GI
 (1) 

 
Several different methods that introduce such twist 
into a blade can be found in literature [3] and [4]. 
The reason for the use of piezoelectric actuators is 
their quick response which allows actuation even at 



ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016250
ACTUATOR 2016, MESSE BREMEN   2/6 
  
 

https://www.xinxii.com/actuator-2016-manuscript-b60-p-371144.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 251
ACTUATOR 2016, MESSE BREMEN   3/6 
  
 

ACTUATOR 2016, MESSE BREMEN   2/6 
  
 

higher harmonics of model rotors, which requires 
sinusoidal excitation at up to 60 Hz. Among those 
are concepts utilizing stack type actuators in 
combination with a tension torsion coupling by DLR. 
The tension in the skin – resulting from the 
centrifugal load – is being altered by the actuator 
leading to changing levels of tension as well as 
torsion. A concept by ONERA proposes a slotted 
airfoil, which is closed by an actuator. This concept 
is introducing warping, which will directly lead to 
twist. The most promising concept is the integration 
of skin integrated actuators. The basic principle is 
shown in Fig. 1, an example of a blade set in Fig. 2. 
 

 
Fig. 1: Working principle of active twist rotor 
blades 
 
In the blade skin there are actuators integrated with 
an actuation direction of 45° towards the rotor 
radius. The introduced forces lead to a shear which 
leads to a blade twist. Different combinations of 
actuators with orthotropic skins have been designed 
and demonstrated in the literature. It could be shown, 
that the combination of these actuators with pure 
helically aligned fibres – about 90° towards the 
actuator direction – in the blade lead to maximum 
twist. Besides the optimisation towards maximum 
twist at a desirable stiffness and eigenfrequency, a 
lot of care has to be taken in meeting other boundary 
conditions like location of the centre of gravity (cg), 
location of the tension centre and structural strength. 
These conditions are discussed in the following: 
The cg of a rotor blade has to be at ¼ of the chord 
length. This is due to the fact, that aerodynamic lift 
can be subsumed there. A cg behind this point will 
lead to an instable blade which will tend to flutter in 
a wind tunnel. Since the actuators bring a major 
fraction of the weight and they are evenly 
distributed between the leading and trailing edge, 
there is a high demand on counter mass in the 
leading edge of the blade, which adds additional 
mass to the blade. Both of these effects can add up 
to as much as 35 % increased weight. That is why 
weight has to be taken into account during the 
design.  
The tension centre is describing the location where 
an acting radial load will not lead to any lead-lag 
bending. The distance between gc and tension 
center is to be kept as small as possible in order to 
keep the blade from bending in lead-lag direction, 

which would lead to high strains especially in the 
trailing edge. 
The strength of the blade is mainly limited by the 
strength of the actuators. The design has to make 
sure that strain levels in the actuators are not 
succeeding the allowable. In the case of MFC the 
manufacturer gives the max. operational tensile 
strain as < 4500 ppm. 
 

 
Fig. 2: Blade set of active twist blades by DLR 
 
All these considerations have to be taken into 
account for a proper blade design, which allows the 
incorporation of a sensitive and brittle actuator like 
a piezo actuator into a harsh environment like a 
helicopter rotor blade, where accelerations far 
beyond 1000 g are acting on the actuators. 
A recent development is the implementation of low 
voltage actuators in a rotor blade [5], investigated in 
the European project Clean Sky I – Green Rotorcraft. 
This is dramatically reducing the voltage needed by 
the actuator from currently 1500 V down to 120 V. 
The key to the success of this technology is still the 
suitable implementation of the sensitive actuator 
material into the structure. 
 
Smart morphing droop nose 

The development of the smart leading edge 
technology started with conceptual studies on the 
feasibility of selected patents and concepts in the 
DLR-project LEISA (Low noise exposing integrated 
design for start and approach) [3]. It was found that 
the smart leading edge droop nose device could be 
used for noise reduction in approach if a maximum 
lift comparable to a slat could be realized. First 
weight estimation indicated a weight comparable to 
a wing with slats. The investigations continued with 
the national R&T project SmartLED (Smart Leading 
Edge Devices) [7], [8], [9] and the European project 
SADE [10], [11], [12], [13] in which a static ground 
test and a low-speed wind tunnel test were 
conducted.  
The objective of the SmartLED project was the 
verification of the feasibility for design, 
manufacturing and functionality with consideration 
of wing bending. Afterwards the compliance of 

Actuator forces in 45° direction
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Design Study and Performance Evaluation of 

Actuator System for Subsonic GA Wind Tunnel 

Testing 
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S.K. Chee, T. Yano, A. Yano 
Mechano Transformer Corporation, Chiyoda-ku, Japan 
 
Abstract: 
JAXA has been conducting research and development of the on-board safety avionics technology to prevent 
turbulence-induced aircraft accidents (Safe Avio) that uses Doppler light detection and ranging (LIDAR) to 
detect the turbulence in advance and the preview controller to utilize the turbulent velocity information 
measured by LIDAR to attenuate the aircraft acceleration in turbulence. The preview controller should be 
validated by a subsonic GA (Gust Alleviation) wind tunnel testing as the first step. The high performance 
actuator system, which drives the control surfaces to alleviate the gust influence on the aircraft, is required to 
realize the wind tunnel testing. A design study, prototyping and performance evaluation of the piezoelectric 
actuator system installed in a model wing for the subsonic GA wind tunnel testing are carried out. The results 
show that the actuator system demonstrates the sufficient dynamic and endurance performances to satisfy the 
requirements including the +/-10deg wide range of the output deflection. 
 
Keywords: GA (Gust Alleviation), Preview Controller, Piezo Actuator, Wind Tunnel Test 
 
Introduction

To improve the safety of passengers and crew on the 
aircraft, JAXA has been conducting research and 
development of the on-board safety avionics 
technology to prevent the turbulence-induced 
aircraft accidents (Safe Avio) that uses Doppler light 
detection and ranging (LIDAR) to detect the 
turbulence in advance and automatically control and 
suppress the lurching of the aircraft [1]. In order to 
demonstrate one of the prime technological targets 
comprising of Safe Avio, a gust response and 
mitigation algorithm utilizing the preview controller 
[2] should be validated by a GA (Gust Alleviation) 
wind tunnel testing [3, 4]. The key components of 
the wind tunnel testing such as a gust generator, a 
dynamic supporting system, an aircraft model and an 
actuator system are under studying and developing 
to perform the subsonic GA wind tunnel testing as 
the first step as shown in Fig.1.  
The gust generator set on the upstream side of the 
wing of the half model aircraft oscillates the cascade 
to generate specified types of the gust, then the wing 
model supported by the dynamic supporting system 
heaves and pitches responding to the gust. The control 
surface, the aileron,  is driven by the actuator system 
to suppress the wing model movement controlled by 
the algorithm utilizing the preview controller. 
A design study of the actuator system is carried out 
to satisfy the requirements based on the assuming 
wind tunnel test conditions and model wing 
geometry.  

 

Wing

Actuator System

Control Surface

flow

2
m

Gust 
Generator

Fig. 1: Schematic view of GA wind tunnel testing 

This paper describes the design study process and 
the results of the performance evaluation which 
contains the dynamic performance and durability of 
the actuator system. 
 
Requirements for Actuator System 

Based on the assuming wind tunnel test conditions, 
the requirements for the actuator system are set up as 
follows. 

Operating performance: 
 Output deflection +/-10deg 
 Frequency        22Hz 
 Gain                 -3dB 
 Phase               90deg 

Applied loads (under which the operating 
performances should be satisfied.): 
 Static airload      0.1Nm 
 Dynamic load  0.01Nm/deg 
 Inertia of the control surface 
                                5.6*10^-5kgm^2 
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Size and weight 
 Spanwise  200mm 
 Chordwise  100mm 
 Thickness  15mm 
 Weight          1kg 
 
System Design 

Fig.2 shows the proposed actuator system to be 
installed in a wing model for the subsonic GA wind 
tunnel testing. The mechanism utilizing a 
piezoelectric actuator is devised based on a 
preceding study applying a helicopter blade [5]. 

 

linear/rotary 
converter

Displacement magnifier

Rotary encoder

Piezoelectric actuator

Output shaft

 
 

Fig. 2: Proposed actuator system for the subsonic 
GA wind tunnel testing 

 
The six packs of the piezoelectric actuator generate 
the 144μm linear reciprocal displacement which is 
magnified by the four-armed displacement magnifier 
by 9 times. This linear displacement is converted 
into the +/-10deg rotary reciprocal movement by the 
linear/rotary converter composed of the crank 
mechanism which is transmitted via. the output shaft 
to the control surface of the wing as a drive force. 
The output deflection is measured and health 
monitored by the rotary encoder connected on the 
opposite side of the output shaft via. the coupling. 
 

 
       (a) Actuator shrinking      (b) Actuator extending 

Fig. 3: The operating principle of the actuator 
system 
 
The operating principle of the actuator system is 
shown in Fig.3. When the piezoelectric actuators are 
shrinking as shown in Fig.3 (a), the four-armed 
displacement magnifier is growing vertically. This 

input to the linear/rotary converter is transformed 
into the output shaft rotation. The opposite sequence 
of the movement of the actuator system happens in 
the actuator extending process as shown in Fig.3 (b). 
 
Performance Evaluation 

The two types of tests, namely a dynamic test and an 
endurance test, are conducted to examine and 
demonstrate the operating performance of the 
actuator system. 
 

 
 

Actuator system

Simulated dynamic force
of control surface 

Simulated inertia  
of control surface Simulated static force

of control surface 

 
Fig. 4: Set up of dynamic and endurance tests 
 
Fig.4 shows the set up for the dynamic and 
endurance tests. The prototype of the actuator 
system is installed with the loadings of simulated 
inertia, dynamic and static forces of the control 
surface during the wind tunnel testing. The inertia of 
the control surface is simulated by the mass with the 
equal inertia moment around the output shaft. The 
dynamic force is done by a piano wire with the equal 
torsional stiffness. The static force is done by the 
initial torsion deflection added to the piano wire. 
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hour of the operation. The temperature increases 
sharply after the activation to 35degC, but varies 
mildly along with the surrounding air temperature 
thereafter. It is demonstrated that the actuator system 
worked successfully for 200 hours without the 
significant temperature increase or the deterioration 
of the actuator system. 
 
Fig.7 shows the thermograph of the actuator system 
during this test when the maximum temperature is 
observed.  
 

 
 
Fig. 7: Thermograph of actuator system 
 
These results confirm that the actuator system has 
enough durability for the practical use installed in 
the wind tunnel testing without any adverse 
characteristics of the heat accumulation and the 
mechanical troubles. 
 
Conclusions 

Summarizing the results, the followings are 
concluded by this study. 
 
1. The actuator system complying of the 

piezoelectric actuator, the amplifying 
mechanism and the linear/rotary movement 
converter is developed based on the design 
study to satisfy the requirements for GA wind 
tunnel testing and the wing model in which the 
actuator system is installed. 
 

2. The developed actuator system is evaluated by 
the dynamic test which demonstrates that the 
actuator system achieves 10deg output 
deflection at 22Hz under the specified 
simulated applied loads such as the 
static/dynamic airloads and the inertia of the 
control surface. 
 

3. The actuator system worked successfully for 
200 hours without the significant temperature 
increase or mechanical troubles in the 

endurance test. This confirmed that the actuator 
system has enough durability for GA wind 
tunnel testing. 
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Abstract:  
The objective of the European Cleansky project is to develop new technologies for future aircraft enabling a 20-
30% fuel burn reduction and related CO2 emissions and a similar reduction in noise levels compared to current 
aircraft. One of the ways to reach this goal is to improve the aerodynamic performances of current high lift devices. 
Active flow control is unanimously seen as the best mean to reach this objective. By suppressing flow separation 
and/or delaying stall, active flow control will increase wing aerodynamic performances. The partnership between 
CTEC and ONERA in the framework of the VIPER project has led to the design, manufacturing and test of an 
innovative pulsed jet actuator based on a CTEC amplified piezo-actuator (APA). Its aim is to provide a pulsed 
sonic jet up to 500Hz with a mass flow around 34 g/s through a slot 1mm wide and 80mm long. Coupled with 
CTEC SA75D switching power amplifier this actuator produces the expected sonic jet with an electrical 
consumption around 40W thanks to energy recovery. The results of the actuator characterisation (mechanical, 
fluidic) are presented in this paper. 
 
Keywords: Pulsed Blowing Actuator, Piezoelectric Actuator, Fast Piezo Valve, Active Flow Control, Switching 
Power Amplifier. 
 
Introduction

The main objective of European research in aero-
nautics is to reduce the fuel burn and environmental 
impact of current aircrafts by improving their aero-
dynamic performances. One of the means to fulfil this 
target is to control the airflow around the wings, 
rudders, etc. At high angle of attack, the apparition of 
flow separation decreases the aerodynamic perfor-
mances on two aspects: the lift is reduced and the 
drag is increased. Therefore, the main objective of 
active flow control is to keep the flow attached on the 
largest part of the wing. 
Several techniques are investigated to control the 
flow. In the framework of the VIPER project, a 
pulsed blowing jet is studied (see Fig. 1). This kind of 
actuator uses the engine bleed air and blows it along 
the span which allows a delay or a suppression of 
flow separation. The air which is blown through the 
actuators adds energy to the boundary layer and 
prevents it from separating from the wing. 

 
Fig. 1: Concept of blowing to suppress flow 
separation.  
 
VIPER actuator features 

Many pulsed jets actuators have been designed and 
tested in the past. VIPER actuator is innovative 
because: 

• The mass flow rate reached is the highest one 
obtained on an actuator within this volume (more 
than 420g/s per meter span at 500Hz); 
• The improved efficiency when the actuator is 

coupled with CTEC switching amplifier SA75D; 
• The high power density of the actuator; 
• The enduring lifetime. 

 

 
Fig. 2: VIPER pulsed jet fluidic actuator and its 
driving electronic SA75D (lab version).  
 
The fact that the motion is created with piezo 
ceramics makes it very interesting in terms of 
bandwidth, compacity and weight. 

In parallel to the actuator development, CTEC has 
designed a specific switching power amplifier called 
SA75D. This power amplifier is very efficient. Its 
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Fig. 3: 3D view of the mesh. 

The work has been carried out as follows. A first 
geometry has been designed by the ONERA model 
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Fig. 6: Mach number at the slot exit as function of 
time. 

Up to 375Hz, the expected peak exit velocity is 
constant equal to Mach = 1. Beyond this frequency, 
the peak velocity starts to decrease. At 500Hz the exit 
peak velocity is close to Mach = 0.97. Nevertheless 
the closing of the actuator is still observable. 

The resonance frequency of the APA 1000L being 
highly greater than 500Hz (1320Hz), one can assume 
that the actuator bandwidth will be about 375Hz and 
that a functioning at 500Hz with a slightly lower peak 
velocity is possible. 
 
Actuator mechanical characterisation 

The VIPER prototype was tested at CTEC to measure 
the piezo actuator capabilities with and without the 
airflow. The comparison is made between the two 
types of embedded sensors which are eddy current 
(ECS) and strain gages (SG) technologies.  

First the APA static behaviour is characterized. On 
the following figures, the stroke measurement is 
given with and without air flow. On each graph the 
measurement of each sensor type is given. 

 

 
Fig. 7: Stroke without (top) and with (bottom) 
airflow seen for each sensor type. 

The sensors are not placed at the same location on 
the actuator. ECS sensor measures a direct output 
displacement while SG sensor measures the strain 
on the ceramic stack. It can be noticed on the ECS 
curve that the airflow adds some oscillation that is 
modifying the controllability properties 
 
VIPER control and inputs signals  

The input signal is optimized to reduce the 
oscillations. These oscillations have two sources 
which are, on one hand, the mechanical ones due to 
the step response and on the other hand, the ones 
due to the airflow. 

VIPER valve is working with square signals. 
However, open loop square signal is worst case in 
terms of ringing excitation. Therefore, 2 techniques 
have been tested. First, a notched filtered input 
signal is proposed, in order to cancel contribution of 
resonance frequency within the input signal. This 
leads to reduction in ringing but is not compatible 
with short repeating periods, due to duration of the 
filter input signal. The second solution is using 
pseudo period. In that case, square signal is replaced 
by a controlled ramp corresponding to the exact 
natural period of the system. This leads to strong 
ringing reduction, with no need of closed-loop 
technique. 

electrical consumption is around 40W while 
producing 3.4kVA on the actuator side. 
 
Determination of APA specifications 

The fluidic actuator was designed by ONERA so 
that its characteristics are compatible with the 
bandwidth and flow rate specified. It led to 
determine the stroke and the blocked force needed 
for the APA to be used to drive the valves. 

The jet exit area depends on the length of the slot that 
can be driven by the fluidic actuator. Basically this 
value is directly linked to the dimension of the APA.  

In order to produce a sonic jet through the slot the 
area for flow circulation through the valves driven by 
the APA must be larger than the slot area itself. It 
leads to a minimum value for the stroke of the 
actuator. 

Furthermore the fluidic actuator is designed in the 
ways that without electric power supply the valve is 
closed. The piezoelectric actuator must be designed 
so that the opening of the valve is possible in this 
configuration. The difference of pressure between 
the inside of the actuator and the volume 
downstream the valve which depends on the 
pressure loss in the fluidic actuator allows one to 
estimate the requested blocked force of the APA. 

This study was based on fluidic actuators using the 
same principle that were designed and manufactured 
by ONERA within previous studies for wind tunnel 
models.  
 
Numerical simulation of the flow inside the 
actuator 

The numerical simulation has been performed with 
ONERA's unstructured solver CEDRE. The Navier-
Stokes solver of the CEDRE code is a fully 
unstructured solver developed at ONERA with main 
applications in the energetics and propulsion fields 
where it can be coupled with other solvers to 
perform multiphysics simulations [1]. Figures 3 and 
4 show different views of the unstructured grid  

 
Fig. 3: 3D view of the mesh. 

The work has been carried out as follows. A first 
geometry has been designed by the ONERA model 

shop. Then, a first numerical simulation of the flow 
inside this actuator has been performed. Shape 
modifications have been proposed to suppress the 
recirculation zones in order to decrease the pressure 
loss and improve the velocity homogeneity at the 
slot exit. These modifications took place mainly in 
the diffuser and the slot. Finally, a second 
computation has been done to check the effect of 
these shape modifications. 

 
Fig. 4: Details of the mesh in the diffuser region 
(top) and in the slot region (bottom). 

The slot geometry has also been modified as shown 
in Fig. 5 to suppress the recirculation zones and so 
decrease the pressure losses and improve the flow 
homogeneity at the slot exit. 

 
Fig. 5: Mach number field in the slot (spanwise 
plane at a quarter of the slot width) before (top) and 
after shape modification (bottom). 

The actuator bandwidth is limited by the flow 
volume between the valve and the exit slot. A 
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Fig. 8: Actuator position as function of time. 

The test and optimization campaign at CTEC has 
allowed defining the VIPER actuator capabilities: 
min/max duty cycle, stroke, operating inlet 
pressures etc. Following sections summarizes the 
actuator performances.   

 
Fig. 9: Actuator capabilities in terms of duty cycle. 

Actuator fluidic characterisation 

The tests performed by ONERA aimed at 
characterizing the air flow response of the VIPER 
actuator. The characterisation is first performed in 
static mode (continuously blowing jet) in order to 
observe the velocity distribution along the slot 
length, then in pulsed blowing mode in order to 
qualify the frequency response in the range [10-500 
Hz]. The input pressure is set between 1 and 4 bars 
(relative pressure) and a square-type input electric 
command has been used, with duty cycles 25%, 
50% and 75%. 

First, a Pitot probe is used to assess the spanwise 
velocity distribution along the slot span. An 
unsteady pressure sensor installed inside the slot is 

then calibrated versus the input mass flow, so that 
the dynamic characterisation of the actuator is 
performed in terms of instantaneous mass flow rate. 

The actuator is attached to a console on the ONERA 
actuator characterisation bench [2], using a 
clamping system.  

 
Fig. 10: View of the VIPER actuator on the ONERA 
test bench. 

From the CTEC amplifier, various cables allow the 
actuator to be electrically powered as well as the 
actuator sensors feedback signals. 

During the characterisation tests, an additional 
unsteady pressure sensor has been installed on the 
actuator cover in order to measure the absolute 
stagnation pressure inside the air supply chamber of 
the valves. 

The acquisition equipment employed on the actuator 
characterisation bench is comprised of a PC 
dedicated to the measurements and National 
Instruments cards allowing the simultaneous 
generation of a command signal for the actuator and 
measurement of the various sensors. 

A software developed under the LABVIEW 
environment is used to manage the tests. Once the 
air supply pressure is reached in the feeding tank, 
the required settings for the actuator are entered 
through the user interface and an acquisition 
sequence of 2 seconds is launched. Note that at the 
beginning of the tests, only one air inlet channel was 
installed on the actuator; this has been modified and 
for the final tests, the actuator has been fitted with 
three air inlet channels to reduce the pressure loss 
inside the actuator chamber. 

The actuation settings are: 
- the feeding tank pressure, 
- the actuation frequency, 
- the duty cycle for the actuation frequency. 
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From the CTEC amplifier, various cables allow the 
actuator to be electrically powered as well as the 
actuator sensors feedback signals. 

During the characterisation tests, an additional 
unsteady pressure sensor has been installed on the 
actuator cover in order to measure the absolute 
stagnation pressure inside the air supply chamber of 
the valves. 

The acquisition equipment employed on the actuator 
characterisation bench is comprised of a PC 
dedicated to the measurements and National 
Instruments cards allowing the simultaneous 
generation of a command signal for the actuator and 
measurement of the various sensors. 

A software developed under the LABVIEW 
environment is used to manage the tests. Once the 
air supply pressure is reached in the feeding tank, 
the required settings for the actuator are entered 
through the user interface and an acquisition 
sequence of 2 seconds is launched. Note that at the 
beginning of the tests, only one air inlet channel was 
installed on the actuator; this has been modified and 
for the final tests, the actuator has been fitted with 
three air inlet channels to reduce the pressure loss 
inside the actuator chamber. 

The actuation settings are: 
- the feeding tank pressure, 
- the actuation frequency, 
- the duty cycle for the actuation frequency. 
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different frequencies tested. Similarly, the time 
response of the strain gage is provided in Fig. 17, 
and the time response of the APA displacement 
from ECS 1 sensor in Fig. 18. 

 
Fig. 16: Time response of the slot pressure for all 
frequencies. Inlet pressure is 3 bar (absolute 
pressure). 

 
Fig. 17: Time response of the strain gage signal for 
all frequencies. Inlet pressure is 3 bar (absolute 
pressure). 

https://www.xinxii.com/actuator-2016-manuscript-b62-p-371109.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 265

 

 
Fig. 13: Mass flow rate as function of frequency for 
different duty cycles. Inlet pressure is 3 bar 
(absolute pressure). 

With a lower input relative pressure of 1.5 bar (Fig. 
14), the curves are within 30 and 35 g/s, which is 
acceptable with respect to the theoretical mass flow 
of 34 g/s that was aimed during the actuator design 
process.  

 

Fig. 14: Mass flow rate frequency response for 
different duty cycles. Inlet pressure is 2.5 bar 
(absolute pressure). 

Finally, for a greater inlet relative pressure of 2.5 
bar, the curves are more scattered and non-
reproducible between the two campaigns (Fig. 15). 
This phenomenon may be due to the incoming 
pressure that is perturbing the valve openings, which 
therefore are not functioning properly anymore.  

 
Fig. 15: Mass flow rate frequency response for 
different duty cycles. Inlet pressure is 3.5 bar 
(absolute pressure). 

About the time response, an example is given for a 2 
bar relative input pressure. Fig. 16 shows the filtered 
temporal pressure signal coming from the slot exit 
sensor. The maximum mass flow is directly deduced 
from the pic amplitudes of such signal for the 

different frequencies tested. Similarly, the time 
response of the strain gage is provided in Fig. 17, 
and the time response of the APA displacement 
from ECS 1 sensor in Fig. 18. 

 
Fig. 16: Time response of the slot pressure for all 
frequencies. Inlet pressure is 3 bar (absolute 
pressure). 

 
Fig. 17: Time response of the strain gage signal for 
all frequencies. Inlet pressure is 3 bar (absolute 
pressure). 

 
Fig. 18: Time response of the ECS1 position sensor 
signal for all frequencies. Inlet pressure is 3 bar 
(absolute pressure). 

Conclusion 

In the continuously blowing case first, the 
homogeneity of the flow at the slot exit has been 
assessed and showed to be very good. Moreover, it 
was shown that for a mass flow rate around 37g/s, it 
is possible to reach a sonic regime almost all along 
the slot. Then in the pulsed blowing case, an inlet 
relative pressure equal to 2 bars upstream of the 
valve openings enables to get the same mass flow 
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Abstract: 
Flow control functions are often required in areas where construction space as well as weight is premium. 
Furthermore, there is a huge range of control surface sizes, beginning with large-scale rudders like ailerons with 
some meters of length down to small-scale control surfaces like trimming tabs or vortex generators with some 
centimeters of size. An actuation principle covering all these applications needs to be highly scalable. However 
the current state of the art actuator-mechanical system solution is strongly limited. Active hybrid structures, 
combining the actuation of shape memory alloys (SMA) with fiber reinforced polymers (FRP) on the materials 
level, provide a scalable actuation principle with high lightweight potential. Also the compact design requires 
less construction space and makes the integration in the aircraft system simple. Being one of the first 
applications of active hybrid structures from SMA and FRP, the presented active vortex generators help to 
demonstrate the advantages of this new technology. Commonly used high performance airfoils show minimum 
drag and maximum lift, but tend to suddenly stall due to flow separation at low air speed. New active vortex 
generators, deployed only on demand at low speed, can help to overcome this contradiction without any 
drawback for cruise flight. 
 
Keywords: Shape Memory Alloy, Fiber Reinforced Polymer, Vortex Generator, Aircraft, Adaptive Structures, 
Active Flow Control 
 
Introduction 

A high number of control surfaces are used to adjust 
and optimize the aerodynamics of aircraft, especially 
with fixed-wing aircrafts. These control surfaces are 
commonly rotated and/or moved by a mechanical 
system. Most often these complex systems require 
space and add weight. Due to the localized load 
transfer between a dedicated actuator and the entire 
control surface, additional effort is significant. This 
strongly limits the implementation of control surfaces, 
and thus a high number of aerodynamic important 
surfaces are realized in a static manner. The static 
design therefore represents only the optimum 
aerodynamic shape for a certain flight situation, for all 
other situations a worse performance is the 
consequence. Examples for static design elements 
which could increase the performance by a situational 
adaption are e.g. winglets, vortex generators, the wing 
profile, engine air in- and outlets. [1-7] 
A new and innovative actuation principle, based on 
integrated solid state actuation elements enables the 
implementation of new functions such as the above 
mentioned situation adapted aerodynamics. With so-
called active hybrid structures the mechanical system 
is simplified and the required construction space as 
well as the additional weight is strongly reduced. 
There is no need for mechanical couplings and hinges 
with the integrated approach. Furthermore, scalability 
is given, as the size of the control surface can be 
increased and reduced arbitrarily without paying 

attention to performance limits of a certain actuator, 
coupling and/or hinge. However, only the complete 
integration of the actuating element on a material 
level enables the full potential of weight and space 
saving. 
Vortex generators (VGs) are not widely used in 
aircraft systems today as the static design leads to 
significant disadvantages. VGs are responsible for 
stabilization of the flow at high angles of attack and 
low air speed. Therefore, the application of static VGs 
as well as their omission is always a compromise, not 
able to give the optimal performance on all flight 
states (e.g. cruise – take-off and landing). VGs are 
small elements about the size of a stamp (2x2 cm2), 
commonly installed on the wing surface in a large 
number. They protrude the laminar boundary layer 
and generate a stabilized air flow. Therefore, airflow 
separation is suppressed and the aircraft is 
controllable even at lower air speeds and higher 
angles of attack. Without them, the aircraft tends to 
stall more suddenly, while the minimum possible 
speed e.g. for take-off and landing is increased. 
However, additional drag is the consequence of the 
use of VGs, challenging the efficiency of cruise flight. 
An adaptive solution able to deploy the VGs on 
demand can optimize the aerodynamic performance 
for all flight states: maximum performance for cruise 
flight with minimum drag – maximum safety and 
reduced noise at take-off and landing at minimum 
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Abstract: 
An innovative sizing method for rolling contact drivetrain elements addresses the adverse combination of very 
little angular motion and dynamic loads or vibrations. This is a typical challenge for aeronautical ball screws for 
which conventional bearing standards are not fully valid and no other method exists. Conservative sizing is to 
the detriment of weight and operating cost. The new method takes small oscillation angles into account and has 
substantial weight saving potential. Validation testing is currently being performed with promising results.  
 
Keywords: Ball Screw, Aircraft, Life Rating, Wear, Fatigue, False Brinelling, Validation 
 
Introduction 

An innovative sizing method for Rolling Contact 
Drivetrain Elements (RCDE) in aircraft mounted 
transmission components, e.g. ball bearings and ball 
screws, has been developed. Work has been carried 
out by University of Stuttgart, Umbra Cuscinetti and 
Airbus Group Innovations in the perimeter of the 
Clean Sky SGO HEMAS Project and the associated 
Partner Project DREADS.  

On today’s certified rotary and fixed-wing aircraft a 
large variety of RCDEs is in use. This encompasses 
subsystems such as engine, primary and secondary 
flight controls, doors and landing gears, among 
others [1]. Positioning profiles, exerted loads and 
failure modes vary among the applications.  

The commonly applied standard sizing is based on 
the theories of Palmgren and Lundberg [2]. This is 
based on the assumption of a continuous rotary 
motion generating a stable lubricant layer. This 
lubrication prevents wear mechanism such that the 
critical failure mechanism to be regarded is fatigue. 

There are several aircraft applications where this 
assumption is not fully valid. Especially actuation 
systems show motion profiles with intermitting 
motions or even standstill and superposed dynamic 
load affections. In this context, a critical application 
is the primary flight control system of a helicopter, 
typically positioned by means of swashplate 
actuation – as introduced for instance in [3].  
 
Technical Motivation 

For many rolling elements operating on aircraft 
vibrating loads coupled with no or very small 
angular displacements are the most challenging 
condition. Particularly electromechanical actuators 
(EMA) are typically subject to significant levels of 
dynamic load and speed reversals at very little 

angular motion. This is in contradiction to the 
conventional life calculation according to commonly 
applied standards, e.g. ISO 3408 for ball screws, 
assuming constant load distribution and sufficient 
lubrication through continuous rotary motion [4]. 
Therefore the conventional sizing method is only 
valid for a limited range of environmental and 
operating conditions.  

As a consequence, aviation industry applies 
commonly accepted safety factors established 
thanks to empirical data. Moreover, substantial 
maintenance is carried out to ensure early in-service 
detection of component wear mechanisms prior to 
failure. This may over-fulfil safety targets whilst 
limiting design options and leads to a detrimental 
impact on weight and operating cost.  
 
Reference Application 

The application in scope is an EMA for swashplate 
actuation. It is equipped with a commercial off-the-
shelf (COTS) aeronautical ball screw assembly. The 
sub-assembly is characterized by highly wear and 
corrosion resistant steel screw shaft and nut, 
standard steel balls and typical aerospace grease 
lubrication.   

	  
Fig. 1: Aeronautical ball screw assembly  
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the detriment of weight and operating cost. The new method takes small oscillation angles into account and has 
substantial weight saving potential. Validation testing is currently being performed with promising results.  
 
Keywords: Ball Screw, Aircraft, Life Rating, Wear, Fatigue, False Brinelling, Validation 
 
Introduction 

An innovative sizing method for Rolling Contact 
Drivetrain Elements (RCDE) in aircraft mounted 
transmission components, e.g. ball bearings and ball 
screws, has been developed. Work has been carried 
out by University of Stuttgart, Umbra Cuscinetti and 
Airbus Group Innovations in the perimeter of the 
Clean Sky SGO HEMAS Project and the associated 
Partner Project DREADS.  

On today’s certified rotary and fixed-wing aircraft a 
large variety of RCDEs is in use. This encompasses 
subsystems such as engine, primary and secondary 
flight controls, doors and landing gears, among 
others [1]. Positioning profiles, exerted loads and 
failure modes vary among the applications.  

The commonly applied standard sizing is based on 
the theories of Palmgren and Lundberg [2]. This is 
based on the assumption of a continuous rotary 
motion generating a stable lubricant layer. This 
lubrication prevents wear mechanism such that the 
critical failure mechanism to be regarded is fatigue. 

There are several aircraft applications where this 
assumption is not fully valid. Especially actuation 
systems show motion profiles with intermitting 
motions or even standstill and superposed dynamic 
load affections. In this context, a critical application 
is the primary flight control system of a helicopter, 
typically positioned by means of swashplate 
actuation – as introduced for instance in [3].  
 
Technical Motivation 

For many rolling elements operating on aircraft 
vibrating loads coupled with no or very small 
angular displacements are the most challenging 
condition. Particularly electromechanical actuators 
(EMA) are typically subject to significant levels of 
dynamic load and speed reversals at very little 

angular motion. This is in contradiction to the 
conventional life calculation according to commonly 
applied standards, e.g. ISO 3408 for ball screws, 
assuming constant load distribution and sufficient 
lubrication through continuous rotary motion [4]. 
Therefore the conventional sizing method is only 
valid for a limited range of environmental and 
operating conditions.  

As a consequence, aviation industry applies 
commonly accepted safety factors established 
thanks to empirical data. Moreover, substantial 
maintenance is carried out to ensure early in-service 
detection of component wear mechanisms prior to 
failure. This may over-fulfil safety targets whilst 
limiting design options and leads to a detrimental 
impact on weight and operating cost.  
 
Reference Application 

The application in scope is an EMA for swashplate 
actuation. It is equipped with a commercial off-the-
shelf (COTS) aeronautical ball screw assembly. The 
sub-assembly is characterized by highly wear and 
corrosion resistant steel screw shaft and nut, 
standard steel balls and typical aerospace grease 
lubrication.   

	  
Fig. 1: Aeronautical ball screw assembly  
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Test Bench Setup 

Since conventional calculation is primarily based on 
rotary bearings the adoptability of the new method 
on ball screws must be validated by means of 
statistically relevant tests. Differences towards roller 
bearings are, for example, the absence of a cage or 
the required recirculation system with its deflections 
at the beginning and the end of the loaded raceway 
area. 
 

 
Fig. 5: Test rig for oscillation motions 

 
Fig. 6: Test rig for load collectives 

To proof the validity of bearing approaches for ball 
screws two test rigs were designed and set up. Fig. 5 
shows an arrangement that allows the application of 
oscillating motions into a ball screw by an electric 
servo motor. The load is applied by a disc spring 
and the linear motion of the ball screw. The stiffness 
of the spring is chosen such that the applied load is 
almost constant. 
 

In a second rig (Fig. 6) the spring is substituted by a 
hydropulser that either allows the application of a 
constant load or dynamic load affection just like the 
hammering load profile known from the swash plate 
actuation. 
 
Validation Testing 

A total of 7 specimen are currently being tested 
sequentially. This satisfies the requirement for 
statistically relevant L10 life testing. Each screw is 
undergoing a combination of 70 mio load cycles and 
max acceptable load. Testing of each specimen is 
carried out within about 1 month continuous loading.  

Two ball screws have been successfully tested to 
end of life without damage. Evaluation was done by 
visual inspection excluding both component 
damages and particles in the lubrication grease.  

The remaining validation tests are being carried out 
until mid-2016. In case of successful termination of 
the test campaign this proves the new L10 life 
calculation. In other words the proposed method can 
be considered valid for the regarded application, i.e. 
typical aeronautical screw and lubrication. 
 
Future Benefits 

A design improvement loop was carried out on the 
reference COTS ball screw sized according to ISO 
3408. For the specific component a reduction of the 
outer diameter by 7% could be achieved. Moreover, 
the mass reduces by 25% compared to conventional 
sizing. 
 
Conclusion 

The new method closes the gap of ball screw 
applications where no applicable sizing method 
exists. It is particularly relevant for aeronautical ball 
screws if exposed to a combination of very small 
angular motion and significant dynamic loads or 
vibrations. Validation testing proved validity of the 
approach for the regarded component. Potential 
benefits of the method are changes in component 
sizing allowing for substantial mass and operating 
cost savings. 
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Abstract: 
After more than 15 years of research and industrial development, Electroactive Polymers (EAP) show a large 
variety of materials and functional principles.  They are commonly classified in two major families: ionic EAPs, 
activated by an electrically-induced transport of ions, and electronic EAPs, activated by electrostatic forces. 
Electronic EAPs consist of piezoelectric polymers, electrostrictive polymers, dielectric elastomers, liquid crystal 
elastomers. In the field of Dielectric Elastomers (DE) large progress in materiel, fabrication technologies and 
devices has been demonstrated. Dielectric Elastomer Transducers (DET) are applicable in three modes of 
operation as sensors, actuators and generators. For all of them, the dielectric layer plays a decisive role. This 
overview describes the path from research to industrial applicability. The chemistry, physical molecular 
networks and properties of elastomers as well as industrial aspects of manufacturing play a key role in the future 
success of this technology. 
 
Keywords: Dielectric Elastomers, Electroactive Polymers, Silicone 
 
Introduction 

Polymers that change their shape under the stimulus 
of electricity (voltage or current) are defined to be 
electroactive polymers. Wilhelm Conrad Röntgen 
was the first to show the effect by applying spray-on 
electrodes on a natural rubber band which was fixed 
on the top end and pre-stretched by a weight on the 
other end [1] [2]. The research activities in that field 
increased in the 1990s and many researchers worked 
on the basis, the materials and the possible 
applications [3]. A categorization into two major 
groups - ionic and electronic EAPs – can be made 
by the different mechanism that drive actuation. The 
transport of ions and/or molecules in the ionic EAPs 
or electrostatic forces in the electronic EAPs can be 
used to transform electrical into mechanical energy 
[4]. Fig. 1 illustrates the classification of EAPs 
including subcategories. 
 

 
Fig. 1: Classification of EAPs 

A detailed description of each subcategory can be 
found in various literature including [5]. Electronic 
EAPs are generally driven by an electric field and 
the mechanical response of those systems depends 
dominantly on the field strength squared. For this 

reason, the devices built have to be operated at an 
electric field as high as possible. The driving 
voltages behind are typically in the range of 500 V 
to 10 kV [6] [7] [8]. The focus of this paper will be 
on dielectric elastomers, which are classified by 
actuation stress and actuation strain in Fig. 2 [9]. 
 

 
Fig. 2: Classification of actuators 

Dielectric elastomers 

The advantages of that promising class of materials 
are:   

 Large stroke  
 High energy density  
 Elastic, flexible 
 High actuation speed  
 Proportional mode  
 Lightweight 
 Silent 
 All environmental conditions 
 No rare earth 
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Customized Dielectric Elastomer Stack-Actuators 

Under Consideration of Application Specifications 
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Abstract: 
Multilayer stack-actuators based on dielectric elastomers offer a considerable amount of deformation and force 
generation with a comparatively high energy density. In order to design such an actuator in accordance with the 
specifications of a certain application, a design tool is proposed. This tool considers constraints for the design of a 
DE stack-actuator, e.g. due to inactive areas or the influence of mechanical interfaces required for the integration 
into an application. The Design tool is validated via FEA and experimental tests. Finally, the characteristics of 
prototype actuators produced with different materials are rated in terms of static and dynamic characteristics.  
 
Keywords: Dielectric Elastomer, Multilayer Stack-Actuator, Electroactive Polymers 
 
Introduction 

Dielectric elastomers (DE) consist of thin elastic 
films coated with stretchable conductive electrodes 
on their opposing sides. They offer a considerable 
amount of deformation and force generation. Thus, 
they have high potential for sensor [1], generator [2] 
and actuator [3] applications. The actuation principle 
is based on the electrostatic pressure 𝜎𝜎𝜎𝜎  that deforms 
the elastomer when a voltage 𝑣𝑣𝑣𝑣  is applied and is 
given by  

𝜎𝜎𝜎𝜎 = 𝜀𝜀𝜀𝜀 ∙ 𝜀𝜀𝜀𝜀 ∙
𝑣𝑣𝑣𝑣
𝑑𝑑𝑑𝑑

= 𝜀𝜀𝜀𝜀 ∙ 𝜀𝜀𝜀𝜀 ∙ 𝐸𝐸𝐸𝐸 , (1) 

where 𝜀𝜀𝜀𝜀  is the relative permittivity and 𝑑𝑑𝑑𝑑 the layer 
thickness of the DE. Currently available elastomers 
allow operating electrical fields 𝐸𝐸𝐸𝐸 around 50 V/µm. 
Thus, for 50 µm thick layers the operating voltage 
amounts to 2.5 kV. In order to increase the total con-
traction, many DE films are laminated to multilayer 
stack-actuators. Due to the operation principle such 
actuators contract themselves when a voltage is ap-
plied. Thus, in order to transmit tensile forces me-
chanical interfaces have to be applied on both ends of 
the actuator. However, these mechanical endcaps 
impede the planar expansion of the actuator and thus, 
decreases the total deformation. Therefore it is not 
useful to mount two mechanical interfaces by default. 
If the actuator is precompressed only one respectively 
none mechanical interface is enough to use the actua-
tion of the actuator. Within this publication the design 
of customized actuators for specific applications is 
dealt with. For this purpose, the automated fabrication 
process and the model-based design via FEA and 
analytical methods are described. For validation the 
theoretical models are compared with experimental 
test results. 
 
Actuator Design and Manufacturing Process 

DE multilayer stack-actuators consist of several DE 
films with stretchable electrodes applied in the centre, 

see Fig. 1c [4] ,while the surrounding insulating area 
prevents arcing during actuation. The DE films are 
stacked to the intended height, alternating the direc-
tion of the contact tab by a rotation of 180°. Thus, the 
contact tabs of the electrodes are available on two 
opposing sides and are contacted with an elastic con-
tact stripe, see Fig. 1b. The transmission to a stiff 
wiring can be realised by rolling in a wire in the con-
tacting film and fixing the compound at the bottom of 
the actuator (if possible in a mechanical interface). 
Depending on the application specification mechani-
cal connections can be applied on both ends of the 
stack compound. Finally, the actuator is encapsulated 
with an elastomer film, to protect it against environ-
mental influences and touching, see Fig. 1d. In order 
to produce the DE stack-actuators with reproducible 
  

 
Fig. 1: Multilayer actuator consisting of DE films c) 
that are stacked on each other b) and contacted with 
a contact stripe a). Finally, optional mechanical 
connections are applied and the actuator is encapsu-
lated by an elastomer d).   
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films coated with stretchable conductive electrodes 
on their opposing sides. They offer a considerable 
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and actuator [3] applications. The actuation principle 
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thickness of the DE. Currently available elastomers 
allow operating electrical fields 𝐸𝐸𝐸𝐸 around 50 V/µm. 
Thus, for 50 µm thick layers the operating voltage 
amounts to 2.5 kV. In order to increase the total con-
traction, many DE films are laminated to multilayer 
stack-actuators. Due to the operation principle such 
actuators contract themselves when a voltage is ap-
plied. Thus, in order to transmit tensile forces me-
chanical interfaces have to be applied on both ends of 
the actuator. However, these mechanical endcaps 
impede the planar expansion of the actuator and thus, 
decreases the total deformation. Therefore it is not 
useful to mount two mechanical interfaces by default. 
If the actuator is precompressed only one respectively 
none mechanical interface is enough to use the actua-
tion of the actuator. Within this publication the design 
of customized actuators for specific applications is 
dealt with. For this purpose, the automated fabrication 
process and the model-based design via FEA and 
analytical methods are described. For validation the 
theoretical models are compared with experimental 
test results. 
 
Actuator Design and Manufacturing Process 

DE multilayer stack-actuators consist of several DE 
films with stretchable electrodes applied in the centre, 

see Fig. 1c [4] ,while the surrounding insulating area 
prevents arcing during actuation. The DE films are 
stacked to the intended height, alternating the direc-
tion of the contact tab by a rotation of 180°. Thus, the 
contact tabs of the electrodes are available on two 
opposing sides and are contacted with an elastic con-
tact stripe, see Fig. 1b. The transmission to a stiff 
wiring can be realised by rolling in a wire in the con-
tacting film and fixing the compound at the bottom of 
the actuator (if possible in a mechanical interface). 
Depending on the application specification mechani-
cal connections can be applied on both ends of the 
stack compound. Finally, the actuator is encapsulated 
with an elastomer film, to protect it against environ-
mental influences and touching, see Fig. 1d. In order 
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Fig. 4: Actuator configurations without a), withone 
b) and two c) mechanical interfaces. 

It is obvious that the blocking-force of the PUR-based 
actuator is 2.5 times higher than the silicone actuator. 
This factor equals the ratio between both permittivi-
ties of the materials. Concerning Eq. (3) the permit-
tivity increases linearly the electrostatic pressure and 
hence, the blocking-force that is measured when a 
deformation of the actuator is prevented. In contrast, 
the no-load stretches of both materials resemble each 
other because the increased Young’s modulus re-
quires a higher electrostatic pressure to deform the 
actuator. The measured and the FEA results as well as 
the calculated values of the blocking-forces are fitting 
very well, see Fig. 5.  
However, the results at high deformations (no force) 
slightly deviate from each other because in the analyt-
ical model the impediment of the deformation due to 
the mechanical interface is not considered. Nonethe-
less, the precision is sufficiently high to design the 
actuator regarding to the specification in good ap-
proximation. The force-stretch-characteristics of both 
actuators are depicted in Fig. 6. The force generated 
by the actuator decreases with higher deformation, 
because a part of the electrostatic pressure is required 
for the elastic deformation of the material.  

 
Fig. 5: No-load stretch and blocking-force of PUR- 
a) and silicone- b) based actuators with two endcaps. 

 
Fig. 6: Force-stretch characteristic of PUR- a) and 
silicone- b) based actuators with two endcaps. 

The previous tests have shown that the higher permit-
tivity of PUR leads to an increased force generation. 
In contrast, the comparison of the dynamic behaviour 
in Fig. 7 shows advantages of the silicone. For the 
dynamic tests a trapezoidal voltage with a frequency 
of 10 Hz and a gradient of 2.5 kV / 6 ms is applied on 
the actuators. With a laser sensor mentioned earlier 
the deformation is measured. Obviously, the actuator 
based on silicone follows the voltage trapeze almost 
immediately. In contrast, the PUR-based actuator 
shows comparatively high viscosity and thus, cannot 
reach the steady state stretch within 50 ms. Due to the 
higher permittivity the capacity of the PUR-based 
stacks is also increased. Thus, the current amplitudes 
during the charging and discharging are higher as 
well. The energy that is necessary to charge the actua-
tor is regained during discharging and is only reduced 
by the losses that dissipate at the electrode resistance. 
It should be highlighted, that due to the high internal 
resistance of the polymer, no current flow is measur-
able in the steady state. Thus, the energy efficiency of 
the actuator is dependent on the electrode resistance. 
The low current and low viscosity lead to huge ad-
vantages for silicone as the material for dynamic 
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size of the actuator is the same.  
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A Compact High-Force Dielectric Elastomer 

Membrane Actuator 
 
S. Hau, Universität des Saarlandes, Saarbrücken, Germany 
A. York, Parker Hannifin Corporation, Sunnyvale, USA  
S. Seelecke, Universität des Saarlandes, Saarbrücken, Germany 
 
Abstract: 
Dielectric Elastomer actuators (DEA) show high potential for lightweight, energy efficient and scalable systems. 
Dielectric elastomer (DE) stack actuators are known to provide high forces and low strokes while compared to 
DE membrane actuators, which combined with an appropriate biasing mechanism provide relatively lower 
forces but higher strokes. This work combines the advantages of both concepts by stacking layers of DE 
membrane actuators. To maintain a compact overall size the biasing mechanism is embedded in the inactive 
center of the DE membrane actuator stack. Two actuator systems are built. One lifts 7.5 kg while the second one 
is able to generate 66 N of force at a stroke of 2.25 mm, respectively. These advances enables DE actuators to 
compete with solenoid actuators in performance and have the advantage of consuming significantly less energy 
during typical operation. 
 
Keywords: Dielectric Electroactive Elastomer (DEAP), Dielectric Elastomer (DE), Actuator, High Force 
Actuator, Manufacturing, Membrane Actuator, Cone Actuator, Diaphragm Actuator 
 
Introduction 
In principal dielectric elastomer transducers (DET) 
are flexible capacitors. They consist of an elastomer 
film sandwiched between two compliant electrodes. 
Applying a mechanical load onto them leads to a 
compression of the elastomer which results in a 
capacitance change. Utilizing this effect, DETs can 
be used as a sensors. Conversely, DETs can be also 
used as actuators. When high voltage is applied to 
the electrodes, the elastomer is squeezed together by 
electrostatic forces called Maxwell pressure (Fig. 1). 

 
Fig. 1: Dielectric EAP before and after application of high 
voltage. Applying a voltage squeezes the elastomer with 
electrostatic forces which leads to an increase in area. 
 
Several different concepts have been proposed to 
utilize such changes in shape for manufacturing 
actuators. One type are stack actuators, consisting of 
several layers stacked on top of each other. An 
applied voltage compresses each layer and thus 
contracts the entire stack. Kovacs et al. [1] presented 
such an actuator capable lifting 2.6 kg approx. 1.5 
mm. Another type are roll actuators, at which the 
elastomer film is wrapped up into a roll. Applying a 
voltage to this kind of actuator leads to a radial stress 
within the film, thus an axial elongation. For this 
actuator type, Pei et al. [2] reported a performance of 
up to 21 N with a stroke of approximately 10 mm. A 
third DEA type are membrane actuators. In their 
basic concept, they are using only a single layer of 
elastomer which is clamped at its ends. Actuating 
with a voltage causes a lateral expansion of the 

membrane. This concept separates into two subsets. 
First, in-plane motion actuators like the one presented 
by Kofod et al. [3], which lifts a maximum mass of 
670g. Secondly, Wang et al. [4] presented a three 
layer out-of-plane (also called cone or diaphragm) 
actuator with a stroke of up to 17 mm or a maximum 
blocking force of 5 N. 
This paper deals with circular membrane actuators 
similar to the ones previously mentioned, and also 
investigated in the work of Hodgins et al. [5]. 
Studies of the influence of the geometry on the 
actuator performance (stroke and force output) [6] 
and simulation results using the model proposed by 
Rizzello et al. [7] have shown the potential to push 
the force output of these actuators up to high 
double-digit newton range and beyond when 
combining them with an appropriate biasing 
mechanism. An overall concept, starting with the 
DE manufacturing and ending with a complete 
integrated actuator, is presented. Finally, the 
actuator is tested in terms of force and stroke output. 
 
Actuator Design and Manufacturing 
The DE membrane actuators investigated in this 
paper consist of a silicone membrane sandwiched 
between compliant electrodes and a rigid frame 
material with an annular opening (Fig. 2). When an 
appropriate biasing mechanism is pushing on the 
rigid frame center, these actuators generate an out-
of-plane motion. 
Hau et al. [6] have shown that it is possible to 
influence the stroke and force output by varying the 
inner and outer radius of the annular electrode ring. 
A bigger ring width leads to a higher stroke while the 
force output is reduced, and vice versa when reducing 

C 1. 2
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Magneto-Active Polymer Actuator 
 
A. Diermeier, D. Sindersberger, G.J. Monkman 
Ostbayerische Technische Hochschule Regensburg, Regensburg, Germany 
 
Abstract: 
Magneto-active Polymers (MAP) are closely related to magneto-rheological fluids in that they contain magnetic 
micro-particles. However, instead of being freely suspended in a carrier fluid they are physically bound within a 
highly elastic polymer-matrix. The application of an external magnetic field allows changes in the mechanical 
properties, such as elastic and shear moduli, of the composite material to be achieved. The colossal magneto-
rheological effect has been shown to demonstrate changes in Young's modulus by over 1E6 %. 
Current research concentrates on controllable compliance and the resulting shape memory properties of MAP. 
This paper deals with recent advancements in this respect, including tubular magneto-active devices with 
potential applications in medical and other technology. 
 
Keywords: Magneto-Active Polymer, Magnetorheology, Magnetodeformation 
 
Introduction 

Magneto-active Polymers (MAP) are rapidly 
becoming an established class of hybrid smart 
materials.  Homogeneity of particle distribution and 
specific elastic properties of the matrix are achieved 
by special fabrication processes [1]. 

The influence of an external magnetic field can 
produce changes in Young's modulus of over 1E6 % 
(colossal magneto-rheological effect)  [2]. In 
addition to dramatic changes in mechanical storage 
and loss moduli, changes in electrical properties are 
also measurable. In addition to various additives, 
MAP can be made using both soft and hard 
magnetic particles where pre and post cure 
magnetization is possible [3,4]. 

Hitherto, the main focus of research has been on 
improving MAP fabrication processes, particularly 
in terms of reproducibility and macro-, meso- and 
micro surface structuring [5]. Rheological 
characterization of MAP is achieved through 
oscillating rheological measurement techniques 
while confirmation of magnetic particle distribution 
homogeneity can be achieved through three-
dimensional computed X-ray tomography [6]. 

Current research concentrates on controllable 
compliance of MAP volumes. Depending on the 
degree of magnetic field homogeneity, together with 
the colossal magneto-rheological effect, 
contributions from both magnetostriction and 
magnetodeformation are observed [7]. 

This paper deals with recent advances in MAP 
applications in many fields including bio-medical, 
automation and controllable geometry. 

Prior Art 

Magnetorheological fluids (MRF) have been used in 
actuators for many years. Typical applications 

include damper systems [8], clutches for torque 
transfer [9,10] or braking systems [11]. 

In contrast to MRF, the magnetic particles in MAP 
are embedded into an elastic matrix structure which 
avoids sedimentation problems associated with 
MRFs, whilst maintaining homogenous particle 
distribution. This offers new actuation possibilities 
such as the retention of complex shape geometries. 
Nevertheless, MAP damping characteristics remain 
of interest in field concerning controlled viscoelastic 
behaviour [12]. 

The combination of piezoelectric devices with MAP 
allows a high energy conversion rate by adjusting 
the MAP load through a controlled magnetic field 
[13]. MAP also finds applications in pneumatic 
valve systems for air flow control. In this invention 
an annular shaped magnetoactive elastomer (MAE) 
body expands radially through the influence of an 
applied magnetic field thus closing  the gap between 
MAE and the valve body [14]. In a similar manner, 
the aim of this research is to establish and control 
hydraulic flow by MAP driven systems. 
 
Material 

MAP is a composite material essentially comprising 
two components: a polymer matrix and a suspension 
of magnetically susceptible micro-particles. Many 
different polysiloxanes, also commonly known as 
silicone, may be used for the matrix. Silicones are 
available with different hardnesses and viscosities. 
Modification and handling of silicone is simple and 
inexpensive. However, other polymers/elastomers, 
such as polyurethane [15] may also be utilised. In 
this work, the industrial two component silicones 
“Sylgard” (Dow Corning), Elastosil RT60 (Wacker), 
SF00 and SF13 (Silikonfabrik.de) are used. 
Commercially available products offer the 
advantage of stable reproducibility when using 



ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 287

 

Magneto-Active Polymer Actuator 
 
A. Diermeier, D. Sindersberger, G.J. Monkman 
Ostbayerische Technische Hochschule Regensburg, Regensburg, Germany 
 
Abstract: 
Magneto-active Polymers (MAP) are closely related to magneto-rheological fluids in that they contain magnetic 
micro-particles. However, instead of being freely suspended in a carrier fluid they are physically bound within a 
highly elastic polymer-matrix. The application of an external magnetic field allows changes in the mechanical 
properties, such as elastic and shear moduli, of the composite material to be achieved. The colossal magneto-
rheological effect has been shown to demonstrate changes in Young's modulus by over 1E6 %. 
Current research concentrates on controllable compliance and the resulting shape memory properties of MAP. 
This paper deals with recent advancements in this respect, including tubular magneto-active devices with 
potential applications in medical and other technology. 
 
Keywords: Magneto-Active Polymer, Magnetorheology, Magnetodeformation 
 
Introduction 

Magneto-active Polymers (MAP) are rapidly 
becoming an established class of hybrid smart 
materials.  Homogeneity of particle distribution and 
specific elastic properties of the matrix are achieved 
by special fabrication processes [1]. 

The influence of an external magnetic field can 
produce changes in Young's modulus of over 1E6 % 
(colossal magneto-rheological effect)  [2]. In 
addition to dramatic changes in mechanical storage 
and loss moduli, changes in electrical properties are 
also measurable. In addition to various additives, 
MAP can be made using both soft and hard 
magnetic particles where pre and post cure 
magnetization is possible [3,4]. 

Hitherto, the main focus of research has been on 
improving MAP fabrication processes, particularly 
in terms of reproducibility and macro-, meso- and 
micro surface structuring [5]. Rheological 
characterization of MAP is achieved through 
oscillating rheological measurement techniques 
while confirmation of magnetic particle distribution 
homogeneity can be achieved through three-
dimensional computed X-ray tomography [6]. 

Current research concentrates on controllable 
compliance of MAP volumes. Depending on the 
degree of magnetic field homogeneity, together with 
the colossal magneto-rheological effect, 
contributions from both magnetostriction and 
magnetodeformation are observed [7]. 

This paper deals with recent advances in MAP 
applications in many fields including bio-medical, 
automation and controllable geometry. 

Prior Art 

Magnetorheological fluids (MRF) have been used in 
actuators for many years. Typical applications 

include damper systems [8], clutches for torque 
transfer [9,10] or braking systems [11]. 

In contrast to MRF, the magnetic particles in MAP 
are embedded into an elastic matrix structure which 
avoids sedimentation problems associated with 
MRFs, whilst maintaining homogenous particle 
distribution. This offers new actuation possibilities 
such as the retention of complex shape geometries. 
Nevertheless, MAP damping characteristics remain 
of interest in field concerning controlled viscoelastic 
behaviour [12]. 

The combination of piezoelectric devices with MAP 
allows a high energy conversion rate by adjusting 
the MAP load through a controlled magnetic field 
[13]. MAP also finds applications in pneumatic 
valve systems for air flow control. In this invention 
an annular shaped magnetoactive elastomer (MAE) 
body expands radially through the influence of an 
applied magnetic field thus closing  the gap between 
MAE and the valve body [14]. In a similar manner, 
the aim of this research is to establish and control 
hydraulic flow by MAP driven systems. 
 
Material 

MAP is a composite material essentially comprising 
two components: a polymer matrix and a suspension 
of magnetically susceptible micro-particles. Many 
different polysiloxanes, also commonly known as 
silicone, may be used for the matrix. Silicones are 
available with different hardnesses and viscosities. 
Modification and handling of silicone is simple and 
inexpensive. However, other polymers/elastomers, 
such as polyurethane [15] may also be utilised. In 
this work, the industrial two component silicones 
“Sylgard” (Dow Corning), Elastosil RT60 (Wacker), 
SF00 and SF13 (Silikonfabrik.de) are used. 
Commercially available products offer the 
advantage of stable reproducibility when using 

 

ACTUATOR 2016, MESSE BREMEN   2/4 
 

https://www.xinxii.com/actuator-2016-manuscript-c13-p-371116.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016288

 

ACTUATOR 2016, MESSE BREMEN   3/4 
 

https://www.xinxii.com/actuator-2016-manuscript-c13-p-371116.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 289

 

ACTUATOR 2016, MESSE BREMEN   3/4 
 

Further investigation toward a suitable yoke concept 
must be completed in order to achieve actuation 
suitable for peristaltic pumping by a phase-shifted 
electro-magnetic control system. 
 
Sensory integration 

All stable closed loop control systems require 
observability. In the case of MAP actuators, this 
may be achieved by integrating the sensors into the 
MAP. Many such micro-sensors exist: strain gauges 
[17], Hall sensors [18], piezoelectric elements [19]. 

An alternative is to use the MAP characteristics as 
the measurand. Not only do the mechanical but also 
electrical properties of the MAP change under the 
influence of an applied magnetic field. Though the 
dielectric constant of the polymer matrix cannot 
change, the proximity and distribution of the ferrous 
particles does. This results in an apparent change in 
electrical capacitance [20] as shown in figure 3. For 
this purpose the MAP sample was mounted in the 
gap between the yoke of two electromagnetic coils. 
The magnetic flux density was controlled by current 
and measured using a Gauss Meter (Lake Shore: 
455DSP + HMMT-6J04-VR). Electrical capacitance 
was measured using a precision LCR meter (GW 
INSTEK: LCR8000G) at a range of frequencies. 

 
Fig. 3: Change of capacitance of MAP sample 
under influence of magnetic field 
 
Recent research has also indicated that the 
inductance within the MAP may also be measurable. 
Figures 4 and 5 show the resulting transfer functions 
for a magnetic flux density of 0 and 200 mT 
respectively. In figure 4 the sample contained 5% 
magnetic content by weight and 27% in figure 5. 
Measurements were made on a half-bridge using a 
Vector Network Analyser (Rhode & Schwarz: 
ZND). 
 

 
Fig. 4: Transfer function for MAP with 5wt.% 
 

 
Fig. 5: Transfer function for MAP with 27wt.% 
 
As can be seen from figure 4 and 5, resonances can 
be observed. Comparing the measurement without 
and with magnetic field, a frequency shift of about 
60 MHz is observable. 
 
For an LCR circuit: 
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A quick calculation reveals inductances in several 
nano Henry ranges. 
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The Q is comparable to that of a simple inductor and 
capacitor. However, the material is a composite 
resulting in the bulk electrical resistance R being in 
the MΩ range. From figures 4 and 5, both series LC 
and parallel LC characteristics can be seen. The 
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H. Böse, W. Hartmann, J. Ehrlich 
Fraunhofer ISC, Würzburg, Germany 
 
Abstract: 
A new haptic actuator based on magnetoactive polymers (MAP) and hydraulic force transmission is described. 
It consists of a magnetic circuit with inner and outer yokes having cylindrical symmetry and a coil which 
generates the magnetic field. The haptic actuation effect is caused by a disk of MAP material which is attracted 
by the inner yoke of the magnetic circuit when the electromagnet is activated. The deformation of the MAP disk 
pushes a hydraulic liquid through a channel in the inner yoke and bulges a passive elastomer membrane at the 
other side of the actuator, which can be perceived with a finger touching the membrane. A demonstrator of the 
haptic MAP device was designed, the magnetic circuit was simulated and the device was manufactured and 
tested. The maximum displacement of the passive membrane in the activated state was measured as nearly 1,5 
mm. The response time of the activation and deactivation of the actuator was determined as about 10 ms. 
 
Keywords: Magnetorheological Elastomer (MRE), Magnetoactive Polymer (MAP), Haptic Actuator 
 
Introduction 

With the progress of existing and the introduction of 
new human-machine interfaces, haptic feedback 
becomes more and more important. If a user 
controls a technical function on a flat panel with his 
hand, he wishes to feel a tactile response on the 
finger which touches the panel, in order to get the 
confirmation that his intended action was executed. 
Various technologies already exist or are being 
developed, which are capable to supply haptic or 
tactile feedback. In most cases, electromagnetic 
drives accelerate a movable mass. This motion 
causes an impact on the panel, which the user can 
feel on his finger. It was demonstrated that such 
haptic feedback can also be generated by dielectric 
elastomer actuators (DEA) in connection with a 
smartphone. However, this kind of haptic feedback 
is generally very unspecific, because it excites the 
whole display or panel mechanically. 
In some applications, it would be more 
advantageous, if haptic feedback could be locally 
generated. In this case, the haptic sensation is 
triggered only at the location of the finger. 
Approaches for localized haptic feedback have also 
already been demonstrated with DEA. Mößinger et 
al. described a tactile feedback device with local 
resolution using specially shaped DEA [1]. Carpi et 
al. presented another device, in which a thin film 
DEA causes a deformation at the backside of a panel. 
This deformation is transmitted with a hydraulic 
medium to the front side of the panel, where the user 
can feel the deformation of a passive membrane [2]. 
An advantage of this approach is the location of the 
active DEA film with high voltage, which is remote 
to the touchable front surface. 
Comparable deformations of soft membranes can 
also be generated with another class of smart 
elastomers, named magnetorheological elastomers 
(MRE) [3]. They consist of magnetic particles 
which are embedded in an elastomeric matrix [4, 5]. 

By applying a magnetic field, the composite 
material reversibly changes its mechanical 
properties like the Young’s and shear modulus.  
If the elastomer matrix of the composite is 
sufficiently soft and the applied magnetic field is 
strong enough and inhomogeneous, the MRE 
material is also capable to actuate [6]. In an 
inhomogeneous magnetic field, the material is 
deformed and changes its shape or geometrical 
dimensions. Therefore, MRE composites which 
reveal such an actuation effect are also named 
magnetoactice polymers (MAP), in analogy to 
electroactive polymers (EAP, which are driven by 
an electric field. A MAP body can be strongly 
deformed in the magnetic field. It was demonstrated, 
that deformations of ca. 10 % can be achieved [6]. 
Flexible magnetoactive polymers are also capable to 
perform more complex motions in a magnetic field 
than it is possible with rigid bodies. In contrast to a 
voice coil, in which a magnetic body moves linearly 
with respect to the coil, driven by a magnetic force, 
a ring-shaped MAP body can radially be deformed 
by a magnetic field, which is applied between 
concentrically arranged inner and an outer yokes. 
This radial deformation of MAP materials has 
already been shown to be useful for various 
applications. In [7] a valve mechanism was 
introduced, where the radial deformation of a MAP 
ring in a magnetic field controls the flow rate of an 
air flow. The clamping effect of MAP rings can 
even be used to realize an inchworm actuator which 
moves a rod over principally unlimited distance [8] 
The objective of this work is to demonstrate that 
MAP materials can also perform linear motions and 
are very useful for haptic applications. After a short 
explanation of the work principle of the haptic 
actuator, the magnetic circuit with the magnetic 
field distribution is described, followed by the 
actuator design, the construction and the results of 
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medium to the front side of the panel, where the user 
can feel the deformation of a passive membrane [2]. 
An advantage of this approach is the location of the 
active DEA film with high voltage, which is remote 
to the touchable front surface. 
Comparable deformations of soft membranes can 
also be generated with another class of smart 
elastomers, named magnetorheological elastomers 
(MRE) [3]. They consist of magnetic particles 
which are embedded in an elastomeric matrix [4, 5]. 

By applying a magnetic field, the composite 
material reversibly changes its mechanical 
properties like the Young’s and shear modulus.  
If the elastomer matrix of the composite is 
sufficiently soft and the applied magnetic field is 
strong enough and inhomogeneous, the MRE 
material is also capable to actuate [6]. In an 
inhomogeneous magnetic field, the material is 
deformed and changes its shape or geometrical 
dimensions. Therefore, MRE composites which 
reveal such an actuation effect are also named 
magnetoactice polymers (MAP), in analogy to 
electroactive polymers (EAP, which are driven by 
an electric field. A MAP body can be strongly 
deformed in the magnetic field. It was demonstrated, 
that deformations of ca. 10 % can be achieved [6]. 
Flexible magnetoactive polymers are also capable to 
perform more complex motions in a magnetic field 
than it is possible with rigid bodies. In contrast to a 
voice coil, in which a magnetic body moves linearly 
with respect to the coil, driven by a magnetic force, 
a ring-shaped MAP body can radially be deformed 
by a magnetic field, which is applied between 
concentrically arranged inner and an outer yokes. 
This radial deformation of MAP materials has 
already been shown to be useful for various 
applications. In [7] a valve mechanism was 
introduced, where the radial deformation of a MAP 
ring in a magnetic field controls the flow rate of an 
air flow. The clamping effect of MAP rings can 
even be used to realize an inchworm actuator which 
moves a rod over principally unlimited distance [8] 
The objective of this work is to demonstrate that 
MAP materials can also perform linear motions and 
are very useful for haptic applications. After a short 
explanation of the work principle of the haptic 
actuator, the magnetic circuit with the magnetic 
field distribution is described, followed by the 
actuator design, the construction and the results of 
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within 10 ms. The actuator displacement signal 
starts only some milliseconds after the current and 
exhibits nearly the same rise time of about 10 ms. 
 

Fig. 10: Temporal change of the coil current and 
displacement of the haptic MAP actuator during 
activation with a current of 3.5 A 
 
The temporal changes of the coil current and 
displacement during the deactivation of the 
magnetic field are depicted in Fig. 11. For the 
current, a decrease from 3.5 A to 0 within few 
milliseconds was detected. The decrease time of the 
displacement is about 10 ms which is the same as 
for the activation. 
 

 
Fig. 11: Temporal change of the coil current and 
displacement of the haptic MAP actuator during 
deactivation 
 
Conclusion 

A new haptic actuator based on magnetoactive 
polymers (MAP) was introduced. It exploits the 
deformation of a MAP disk in a magnetic field. The 
MAP disk is magnetically attracted by the inner 
yoke of the magnetic circuit, pushes a hydraulic 
liquid through a channel and bulges a passive 
membrane at the other side of the actuator. 

With a coil current of 3.5 A, a large displacement of 
the passive membrane of nearly 1.5 mm could be 
detected. This is sufficient to generate a well 
perceivable haptic effect on a finger when touching 
the passive membrane. Furthermore, the haptic 
response is very fast and occurs within 10 ms. For 
the decay of the displacement, the same response 
time was measured. 
With this performance, such haptic MAP actuators 
exhibit a high potential for numerous applications. 
They can be used in human-machine interfaces in 
various environments for automotive and machine 
control applications. 
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is depicted. At a current of 5 A, a flux density of 
more than 400 mT is achieved, which is moderate 
for the activation of the MAP. 
 
Design and construction 

After the simulation of the magnetic circuit, the 
components of the haptic MAP actuator were 
mechanically designed. Fig. 5 shows a 3D 
representation of the actuator. 
 

 
Fig. 5: 3D design of the haptic MAP actuator 
 
Thereafter, the components of the haptic MAP 
actuator were manufactured. They comprise the 
parts of the magnetic circuit made from magnetic 
steel as well as the coil, the MAP disk and the 
passive membrane. The magnetic circuit 
components and the coil are depicted in Fig. 6. Fig. 
7 reveals the bottom side of the haptic MAP actuator 
after assembling of the components. 
 

  
Fig. 6: Components of the haptic MAP actuator 
 

 
Fig. 7: Assembled haptic MAP actuator (bottom) 

The MAP material consists of 35 vol.% of spherical 
carbonyl iron particles with a medium size of about 
5 µm dispersed in silicone elastomer. The disk was 
prepared by mixing the iron powder with the liquid 
silicone precursors, casting a large plate, 
crosslinking the silicone at elevated temperature and 
punching the MAP disk. 
 

  
Fig. 8: Haptic MAP actuator with 1 Euro coin in the 
non-activated state (left) and activated state (right) 
 
In Fig. 8, the principle mechanism of the haptic 
actuator is demonstrated. For this purpose, a 1 Euro 
coin was put onto the passive membrane at the top. 
In the initial state without magnetic field, the coin 
lies in a flat arrangement on the surface (Fig. 8, left). 
After the activation of the magnetic field, the coin is 
lifted due to the bulging of the passive membrane of 
the actuator. Fig. 9 shows the actuation in contact 
with a finger. 
 

 
Fig. 9: Haptic MAP actuator with finger in the non-
activated state (left) and activated state (right) 
 
Evaluation and test results 

In order to evaluate the performance of the haptic 
MAP actuator, measurements of the displacement of 
the passive membrane at the top were conducted. 
The displacement triggered by the magnetic field 
was measured with a laser triangulator. All the data 
for the coil current and the displacement were 
recorded with an oscilloscope and transferred to a 
PC. With these investigations, it should be evaluated, 
how far and how fast the haptic actuator can be 
activated and deactivated. 
Figs. 10 and 11 show the temporal change of the 
signals. A displacement of nearly 1.5 mm was 
measured for the actuator. This figure is far above 
the perception threshold of the finger. The rise of 
the coil current to the final value of 3.5 A occurs 
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Abstract: 
Reconfigurable interfaces offer new prospects for intuitive human-machine-interfaces. In this paper, we 
investigate the design and application of magneto-rheological elastomer (MRE) based actuators for the use in a 
reconfigurable joystick. MREs consist of magnetisable particles, embedded in an elastomer matrix. Thus they 
provide a base elasticity. By using external magnetic fields, the storage and loss modulus can be manipulated. 
We developed two actuators, one with prominent elastic and one with damping characteristics. The development 
is based on a simplified material model, measurements and simulation. The actuators achieve forces up to 60 N, 
resulting in a reaction torque of up to 0.4 Nm. The damping actuator achieves a loss modulus increase of 82 kPa. 
 
Keywords: Magneto-Rheological Elastomer (MRE), Reconfigurable Joystick, Material Model, Elasticity and 
Damper 
 
Introduction 

Reconfigurable joysticks are used in human-
machine-interfaces to achieve better intuitive feeling 
in operation [1]. 
State-of-the-art systems often use conventional 
actuators or springs combined with brakes. The 
springs generate restoring torques towards the null 
position. Brakes allow higher reaction torques 
opposing the user's movement.  Latter improves the 
haptic quality of contact with hard objects. 
Examples for actuator combinations include 
pneumatic actuators and magneto-rheological fluid 
(MRF) brakes [2], DC motors and particle brakes 
[3], as well as springs and MRF brakes [4]. 
Magneto- and electro-rheological fluids offer a short 
reaction time, but are prone to sedimentation. 
Pneumatic actuators and DC motors can generate 
high reaction torques, regardless of the current angle 
of the joystick, but are quite costly. 
We use magneto-rheological elastomer (MRE) 
actuators, integrated in the commercial joystick J2 
by Co. elobau (elobau, Leutkirch i.A., Germany), to 
obtain spring and brake characteristics and to avoid 
these drawbacks. MRE consist of a magnetisable 
filler material (mostly iron particles), embedded in 
an elastomer matrix and are therefore not prone to 
sedimentation while the advantages, such as fast 
response time and large reaction forces, remain. 
Furthermore the manufacturing process of MRE is 
cost-effective. 
The particle arrangement in the MRE can be 
controlled by applying an external magnetic field 
during the curing time of the elastomer. The 
embedded particles will form chains and align 
themselves in an anisotropic order. Curing without 
an external field leads to an isotropic particle 
distribution. 

In a field-free state, the resulting composite material 
shows a domination of the polymer properties. 
When exposed to an external magnetic field, the 
properties of the embedded magnetic particles 
prevail. Therefore, physical properties can be tuned 
via the flux density. 
 
Functionality of MRE and requirements for the 
actuators 

The properties of the flexible matrix (mostly silicon 
rubber) lead to a composite material with an always 
existing elasticity and internal friction. In [5] the 
characteristics of MRE are described as a change in 
the complex shear modulus, where the storage 
modulus G’ (proportional to the Young's modulus) 
as the real component describes the stored 
deformation energy. The loss modulus G’’, as the 
imaginary component, describes the viscous friction. 
This representation is commonly used to describe 
hyper-elastic materials such as elastomers and MRE. 
When exposed to external magnetic fields, both 
storage and loss modulus increase, resulting in a 
stiffer material with increased inner friction. 
In order to achieve an intrinsic safe design as it is 
specified in [9] with good haptic quality, MRE 
actuators with tuneable stiffness and friction are 
required. A separation and individual tuning of these 
characteristics using only the strength of the field as 
the manipulated variable is not possible. 
Applications with individual control of stiffness and 
friction could not be found in the state of the art. 
 
According to [5] and [6], changes in composition 
and manufacturing of the MRE alter the physical 
properties in terms of elasticity and damping when 

C 1. 5



ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 295ACTUATOR 2016, MESSE BREMEN   2/4 
Guidelines for Authors, August 2015 
 

https://www.xinxii.com/actuator-2016-manuscript-c15-p-371118.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016296ACTUATOR 2016, MESSE BREMEN   3/4 
Guidelines for Authors, August 2015 
 

https://www.xinxii.com/actuator-2016-manuscript-c15-p-371118.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 297ACTUATOR 2016, MESSE BREMEN   4/4 
Guidelines for Authors, August 2015 
 

https://www.xinxii.com/actuator-2016-manuscript-c15-p-371118.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016298ACTUATOR 2016, MESSE BREMEN   5/4 
Guidelines for Authors, August 2015 
 

https://www.xinxii.com/actuator-2016-manuscript-c15-p-371118.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 299

C 1. 6

Plasticized-Polymer Actuators with Colossal 

Dielectric Constant – Electro-Mechanical & 

Electro-Optical Functions –  
 
T. Hirai, Shinshu University, Ueda-shi, Japan 
 
Abstract:  
Conventional polymers, such as polyvinyl alcohol, poly vinyl chloride (PVC), etc., used in textile industries 
have been considered electrically inactive. However, they can be very efficient electrically active actuators with 
huge strain and swift motion by softening with dielectric solvents or plasticizers. In these soft matter, the 
deformations are not induced by swelling and deswelling. The concept can be applied to not only elastomers but 
also stiff crystalline polymers. Deformation has varieties such as contraction, creeping, and folding. Particularly, 
plasticized PVC turned out to be highly potential actuator material. It shows colossal value of dielectric constant 
in low frequency range. The value reaches 1000 times larger than those of the component materials. The 
colossal value is suggested to be originated from the cooperative interaction between PVC and plasticizers. The 
function is not limited only to electro-mechanical, but also be extended to electro-optical function. 
 
Keywords: Plasticizer, Soft Actuator, Gel, Elastomer, Colossal Dielectric Constant, Dielectric Polymer 
 
Introduction 

Conventional polymers, such as poly(vinyl alcohol) 
(PVA), poly(vinyl chloride) etc. are known to be 
electrically inactive and considered insulating 
polymers. We, however, found these polymers can be 
converted into efficient electrically active actuators. 
Of course, in the form of highly swollen polymer gels, 
they can be actuator through swelling and deswelling. 
But actuators with swelling or deswelling processes 
can not be practical conventional use, since they can 
only be actuated under the presence of solvent, and 
cannot be actuated without the presence of solvent. 
On the other hand, non-solvent nonionic polymers are 
usually, stiff and difficult to be deformed by applying 
a dc electric field. They are usually good electrical 
insulator with low dielectric constant. These 
polymers are usually dielectric and are miscible to 
dielectric solvents and plasticizers, and are also 
electrically inactive. What we found is that these 
dielectric gels and soft plasticized-polymers can be 
deformed by applying a dc electric field with huge 
deformation and swift response time, quick enough 
for conventional use.[1] Not only the 
electro-mechanical functions but also electro-optical 
function was observed in the soft dielectric 
materials.[2] We propose these functions based on the 
colossal dielectric constant observed in the low 
frequency range. These findings might lead novel 
application field for conventional soft dielectric 
polymer materials, such as actuators. 
 
Experimental 

Materials 
PVA gels: Poly(vinyl alcohol) gels were prepared by 
chemical crosslinking with glutaraldehyde. The 
reaction was catalyzed by HCl. The degree of 

crosslinking was controlled by reaction time. This 
was also possible by controlling the concentration of 
gutaraldehyde. Delicate condition was necessary for 
attaining the desirable crosslinks. The reaction is 
carried out in aqueous solution. After the reaction the 
gels were subjected in the solvent exchange from 
water to dimethyl sulphoxide (DMSO). After the 
several time of the solvent exchange process, the 
samples were served for measurements. The gels 
were not durable in air for long time. Solvent leakage 
is observed, and actuator performance is observed 
usually for several hours, but can be recovered in 
soaking in the solvent for a couple of hours. 
PVA gel actuator: For contractile actuator, metal 
electrodes, such as aluminum, stainless steel, etc., can 
be used. We usually use aluminum plates. For bending 
actuator, we employed thin gold sheets as electrodes. 
The thickness of the sheet is 200 nm. 
For crawling actuator, the gel was placed on a glass 
plate on which thin stripes of aluminum sheets were 
aligned, and the gels were placed on the alignment.  
PVC gels: In this paper plasticized PVC is denoted as 
PVC gel, since the plasticizer content is mostly larger 
than 60 % by weight. Plasticizers employed were 
mainly phthalates and adipates. The gels were not 
plastic under the experimental conditions, and can hold 
their shape under the operations. PVC was dissolved in 
tetrahydrofran (THF) solution with the plasticizers, and 
casted in a Petri dishes of Teflon. After removing THF 
by evaporation, the transparent gels were obtained. 
PVC gels were stable in air for a couple of years 
depending on the plasticizer and its content. PVC gels 
are plausible for practical use at a moment. 
PVC gel actuator: For observing creep deformation 
and folding deformation, the electrodes are metal 
plates. We mainly employed aluminum plates. Effect 
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of metal is not remarkable and mostly negligible 
under the experimental conditions. For bending 
deformation and contractile deformation, a gold 
nano-sheets as mentioned in PVA gel actuator were 
used.  
 
Measurements 
Dielectric Behavior 
Dielectric properties of the gels were analyzed by 
using SI-1260 Dielectric/Gain-Phase Analyzer 
coupled with a model 1296 dielectric interface 
(Solartron Analytical Co., Farnborough, UK).  
Space Charge Distribution 
The space charge distribution was analyzed by using 
a pulsed electroacoustic (PEA) nondestructive test 
system (Five Lab. Co., Ltd.).  

 

Electrically Induced Deformation 
Deformation induced by applying an electric field 

was observed by image analysis from movie file 
captured by conventional camera system. Small 
deformation was analyzed by microscopic 
observation or using strain gauges. 
 
Results and Discussions 
 
PVA gel actuator 
The features of electrically active gel with huge 
deformation was expected from the viewpoint of 
dielectric gel swollen with relatively large dielectric 
solvent, such as DMSO, whose dielectric constant (εr) 
is ca. 40. The gel was attained by swelling PVA with 
DMSO. Degree of swelling is controlled by the 
chemical crosslinks with glutaraldehyde. However, 
the deformation of PVA-DMSO gel could not be 
fully explained by εr, but it could by taking ion-drag 
treatment into account. In other words, 
charge-injection and the solvent flow induced by the 
ion-drag can explain the deformation of PVA-DMSO 
gel. [2][3] Asymmetric pressure distribution in the gel 
induced swift bending motion. The response time 
observed reached 40ms with 40% strain at 98% 
solvent content, for instance, and the deformation or 
motility can be controlled by the degree of chemical 
crosslinks induced in the PVA gel matrix.[4] 
Deformation was shown in Fig.1 with the proposed 
mechanism. (1) shows contractile deformation in the 
parallel direction of the electric field, (2) shows 
bending deformation induced by the asymmetric 
pressure distribution in the direction of the electric 
field, which exist in the case of (1), but could not be 
obviously exposed because of the metal electrodes 
covered the gel vertically. (3) shows the crawling 
deformation on the electrode array on the glass plate.  
 
The gel autonomically deforms by touching the 
electrodes on the glass and moves to cathode in this 
case. In (3), solvent migration from anode touching 
point to cathode touching point, thus induced pressure 
increase in the gel makes the gel crawl to cathode. 
Deformation can be induced in air. But, solvent can 
leak from the gel gradually and durability in air 
cannot be high enough (for instant 6h.). 
 
PVC gel actuator 
To improve the durability, non-solvent type 
elastomers were investigated.[5] But the performance 
as electrically active actuators are not sufficient so far. 
We also investigated on the tri-block copolymer 
system. Poly (methyl methacrylate-co-butyl 
acrylate-co-methyl methacrylate) can be an elastomer 
and this elastomer can be actuated by dc field 
application. In this case, nano-level phase structure 
controls the electro-activity of the elastomer.[6] 
Again, for enough response time and strain 
generation, further molecular structure control is 
required, such as molecular weight increase. 

Fig. 1: Highly swollen gel of PVA can show (1) 
contraction, (2) bending and (3) crawling 
deformation by applying an dc electric field. In 
bending (2), DMSO solution of PVA adheres to 
cathode and climb up onto cathode, suggesting 
charge accumulation on cathode surface. The 
accumulated charge expand the gel on cathode side, 
and leads the bending. 
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effect for PVC gel and Pockels effect for PVA gel. 
Kerr effect was far much larger than that of 
nitrobezene. Thus, the gels could control light 
deflection angle as shown in Fig.3 (1). The 
electrically induced deflection angle depends on the 
position of the incident light beam, suggesting that 
the refractive index gradient induced by the electric 
field is not uniform. Thus, the gels can be 
electro-active optical materials, too. 
The asymmetric charge distribution was also induced 
by physical impact, too. In Fig.3 (2), 10 g of steel ball 
was fallen on the 2cmx2cm stainless plates between 
them a PVC gel sheet was laid. The inversion of the 
impact induced voltage was observed at a certain 
content of plasticizer, suggesting the voltage depends 
on the micro structure of the gel. The origin of the 
piezo-like electric function can be suggested phase 
percolation structure of each component. Thus, the 
gels can also be used as piezo-functional materials, 
which might be useful for energy harvesting. 
 
Conclusions 

Plasticized polymers and dielectric gels can, thus, be 
a good response to the electric field with very small 
energy dissipation, in other words, with very small 
electric current such as nA level. Durability of PVC 
gel is also fairly high as in the case of gripper actuator 
over 2x105 times continuous operation.(Fig.4.) 
Tacking force might also be applied for artificial 
muscle as a contractile actuator and showed 
promising results. Various functions that may be 
practically useful will be shown in the presentation, 
although some of them are still primatured stage. 
Further improvements are going on the performance 
of the dielectric gel actuators, one of the promising 
way will be attained by developing proper ionic 
liquids and/or plasticizers. The breakthrough will be 
attained in the practical application in near future.  

 
 
References 
[1] T. Hirai, H. Nemoto, T. Suzuki, M. Hirai, S. 

Hayashi, Electrostriction of Poly(vinyl 
alcohol) gel - a possible application for 
artificial muscle -. J. Appl. Polym. Sci. 53, 
79-84 (1994). 

[2] H. Satou, T. Hirai, Electromechanical and 
electro-optical functions of plasticized PVC 
with colossal dielectric constant. SPIE 
Proceedings 8687, 868728-868721-868727 
(2013). 

[3] W. F. Pickard, Ion Drag Pumping. I. Theory. J. 
Appl. Phys. 34, 246-250 (1963). 

[4] M. Hirai et al., Electrically induced Reversible 
Structural  Change of a Highly Swollen 
Polymer Gel Network. J. Chem. Soc. Faraday 
Trans. 91, 473-477 (1995). J. Zheng, C. Xu, T. 
Hirai, Electromechanical nonionic gels. New 
Journal of Physics 10, 023016 (023019pp) 
(2008). 

[5] M. Watanabe, T. Hirai, Space charge 
distribution in bending electrostrictive 
polyurethane films doped with salts. J. Polym. 
Sci., Part B: Polym. Phys. 42, 523-531 (2004).  

[6] Y. Jang, T. Hirai, A control method for 
triblock copolymer actuators by nano-lamellar 
pattern. Soft Matter 7, 10818-10823 (2011). 

[7] T. Hirai, M. Z. Uddin, J. Zheng, M. Watanabe, 
H. Shirai, Electroactive artificial muscle 
nonionic polymer gels and elastomers SPIE 
Proceedings Vol. 5062, Smart Materials, 
Structures, and Systems, S. Mohan; B. 
Dattaguru; S. Gopalakrishnan, Editors, 5062, 
378-388 (2003). 

[8] M. Yamano, N. Ogawa, M. Hashimoto, M. 
Takasaki, T. Hirai, in Proceedings of the 2008 
IEEE 
International Conference on Robotics and 
Biomimetics (ROBIO 2008). (Bangkok, 
Thailand, 2009), pp. 745-750. 

[9]  T. Hirai, H. Xia, K. Hirai, The Effects of 
Adding Ionic Liquids to Plasticized PVC Gel 
Actuators. IEEE International Conference on 
Mechatronics and Automation (ICMA) Micro 
Electro Mechanical Systems, Xi'an., Aug. 4-7, 
2000, 71-76 (2010). 

[10] M. Ali, T. Ueki, D. Tsurumi, T. Hirai, 
Influence of Plasticizer Content on the 
Transition of Electromechanical Behavior of 
PVC Gel Actuator. Langmuir 27, 7902-7908 
(2011).  

[11] T. Hirai et al., in Electroactive Polymers: 
Advances in Materials and Devices, P. 
Vincenzini, S. Skaarup, Eds. (Trans Tech 
Publications Inc., Kreuzstrasse 10, 8635 
Durnten-Zurich, Switzerland, 2013), chap. 
Chapter 1: EAP Materials and Analysis of 
Physical Mechanisms, pp. 1-6. 

[12] T. Hirai et al., Electrically Active Artificial 
Pupil Showing Amoeba-Like Pseudopodial 
Deformation. Adv. Mater. 21, 2886-2888 
(2009). 

Fig. 4: PVC gel Gripper could be continuously 
operated over 200,000 times. Left shows the 
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Recent Developments in Shape Memory Alloys 

(Invited Review) 
 
H.J. Maier, Leibniz Universität Hannover, Garbsen, Germany 
 
Abstract: 
Shape memory alloys (SMAs) feature unique properties, which make them attractive for various applications. 
Yet, there are certain drawbacks such as difficult processing or expensive constituents, which hinder their 
widespread use. A case in point is NiTi-based SMAs, which are widely employed in the biomedical field, but 
are rarely used outside this niche. 

Lately, however, the extensive research conducted by various groups has resulted in substantial progress and 
new effects can now be exploited. This overview will address some of the recent developments in this exciting 
field. One area of research is Fe-based SMAs, which have attracted a lot of recent attention due to their better 
workability and lower processing costs as compared to NiTi. On the other hand, ferromagnetic Ni- and Co-
based SMAs feature additional functional behavior that may be exploited for new applications. Finally, high-
temperature SMAs are of great interest as new alloys have become available that do not rely on substantial 
amounts of noble elements. 

It appears that processing issues and microstructural instability are the major roadblocks that need to be 
overcome in all these alloys. Specifically, data from detailed electron optical characterization combined with 
mechanical tests revealed that the dominant functional degradation mechanism can vary substantially in the 
different SMAs. The ramifications of these findings with respect to applications will be discussed and directions 
for future research will be pointed out. 
 
Keywords: Shape Memory Alloys, Martensite Stabilization, Magnetocaloric Effect, Elevated Temperature, 
Functional And Structural Degradation 
 
Introduction 

Phase transformations in shape memory alloys 
(SMAs) have been studied extensively over the last 
decades as these materials display unique 
mechanical properties. Moreover, their specific 
energy density, i.e. the work output, outperforms 
most conventional actuators. Consequently, much 
effort has been put into developing new SMA 
applications. In fact, as pointed out in a recent 
review by Jani et al. the number of publications and 
patents in this field has drastically increased in 
recent years and the global market for smart 
actuators has been forecast to reach USD 25.4 
billion by 2016 [1]. There are, however, certain 
drawbacks such as difficult processing, insufficient 
microstructural stability or expensive constituents, 
which hinder the widespread use of these alloys. 
The current paper will highlight some more recent 
developments in metallic SMAs from a materials 
perspective. For more extensive overviews that also 
include other matrices, see Refs. [1-6]. 
 
Fe-based SMAs 

Early on, Fe-based SMAs such as Fe-Mn-Si have 
been viewed as promising candidate materials for 
the mass market as these feature better workability 
and lower processing costs as compared to NiTi, e.g. 
[7]. Unfortunately, experimental data revealed that 
most of the Fe-based SMAs that feature an fcc to bct 

phase transformation display only very low 
transformation strains. However, in a more recent 
study, very high recoverable superelastic strains of 
up to 13% under tensile loading were demonstrated 
for a FeNiCoAlTa SMA in single cycle tests [8]. In 
this system, the matrix was hardened by nano-sized, 
coherent γ’-precipitates, which curtail dislocation 
slip, and transformation strains reported approach 
the theoretical limit. To further strengthen the 
matrix against functional degradation upon cyclic 
loading, higher volume fractions of the γ’-
precipitates are needed. These non-transforming 
particles will, however, substantially reduce the 
macroscopic transformation strain [9].  
 
Clearly, minimum functional degradation upon 
cyclic loading is a key issue in most applications. 
This in turn calls for a microstructure that provides 
for minimum dislocation activity and ease of 
crystallographic reversibility of the martensitic 
transformation. In the FeNiCoAlTa system, the 
nano-sized precipitates can be easily tailored by heat 
treatment. As shown in Fig. 1 for single crystals, 
shorter aging times, i.e. finer particles, result in 
substantially improved cyclic stability. As best 
demonstrated by the sample aged at 700 °C/7h, most 
of the residual strain is accumulated early on 
(Fig. 1a). By contrast, the sample heat treated at 
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employed at very high temperatures. The early 
alloys, however, typically featured excessive 
amounts of noble elements, and thus, were not 
suited for the mass market. A case in point is NiTi 
with additions of Pd, Pt or Au exceeding about 15 
at.-%. Currently, NiTiHf seems to be the most 
promising alternative high-temperature SMA for 
temperatures up to about 200 °C [27]. In this system, 
nano-sized (≈ 20 nm) coherent particles can be 
obtained by thermal treatments to tailor the 
transformation temperatures [28]. Upon heat 
treatment, the NiTi-20Hf alloy employed in that 
study not only featured good shape memory 
behavior as shown in Fig. 5, but also good 
microstructural stability up to temperatures of about 
240 °C. 
  

 
Fig. 5: Work output of different NiTi-based SMAs vs. 
phase transformation temperatures, [28] 
 
TiTa-based high-temperature SMAs have already 
been proposed as an interesting alternative in the 
1980s [29]. As indicated by Buenconsejo et al. some 
of the β-type titanium alloys not only show very 
promising shape memory properties, but are also 
fairly easy to cold work [30]. The latter is a key 
factor when it comes to commercial use. 
Unfortunately, the binary TiTa-system suffers from 
rapid functional degradation due to formation of the 

-phase at elevated temperatures. Additions of 
ternary elements such as Al are known to delay the 
formation of the -phase [31, 32]. However, the 
nucleation of this phase cannot be completely 
suppressed, and eventually functional degradation 
will set in. Interestingly, a short time anneal at 
600 °C can dissolve the -phase and fully restore 
the functional properties of the SMA, cf. Fig. 6. 
Obviously, such an intermediate high-temperature 
excursion might not be feasible in an actual 
application, and thus, more research is needed to 
design thermally stable TiTa-based SMAs. 

 
Fig. 6: Cyclic strain–temperature response of Ti–
30Ta–3Al at 100 MPa demonstrating both 
functional degradation and the restoring of the 
properties by a short time anneal (600 °C/5 min) 
after every 60th cycle, [32]  

Another interesting system is Co-Ni-Ga, which was 
shown to feature near perfect pseudoelastic response 
at temperatures up to 400 °C [33]. The martensite, 
however, can be stabilized at elevated temperature. 
One mechanism is pinning of the moving interfaces 
by defects [34]. This type of functional degradation 
can be a key roadblock, and thus, martensite aging 
has always been considered detrimental in the past. 
By contrast, in Co-Ni-Ga the martensite is stabilized 
based on an ordering mechanism. The concept of 
symmetry-conforming short-range order, i.e. an 
atomic rearrangement within the sublattice during 
ageing was introduced by Ren and Otsuka [35]. In 
Co-Ni-Ga, this causes a shift from pseudoelastic 
response to high-temperature shape memory 
behavior, cf. Fig. 7. 

 
Fig. 7: Schematic illustrating the change in material 
response from pseudoelastic to shape memory upon 
martensite stabilization; for details see Ref. [36] 

Fig. 8 demonstrates that Co-Ni-Ga can have 
favorable shape memory properties when compared 
to other SMAs. In how far this approach can be 
extended to other systems, such as the Fe-based 
SMAs, remains subject of future research.  
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Advances in NiTi-based SMA for Actuators 
 
A. Coda, L. Fumagalli 
SAES Getters S.p.A., Lainate, Italy 
 
Abstract: 
Shape memory alloys (SMA) are known to be multifunctional materials which can be naturally considered as 
sensor-actuator elements, demonstrating large possibilities for applications in high-tech smart systems. The 
fascinating property of shape recovery allows generating large work outputs particularly in small dimensions. 
Upon miniaturization, intrinsic advantages of these materials are maximized. Thus, SMAs are virtually 
predestined for applications in microsystems technology, which is rapidly evolving and it is not surprising that 
the most successful SMA products are nowadays in that field.  
However, there are still a few limiting factors to a widespread diffusion of SMAs in some technological fields.  
The probably most debated aspect around NiTi alloys is microcleanliness considered as the main factor affecting 
functional and structural fatigue. This concept is becoming increasingly important as the industrial market 
moves to smaller, lower profile devices with thinner structures. 
In this work a comprehensive microstructural and functional characterization of NiTi-based shape memory 
wires with diameter below 100µm is presented. Considerations about the effects of their nanocrystalline 
microstructure, as well as enhanced microcleanliness on the functional properties and fatigue behaviour are 
spent and discussed.  
 
Keywords: Shape Memory, Functional Properties, Fatigue, Thin Wires 
 
Introduction 

Shape memory alloys (SMA) are functional 
materials with a multitude of properties interesting 
for technological applications. These properties 
depend on the peculiar deformation mechanisms, 
accounting for the shape memory effect, the 
superelastic behaviour and the damping capacity of 
these materials [1]. SMAs are used in different fields, 
like thermo-mechanical devices [2], anti-loosening 
systems [3], biomedical applications [4], mechanical 
damping systems, and in some cases employed for 
large scale civil engineering structures [5]. Over 
90% of all shape memory applications make use of 
the binary NiTi alloy system. NiTi shows a very 
good combination of properties, especially in terms 
of energy density and the large amount of 
recoverable strain compared to other actuator 
principles. The obvious simplicity of mechanical 
design and minimum number of moving parts is 
amazing for an actuator and make SMAs particularly 
attractive for microsystems applications. 
Considerable progress was made thanks to 
integration and miniaturization of sensors, control 
electronics and implementation of intelligence by 
using integrated microcontrollers and specific 
software. 
However, there are several design criteria that must 
be controlled to guarantee a widespread diffusion of 
SMAs to technological fields. For instance, SMAs 
display a narrow dependence of the shape-memory 
related properties, like transition temperatures, on 
their actual composition. For this reason, a great care 
in the production steps, mainly based on casting 
processes, is required. Another design criteria  is the 

strong influence of thermo-mechanical history on 
their properties. This may disclose interesting 
perspectives of application to smart devices in which 
different aspects of the shape memory 
phenomenology, like one and two way shape 
memory effect, pseudoelasticity, damping capacity, 
etc., are used.  
Currently, studies are mainly devoted to some 
aspects related to the material quality and behaviour 
enhancement. Among these, the improvement of 
thermo-mechanical fatigue represents with no doubts 
the most important one [6]. 
Fatigue of SMA is related to microcleanliness. The 
size and distribution of inclusions can play a critical 
role in affecting the fatigue behaviour and the 
quality of NiTi alloys used in components or 
products [7]. The Industry is investing lots of efforts 
to achieve the benefits of low-inclusions, while 
preserving strength and integrity of the material. 
This is becoming increasingly important as the 
medical and industrial markets move to smaller, 
lower profile devices with thinner structures. 
In this work the outstanding fatigue behaviour of 
NiTi trained thin shape memory wires produced by a 
hard review of melting and thermo-mechanical 
processes will be presented and discussed. 
 
Experimental 

SmartFlexR trained wires (Ti 51.0 ±0.05 at.%) with 
diameter of 25µm, 76µm, and 100µm were prepared 
with standard VIM-VAR approach and with a new 
combination of melting and thermo-mechanical 
process, modified to have smaller inclusions size. 

C 2. 1
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Industrial Safety Systems Using Shape Memory 

Alloy Actuators 
 
A. Czechowicz, I. Zwinscher, P. Dültgen 
Forschungsgemeinschaft Werkzeuge und Werkstoffe e.V., Remscheid, Germany 
B. Rachor, HEMA Maschinen und Apparateschutz GmbH & Co. KG, Seligenstadt, Germany 
 
Abstract: 
Shape memory alloy actuators (SMA) have the ability to change into an imprinted shape after a defined 
mechanical deformation by use of thermal fields or electrical current. In this presentation the focus is laid on the 
development of a safety system in machining application. Today pneumatic solutions are used to stop a linear 
movement of an axis within less than 100 ms. The presentation focuses the development of an alternate SMA 
element which is used a high speed and high force actuator implemented in a brake unit.  
 
Keywords: Shape Memory Alloys, Actuators, Safety, Fast Actuation 

Introduction

Todays machining industry demands high standards 
concerning safety and precision during the 
production and maintain processes. Hence a wide 
range of safety components for nearly every 
production machine is used as an automated device 
for controlling the machine’s and user’s state and 
react in case of malfunctions and endagenerments of 
the user itself. Among the automated safety 
components, today’s linear break systems have to 
meet three major requirements:  

1. enabling short breaking times (often under 
50 ms),  

2. generating high breaking forces (often in a 
field between 1 and 10 kN) 

3. generating breaking displacements of more 
than 0,3 mm, reaching even up to 1 mm. 
 

A state of the art system as showed in figure 1 uses 
a pneumatic drive principle in order to break the 
movement of a slider on a linear axis. The main 
carrier is elastic and can move the breakshoes 
towards the linear axis. If the chamber between the 
two spring steel diaphragms is deformed by 
compressed air, the springlike chamber (consisting 
of the diaphragm elements) is short in the horizontal 
direction. The main carrier is thereby unaffected. In 
 

 
Fig. 1: state of the art linear clamp system [1] 

this state, the brakeshoes do not touch the linear axis 
[1]. If the air pressure is switched off, the diaphragm 
elements are not deformed by the air pressure 
causing an expansion in the horizontal direction. 
Due to their mechanical elasticity, they transmit the 
potential energy into the deformation of the main 
carrier causing its sheering resulting in clamping of 
the breakshoes against the linear axis.  
This construction utilizes the pneumatic principle to 
fulfill the three major requirements with a focus on 
the high force factor. Due to simplification and cost 
reduction of machines, a general trend in omitting 
pneumatic drives can be noticed in the machining 
industry [2]. Hence, a fourth demand of future 
requirements can be added for sub systems, 
especially for industrial safety systems: 

4. usage of electrical actuators 
 
Shape Memory Alloy Actuators 

Referring to different comparisons of actuator 
principles and the energy-volume ration, shape 
memory alloys (SMA) stand out as smallest and most 
powerful actuators with energy density up to 10 J/dm3 
[3, 4]. Among different functional materials, SMA 
provide the possibility to imprint a specific shape and 
to trigger this shape after a pseudoplastic 
deformation. SMA revert to their imprinted shape as a 
result of a phase transformation between the low 
temperature phase (martensite) and the high 
temperature phase (austenite). The characteristic 
transformation temperatures, martensite start (Ms), 
martensite finish (Mf), austenite start (As) and 
austenite finish temperature (Af) represent the start 
and finish points of this phase transformation as 
presented in figure 2. The phase change between the 
two solid phases leads not only to a shape change 
causing a mechanical movement, but also to a 
significant change of the specific electrical resistance 

steel diaphragm main carrierlinear	axisbrakeshoe

open

closed

p
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of the material. The electrical resistance of the 
austenitic phase can decrease up to 30% of the initial 
condition [5], which makes these smart actuators 
usable as feedback controlled actuators with self-
sensing functions. The fraction of martensite and 
austenite in the SMA-device depends mainly on its 
current temperature, its stress condition and the 
transformation temperatures which are determined by 
the chemical alloy composition and material 
processing of the SMA.  
 

 
Fig. 2: Basic characteristic of SMA-actuators 
 
Earlier works showed the possibility to activate 
shape memory alloy elements by using high 
electrical current pulses even in less than 0.5 ms [6]. 
Hence to the high speed and high force actuation 
possibility, the project focuses the validation of 
conceptual solutions of the SMA actuator and 
validation of its behaviour in safety applications.  
This publication concentrates on a semi-active break 
system which is triggered by a capacitor element for 
fast heating of the SMA device in order to break the 
movement of a slider along a linear axis within less 
than 50 ms.  
 
Methodical approach and concept design 

The conceptual design is the most challenging step 
in the SMA development process. A guided strategy 
has to be used in order to review multiple solutions 
and to compare product demands and needs. Hence, 
the guideline VDI 2248 [7] can be used for the 
definition of SMA functions and specification of 
testing methods during the development process for 
devices. Figure 3 shows the overview on the 
development process from conceptual design, the 
domain-specific development up to the system 
integration. This publication fades out the detailed 
steps of the concept finding process and shows 
excerpts of the domain specific design of SMA 
mechanics and the most important experiments. The 
limitation in the usage of SMA in safety application 
is given by the dynamic behaviour of these 
actuators: While it is possible to activate SMA in 
less than 50 ms, the cool down time is limited to the 
thermal conduction of the SMA to boundary 
systems. This limits the usable solutions to systems 
which are normally opened and break after a current 
drop by depleting the stored electrical energy in a 
capacitor or battery into the SMA drive. 

 
Fig. 3: SMA development process [7] 

Unfortunately, capacitors are more suitable for 
moderate voltage levels and low current support than 
for the electric needs of SMA actuators. Nevertheless, 
capacitors show fast loading possibilities and can also 
be used to transform high voltage energy into short 
and high current pulses. Limitations for the 
mechanical concept are given by the needed force 
levels in the range of 1 to 2 kN within an installation 
space with maximum dimensions of 110 x 60 x 40 
mm. At this point the need for a suitable mechanical 
transformer unit is obvious due to the SMA actuation 
limits: concerning a lifetime of 100,000 cycles, a 
maximum strain of 2.5% should not be exceeded. 
This allows a maximal stroke of 2,75 mm which is far 
more than sufficient for the breaking element 
(demand: 0.3 – 0.4 mm). A hindrance for designing 
of a SMA device inside the clamp itself lies in the 
dynamic problem: With a maximal usable stress of 
400 N/mm2 an SMA wire with a diameter of 1.4 mm 
would be necessary to generate the demanded force. 
The activation of an SMA wire with a diameter of 1.4 
mm would require a current transformation system 
which will be too inconvenient for utilization in 
compact safety systems. Among eleven possible 
solutions, the idea of a flexible SMA drive, replacing 
the compressed air line with a gear system as a 
mechanical transducer has been chosen by the authors 
for a systematic development. 
 
Domainspecific design – SMA mechanics  

The SMA drive concept consists of a bowden-cable  
with a polymer-isolation inlay and an SMA core. The 
used SMA is a smartflex90 SMA wire (diameter 0.5 
mm). The mechanical connection of the SMA wire to 
the mechanical transducer and the metallic bowden 
structure is constructed under the usage of CuZn 
splices [7, sheet 3]. The mechanical transducer 
consists of eight mechanical gear elements and levers 
on three levels converting the linear movement of the 
SMA’s stroke in a rotation movement and afterwards, 
on the lowest level the transformation of the 
breakeshoe-lever from a rotary movement to the 
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clamping force against the inserted activation force. 
The tests have been done with different gear 
refinements, mainly concentrating on lubricants. At 
78.5 N, the maximal calculation force for SMA 
wires with a diameter of 0.5 mm, the maximal 
clamping force has been tested for 2.4 kN.  

 
Fig. 8: Experimental result of clamping force 
validation 
 
3. Validation of Lifetime 
Figure 9 shows the result of the fatigue test of the 
SMA bowden actuator under the nominal test load 
of 385 N/mm2. While the first experiment has been 
made with a total SMA core length of 350 mm and 
2.4% strain, the best result was achieved in 
reduction of the strain (increasing the core length of 
the SMA to 425 mm). After 100k cycles, a needed 
stroke of 8,5 mm was still available as SMA’s 
stroke.  

 
Fig. 9: Degradation of SMA bowden-actuator’s 
stroke over lifetime  
 
System integration  
The combination of both elements, the mechanical 
transducer and the SMA bowden actuator is showed 
in figure 10. In this experiment the SMA actuator is 
still mounted on a test set-up while the transducer is 
connected to a displacement sensor. The lower part 
of the picture shows the situation after activation of 
the SMA actuator enabling the breakshoes to move 
by 0.37 mm and generate a clamping force. 

 
Fig. 10: Test of SMA system in connection with 
brake transducer 
 
Further tests have shown, that the mechanical 
friction and the masses of the gear elements in the 
transducer decelerate the movement of the 
breakshoes up to 35%. Hence the activation 
electronic had to be fitted to this demand during 
another iteration step.  
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Bi-Stable SMA Actuator 
 
P. Motzki, S. Seelecke 
ZeMA gGmbH, Saarbrücken, Germany, and Universität des Saarlandes, Saarbrücken, Germany 
 
Abstract: 
Shape Memory Alloy (SMA) actuators like SMA wires are already present in a few commercially available 
products, like valves or locking mechanisms. In these actuator systems, the SMA wires are always coupled with 
an additional biasing mechanism, such as a restoring coil spring. Other possible restoring forces are, for example, 
the gravitational force of a mass or the pulling force of a second SMA actuator. One drawback of an SMA 
actuator wire system, such as when coupled with a coil spring, is the continuous energy needed to remain in the 
contracted position. In this paper, a new SMA actuator design is presented that addresses and solves this 
drawback. In this actuator, a bi-stable snap mechanism is combined with a protagonist-antagonist SMA wire 
configuration. In this way, the actuator has two defined stable and energy-free positions. The SMA wires are 
only activated to switch between these two positions. 
 
Keywords: SMA, Shape Memory Alloy, Bi-Stable, Protagonist-Antagonist, Snapping 
 
Introduction 

Shape Memory Alloy (SMA) actuators like SMA 
wires are already present in a few commercially 
available products. The company Actuator Solutions 
GmbH, for example, offers a variety of different gas 
and fluid valves with SMA wires [1]. SMA actuator 
wires will contract when heated, typically via an 
applied current, as a consequence of a phase 
transformation (Fig. 1) between Martensite (cooled 
wire) and Austenite (heated wire) [2, 3].  In order to 
return to the extended length, the wires are coupled 
with an additional biasing mechanism, such as a 
restoring coil spring, the gravitational force of a 
mass (Fig. 2) or the pulling force of a second SMA 
actuator. One drawback of an SMA actuator wire 
system, such as when coupled with a coil spring, is 
the continuous energy needed to remain in the 
contracted position [4-6]. The spring force keeps the 
not-activated SMA wire in a defined initial position. 
Activation and contraction of the SMA wire causes 
the SMA actuator to reach a second position. To 
remain in this second position, the SMA wire has to 
be constantly heated, resulting in a continuous 
energy consumption. Also, a complex position 
control is necessary to keep the actuator in that 
defined second position, independently of 
environmental influences like temperature changes 
or increased convective cooling through higher air 
flow rates [7]. The stroke of the actuator is 
dependent on the SMA wire’s length (typically 4 % 
[8, 9]). To produce large strokes, SMA actuators 
often need large construction space. The pulling 
force, as well as actuation cycling speed, is directly 
dictated by the diameter of the SMA wire [2, 3].  
To address these drawbacks mentioned above, a new 
SMA actuator design is presented. In this actuator, a 
bi-stable snapping mechanism is combined with a 
protagonist-antagonist SMA wire configuration. In 
this way, the actuator has two defined stable and 

energy-free positions. The SMA wires are only 
activated to switch between these two positions. The 
force output and the stroke of this actuator are only 
dependent on the snap design, rather than being 
directly linked to the SMA wires’ lengths and 
diameters. This allows for the construction and the 
design of very compact and energy-efficient 
actuators. Additionally, the actuation frequencies are 
increased, because the protagonist-antagonist 
configuration provides active actuation in both 
directions, unlike in a SMA-spring combination. 
 

	  
Fig. 1: Phase transformation in SMA material 

 
Fig. 2: SMA actuator wire in operation 
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Analysis of Performance and Energy Efficiency of 

Thin Shape Memory Alloy Wire-Based Actuators 
 
H. Khan, L. Manfredi, Y. Huan, F.L. Velsink, A. Cuschieri 
University of Dundee, Dundee, United Kingdom  
 
Abstract: 
Recently actuators based on smart materials have attracted considerable interest in the field of Micro-
electromechanical systems (MEMS), due to their potential to provide high power-to-weight ratio. Shape memory 
alloy (SMA) s are effective these material for actuation because of their lightweight, low power consumption, and 
heating actuated and superelastic properties. The objective of the current study concerns the selection of the 
appropriate design configuration for thin SMA wire-based actuators. We proposed two compact SMA-wire based 
rotary actuators, which use thin SMA wires or extension spring in antagonist configuration. The main con-
tributions of this paper are the study of position tracking performance of the proposed actuators on a purpose designed 
reconfigurable experimental test bed as a proof-of-concept together with evaluation of their energy efficiency. 
 
Keywords: Smart Materials, SMA Actuators, SMA Wires 
 
Introduction 

In recent years, the active materials [4,7, 9] have 
provided an effective solution for the design 
compact and high performance actuators for the 
miniaturized robotic applications. Shape memory 
alloys (SMAs) are uniquely suited to miniaturization 
with the added benefit of low power consumption. 
SMAs as straight-wires are most commonly used in 
SMA actuator systems [15], these wires contract 
when it is heated, and revert to their original length 
on cooling it [10, 16]. The heating of SMA wires is 
easily achieved by changing their electrical 
resistance. However, one of the main challenges of 
SMA actuators concerns achieving a high bandwidth. 
Thus, a maximum bandwidth of 0.033-2 Hz is 
reported in the published literature [13]. Moreover, 
the maximum achievable bandwidth of SMA based 
actuators is highly dependent on the efficiency of the 
method used for cooling the wires [3]. The actuation 
frequency can be increased by rapid cooling of the 
SMA wire, usually by forced heat convection. Wet 
SMA actuators [8, 12, and 14] are characterized by 
an SMA wire embedded within a compliant 
electrolyte fluid-filled tube, an arrangement that 
allows electricity to be used for heating the wire, 
causing its contraction. In this arrangement, cold 
fluid is pumped through the tube for fast cooling of 
the wire, resulting in relaxation (extension). 
However, this arrangement increases the overall 
mass of the system and requires more heat to 
contract the SMA. The wet SMA actuators power-
to-weight ratio is typically smaller. Another 
important factor in the achieving the desired 
bandwidth with SMA wire is its thickness. Currently, 
the thinnest SMA wires readily available in the 
market are 25 µm diameter. These SMA wires have 
low cooling time (up to 0.15 Sec) [1] with faster 
cooling at room temperature. The higher bandwidth 

comes at the expense of a lower output force. For the 
SMA wire to return to its original state after cooling, 
a bias force is needed. The application of this bias 
force and pre-stress on the wires also influence the 
bandwidth of the actuator. The bias force can be 
passive, by a spring or mass. An antagonistic 
configuration of SMA wires can also be used, in 
which arrangement; the other SMA wire undergoes 
the reverse transformation. As the bias force is not 
constant, it influences the bandwidth. [13].  
 

Fig. 1: The proposed SMA-wire based actuators 
design, these actuators provide rotary actuation 
through an output shaft attached with a main pulley 
(in red); Left: SMA wire Vs SMA wire. Right: SMA 
wire Vs linear spring. 
 
Recent advancements in thin SMA wires have 
enabled their use for compact and high performance 
actuators for the low actuation force applications. 
Novel actuators have been developed, using many 
different configurations of SMA wires, such as 
miniature rotational actuators. [17], [11] Practical 
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Integrated Systems for the Accurate Measurement 

and Control of Micro Liquid and Gas Flows 

(Review) 
 
J.C. Lötters, Bronkhorst High-Tech B.V., Ruurlo, The Netherlands, and  
University of Twente, Enschede, The Netherlands 
 
Abstract:  
Worldwide, accurate measurement and control of small and extremely small mass flow rates of both gases and 
liquids is becoming more and more important, driven by numerous economically important applications in for 
instance semiconductor industry, analytical instrumentation, food, medical, pharmacy, energy, and micro 
reaction systems. Necessary components for these integrated microfluidic handling systems are for instance 
flow and pressure sensors, proportional control valves, pumps, passive and active mixers and droplet generators. 
The individual components may exist, but they have not yet been designed from the system and industrial end-
user point of view. In this presentation, we propose to realise integrated microfluidic handling systems, 
composed of building blocks that are designed to fit within the system. 
Particular attention will be paid to multiparameter sensing and actuation principles, first to be able to measure 
and control micro and nanoflows very stably over a very large dynamic flow range, and second to get more 
information from the system than "just" the flow rate, such as e.g. the composition, energy content, density, 
viscosity, thermal conductivity and heat capacity. Examples of societally relevant applications are e.g. 
improvement of medical infusion pump systems, increasing the efficiency of processes that extract oil from oil 
wells (enhanced oil recovery), systems that measure the energy content (calorific value or Wobbe Index) of 
natural gas and biogas, monitoring of ground water pollution and the production of pharmaceuticals by means of 
flow chemistry. An insight will be given in commonly used technologies and technologies to come, as well as 
technological challenges for which a solution is needed. 
 
Keywords:  
 
 
Unfortunately, the final manuscript has not been received by the printing date. Please contact the author for 
additional information. 
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Resonant Three-Dimensional Electrostatic Actuator 

in Silicon Technology 
 
B. Goj, L. Dressler, L. Dittrich, M. Hoffmann 
Technische Universität Ilmenau, Ilmenau, Germany  
 
Abstract: 
We introduce a controlled triaxial electrostatic actuator which is suitable for multiple applications such as force 
sensing, microprobing, nanoindenting and cell manipulation. The system comprises an arrangement of serpen-
tine springs, three independently controlled electrostatic actuators, one for each Cartesian direction, and a stylus 
featuring a ruby ball that is utilised as force transducer. The design, the calculation and the characterisation of 
the triaxial electrostatic actuator are presented. Crucial features of the actuator are the multiple application sce-
narios, the compact design, the low actuation voltage and the independent motion in three Cartesian directions 
even though a shared suspension is employed. 
 
Keywords: Triaxial Electrostatic Actuator, Microprobe, Nanoindentation, Cell Manipulation, Transducer, Force 
Measurement, Tactile Profilometry 
 
Introduction 

Triaxial miniaturised actuators are utilised in nu-
merous microdevices such as positioning systems in 
AFM, SEM and micro assembling systems [1]. The 
small movements are generated by piezo actuators 
in most cases which are very accurate. However, 
piezo actuators are quite expensive and occupy large 
space compared to the desired travel. Their fabrica-
tion cannot be easily integrated into standard MEMS 
process flows, rather their employment entails time-
consuming and expensive assembly steps. Electro-
static microactuators are an advantageous alternative 
which are fabricated utilising silicon micromachin-
ing [2]. These systems are compact and inexpensive 
to fabricate due to the parallel processing of many 
devices in batches. Nevertheless, micromachining of 
truly three-dimensional structures is challenging 
since typical fabrication methods such as reactive 
ion etching (RIE) of silicon or sputtering of alumin-
ium are capable for so-called “2 ½D structures”, 
only [2]. These restrictions lead to complex triaxial 
microsystems as state of the art which comprise 
stacked spring arrangements and more than three 
transducers to uncouple all movement directions 
[3,4]. 
We present a controlled triaxial electrostatic actua-
tor that is suitable for multiple applications such as 
force measurement, microprobing, nanoindenting 
and cell manipulating. (cf. Fig. 1).  
Applications of the triaxial actuator can make use of 
two actuation modes: (1) static actuation and (2) 
dynamic actuation. A static actuation is suitable for 
force sensors which base on the deflection of a mi-
crospring, an AFM cantilever or a cell membrane.  
A broader range of applications arises if the dynam-
ic actuation mode is utilised. One crucial application 
is the measurement of surface topographies utilising 
semi-contact measurements (comparable to AFM) 

[5,6] that avoid sticking. Additionally, a material 
characterisation on surfaces (nanoindentation) is 
possible. If the oscillating ruby ball gets in contact 
with a surface, the amplitude and the phase shift of 
the oscillations are changed. An evaluation of the 
magnitude and the direction of the phase shift yield 
the contact stiffness and thus young’s modulus of 
the contact partners. Beside the classical applica-
tions the triaxial actuator can be utilized for cell 
manipulation by systematically deflecting cell 
membranes and thus induce cell growth or inducing 
biological differentiation mechanisms. 
In the next chapters we present the design of the 
triaxial microprobe as well as first experiments 
referring to different possible applications. 

 
Fig. 1: Triaxial electrostatic actuator on an LTCC 
adapter [5] 
 
Design of the triaxial actuator 

The triaxial electrostatic actuator comprises one 
shared serpentine spring, three independently con-
trolled actuators, one for each Cartesian direction, 
and a stylus featuring a ruby ball that is utilised as 
force transducer (cf. Fig. 2). All components of the 
triaxial electrostatic actuator (excluding the ruby 
ball) are integrated in one shared silicon-on-
insulator substrate. Thus, expensive (manual) as-
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sembling procedures are avoided what reduces the 
fabrication costs dramatically. [5] 
The design of the actuators was performed utilising 
the linear calculation model by JACOBI [7] and a 
simulation utilising Matlab Simulink. The parame-
ters of the three actuators are listed in Tab. 1. It 
becomes apparent that the stiffnesses significantly 
differ from each other. Thus, an independent motion 
of the three actuators is ensured in the dynamic 
actuation mode even though one shared suspension 
is utilised. 
Fig. 3 shows the measured frequency-amplitude 
characteristics of the x-, y- and z-actuator. The reso-
nance frequencies differ significantly from each 
other as predicted so that an independent motion is 
verified. The secondary resonance peak results from 
the actuation voltage 

𝑈𝑈𝑈𝑈 𝑡𝑡𝑡𝑡 = 𝑈𝑈𝑈𝑈 ⋅ 1 + sin 𝜔𝜔𝜔𝜔 ⋅ 𝑡𝑡𝑡𝑡  (1) 
 
leading to an actuation force of 

=
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
2𝑑𝑑𝑑𝑑

𝑈𝑈𝑈𝑈
3
2
+ 2 sin 𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔 −

1
2
cos(2𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔) .   (2) 

 
The main advantage of this actuation scheme is the 
synchronous behaviour of the actuation voltage and 
the actuator oscillation. Thus, a simple evaluation of 
the phase shift can be achieved. 

Table 1: Calculated parameters of the triaxial elec-
trostatic actuator 
Parameter  z-axis y-axis x-axis 
Mass 𝑚𝑚𝑚𝑚 1,25 ⋅ 10   kg 
Actuator capacity 𝐶𝐶𝐶𝐶  0,6  pF 0,6  pF 0,84  pF 
Spring stiffness  𝑐𝑐𝑐𝑐 39  N/m 49  N/m 230  N/m 
Damping constant 𝑘𝑘𝑘𝑘 0,57  g/s 0,35  g/s 0,44  g/s 
Actuation voltage 𝑈𝑈𝑈𝑈 25  V 14  V 5  V 
Resonance frequency 𝑓𝑓𝑓𝑓  875  Hz 990  Hz 2020  Hz 
 

 
Fig. 3: Measured frequency-amplitude characteris-
tic of the triaxial electrostatic actuator 

Fig. 4: FFT-spectra of the sensor output voltages of the triaxial electrostatic actuator 
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Fig. 2: Design of the triaxial electrostatic actuator [5] 

Fig. 4: FFT-spectra of the sensor output voltages of the triaxial electrostatic actuator 
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sembling procedures are avoided what reduces the 
fabrication costs dramatically. [5] 
The design of the actuators was performed utilising 
the linear calculation model by JACOBI [7] and a 
simulation utilising Matlab Simulink. The parame-
ters of the three actuators are listed in Tab. 1. It 
becomes apparent that the stiffnesses significantly 
differ from each other. Thus, an independent motion 
of the three actuators is ensured in the dynamic 
actuation mode even though one shared suspension 
is utilised. 
Fig. 3 shows the measured frequency-amplitude 
characteristics of the x-, y- and z-actuator. The reso-
nance frequencies differ significantly from each 
other as predicted so that an independent motion is 
verified. The secondary resonance peak results from 
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Mono-Dispersed Droplets Generation in the Flowing 

Ambient Liquid by Using an Ultrasonic Vibrator 
 
T. Kanda, T. Yamada, K. Mori 
Okayama University, Okayama-shi, Japan 
K. Suzumori, Tokyo Institute of Technology, Tokyo, Japan 
 
Abstract: 
In this study, we have generated mono-dispersed droplets in the flowing ambient liquid by using an ultrasonic 
vibrator. By using a torsional vibration of the bolt-clamped Langevin type vibrator and a micropore, small 
droplets were generated in the continuous phase. To generate the mono-dispersed droplets, we have observed 
the relationship between the droplets’ ejection speed and the droplets generating state. By estimating the viscous 
resistance to the droplet, we have discussed the relationship between the viscous resistance and generated 
droplets’ stability. As a result, we have succeeded in generating mono-dispersed droplets by estimating the 
droplet condition. 
 
Keywords: Droplet, Ultrasonic Transducer, Micro Fluidic System, Piezoelectric Transducer 
 
Introduction 

Generation of small and mono-dispersed droplets 
has attracted attentions in many industrial and 
scientific fields. In this study, to generate mono-
dispersed droplets in the flowing ambient liquid, we 
have used an ultrasonic actuator. The actuator is 
bolt-clamped Langevin type transducer oscillated in 
torsional direction. Droplets can be generated by 
using the torsional vibration and a micropore plate 
on the tip of the transducer. To generate mono-
dispersed droplets, we have investigated the 
conditions of vibration and liquids. As a result, we 
have succeeded in generating micro droplets which 
have diameter of a few tens of micro meters. By 
generating droplets in flowing ambient liquids, we 
can apply this droplets generating system to the 
continuous flow process.   

In previous studies, to generate micro droplets for a 
chemical manufacturing process, we designed and 
fabricated a system using a bolt-clamped Langevin 
type torsional vibrator and a micropore plate in order 
to generate micro droplets [1-4]. We succeeded in 
generating micro droplets of water or oil in air [1-2]. 
Those droplets have diameter of a few tens of micro 
meters. Additionally, we generated such droplet as 
dispersed phase in the continuous phase [3]. 
However, the generating condition for mono-
dispersed phase was not obtained precisely. In this 
study, we have observed the relationship between 
droplets’ discharge speed and droplets generating 
state. 
 
Principle and device structure 

Figure 1 shows a cross-sectional view of a bolt-
clamped Langevin-type transducer for the droplet 
generation. The transducer is a torsional vibrating 
type and a micropore plate is attached on the tip of 

the transducer [1-4]. A fabricated transducer is 
shown in Fig. 2. The body of the transducer is made 
of stainless steel. Piezoelectric elements are used to 
oscillate the transducer. By the poling directions of 
the piezoelectric elements, the transducer can 
generate torsional vibration. 

SEM photos of the micropore are shown in Fig. 3. 
The micropore plate is also made of stainless steel. 
As shown in the close up photo, the micropore has a 
tapered structure. This structure is effective to 
generate stable state for the droplet generation [4]. 

 
Fig. 1: Cross-sectional view of bolt-clamped 
Langevin-type transducer for droplet generation 
 

 
Fig. 2:  Fabricated bolt-clamped type torsional 
ultrasonic vibrator for droplet generation 
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Cost-Efficient Manufacturing of a High Deflection 

Electrothermal Drive for Switching Applications 
 
M. El Khoury, T. Winterstein, C. Nakic, H.F. Schlaak 
Technische Universität Darmstadt, Darmstadt, Germany 
 
Abstract: 
We present a cost-efficient method for manufacturing of electrothermal actuators. For concept validation, a 
bidirectional out-of-plane actuator is fabricated using two Polyether Ether Ketone (PEEK) layers which are 
milled and assembled using rivets. The actuator generates a high open loop deflection of 4.4 mm, 21.5 mN 
blocking force and has a footprint of 35 x 13 mm². The presented device can be mass produced using 
manufacturing methods available for flexible printed circuit boards. It can be used to drive micro fluid valves 
and electrical switches which require relatively high deflection and driving forces.  
 
Keywords: Electrothermal Actuator, Switching Applications, Cost-Efficient Manufacturing.  
 
Introduction 

Polymer electrothermal actuators (ETA) are under 
research at the Institute for Electromechanical Design 
(EMK) of the Technische Universität Darmstadt.  
Polymer cantilevers elongate due to local thermal 
expansion. Joule heating on polymer surface is 
achieved by metallic heating elements. ETAs 
generate force and deflection when the cantilever 
elongation is transformed by compliant mechanisms 
(see Fig. 1). 

      
Fig. 1: ETA working principle; a) elongation of a 
heated cantilever; b) cantilever combined with a 
compliant amplification mechanism deflected in out-
of-plane direction. 
 
ETAs are mainly fabricated using the methods of 
surface micromachining like deep lithography and 
micro-milling. A transfer to mass-production requires 
low material prices and high throughput technologies.  
This work presents an improved fabrication method 
for ETA, which allows the transfer to available cost-
efficient mass-production methods for flexible printed 
circuit boards (flex-PCB). As a proof-of-concept an 
ETA for switching applications with high deflection 
is designed, fabricated and characterised. 
 
Switching applications 

In literature, ETAs are developed for applications 
such as micro positioning stages [1], micro relays [2] 
and Braille displays [3], where deflections up to 
500 µm and maximum forces of 11 mN are required. 
In this work, we focus on mass-produced applications 
such as locks, electrical switches and micro valves.  
These applications require high deflections and 
therefore are still not actuated by ETAs. 

For this study, a model substituting the presented 
mechanisms is designed (see Fig. 2). It consists of a 
shaft positioned in a counter bearing. The shaft is 
51 mm long and has a diameter of 3 mm. A minimum 
force of 12 mN and a minimum deflection of 2 mm 
are required to operate the mechanism and overcome 
friction occurring between bearing and shaft. 

 
Fig. 2: Model of switching applications with a shaft 
actuated by an OoP-ETA. 
 
Electrothermal actuator 

The presented switching model is actuated by an out-
of-plane (OoP) ETA based on the mechanism 
presented by Chen [4]. It consists of three cantilevers 
positioned in two functional layers (see Fig.3).  
Polymer OoP-ETAs are mainly unidirectional. They 
deflect in one direction only. To open and close the 
switch, the actuator is designed bidirectionally. By 
heating the inner cantilever, the actuator tip deflects 
downward. The actuator tip deflects upward, once 
heat is applied to the outer cantilevers.  
This bidirectional OoP-actuator has separately 
controlled heating elements for each functional layer. 
A doubled total deflection can be reached without 
increasing the actuator length by using up and down 
strokes combined.  
 

  a)   b)  

Counter bearing 

Shaft 

OoP-ETA 
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polymers offer a good process compatibility and high 
operating temperature. PI is the standard polymer 
used in flex-PCB manufacturing and is suited for 
ETA system integration as well as cost-efficient 
mass-production. PI and PEEK can be manufactured 
by laser structuring, which is an available 
manufacturing process for PCB mass-production. The 
thin film heating elements are replaced by a 10 µm 
copper layer which is wet etched. 
Both functional layers can be connected using vertical 
interconnect access (VIA) which create an electrical 
and mechanical connection. VIAs are used in PCB 
manufacturing to connect electrical conductive paths 
located in different layers.  
The performance of the mass-producible OoP-ETA is 
examined using the FEM-analysis tool ANSYSTM 
workbench.  
The influence of PI as a deformation body and a 
10 µm copper layer as heating element are examined 
and compared to the fabricated OoP-ETA using 
PEEK and aluminum (see Tab. 3).  
  
Table 3: FEM-analysis results comparing OoP-ETA 
manufacturing and fabrication material. 

Simulation 1 2 3 
Deformation body 
material 

PEEK PI PI 

Heating element 
material 

200 nm 
aluminum 

10 µm 
copper 

10 µm 
copper 

Heating 
temperature  

120 °C 120 °C 240 °C 

Performance  100 % 95,2 % 159  % 
   

The high glass temperature of PI results in an 
increase of performance comparing to PEEK. The 
manufactured PI device shows a performance 
improvement of 59 % compared to the fabricated 
PEEK device.  
 
Conclusion 

In this work, an OoP-ETA is designed, fabricated 
and characterised. It is made of PEEK, a polymer 
with good thermomechanical properties. The 
presented ETA has a footprint of 35 x 13 mm², a 
high open loop deflection of 4.4 mm and a blocking 
force of about 21.5 mN. A switching mechanism is 
successfully operated, with a minimum switching 
time of 2 s. This can be used to actuate locks, micro 
fluid valves and electrical switches which require 
relatively high deflection and driving forces. The 
presented approach enables the transfer to well-
established flex-PCB manufacturing methods. A 
direct implementation into a primary PCB massively 
reduces the ETA manufacturing costs. 
  

Outlook  

Further work is still required to integrate ETAs into 
mass-producible devices, were experiments with the 
cost-efficient material PI have to be conducted. 
Further manufacturing methods like flexographic 
printing which is massively used for printed 
electronics can be evaluated for the mass-production 
of ETA. Yet further research is needed as the 
method used have still not been examined untested. 
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SMA Shape-Memory Microvalves for Fluidic 

Systems 
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Abstract: 
We report on the design, fabrication, and performance of microvalves based on micromachined shape memory 
alloy (SMA) film actuators. The microvalves are based on an academic research program on the topic of SMA 
films and corresponding SMA microactuators starting in the ‘90s. Within this framework, normally open (NO), 
normally closed (NC), proportional, and bistable microvalves were developed. This paper presents a review on 
these activities focussing on the development of NO and NC microvalves. Major performance specifications are 
described in detail, such as SMA material parameters, mechanical output of the SMA microactuators as well as 
fluidic performance characteristics including pressure range, flow rate, time constants and required heating 
power. Furthermore, the integration of the SMA microvalves to fluidic backplanes is described. Currently, the 
presented microvalve technology is transferred to an industrial fabrication process within a spin-off at Karlsruhe 
Institute of Technology (KIT).   
 
Keywords: Shape Memory Alloy (SMA), Microvalve, Microfluidic, Industrial Fabrication 

Introduction 
One of the first microvalves was presented in 
academic research in 1990 [1]. Since this date, many 
research groups and industrial companies developed 
microvalves for various applications ranging from 
lab-on-chip, chemical analytics, pneumatics, or 
chromatography [2]. Several actuation principles 
have been explored, including magnetic, electric, 
piezoelectric, thermal, electrochemical, phase 
change or rheological principles [3]. Thus, 
microvalves differ considerably with respect to their 
dimensions, fabrication technology, and fluidic 
performance. Major thermal actuation principles are 
based either on bimetallic, thermopneumatic, or 
shape memory effect.  
The shape memory effect was depicted by the 
“Naval ordnance laboratories” in the material system 
consisting of titanium and nickel (TiNi) [4]. Due to 
the giant energy density of 107 J/m3 and the good 
scaling behaviour of work output upon 
miniaturization, SMA materials are predestined for 
microactuation [5]. The first microvalve based on 
SMA film technology has already been presented in 
1991 [6]. Still, most research and development of 
SMA valves focuses on SMA wire actuators until 
now [7,8]. This is due to various reasons including 
material issues (nonlinear characteristics, hysteresis, 
fatigue, temperature range), technology barriers 
(limited compatibility to MEMS fabrication 
processes), as well as cost factors (material 
processing, integration costs). In recent years, 
however, considerable progress has been made in 
SMA materials research [9-11], SMA 
microtechnology [12] and integration technology at 

low-cost [13], paving the way for this exciting 
technology to reach readiness for marketing.   
In the following, we present a review on the 
development and performance of NO and NC SMA 
microvalves using state-of-the-art integration of 
SMA microactuators and novel rapid prototyping 
technologies of 3D printing and laser ablation. 

SMA- Material 
The actuator material is a cold rolled TiNi foil with a 
thickness of 17 µm. The one-way shape memory 
effect is adjusted by a final heat treatment at 550 °C 
for 30 min in flat condition. The transition 
temperatures are measured by differential scanning 
calorimetry (DSC) and temperature dependent 
electrical resistivity measurements. The 
measurements are performed in a thermal cycle 
between -90 to 120 °C and a second ranging from 25 
to 120 °C. Upon cooling from the austenitic state 
(As = 43 °C, Af = 52 °C), the material exhibits a 
rhombohedral (R-) phase transition starting at Rs = 
52 °C and ending at Rf = 39 °C. For the small 
temperature cycle the martensitic transition (Ms = -
11 °C, Mf = 8 °C) is suppressed and only the R-
phase is used. Therefore, the thermal hysteresis is 
5 K smaller and the energy consumption for heating 
is reduced by 70 %. This small hysteresis of the R-
phase offers advantages with regard to switching 
performance and time constants [5]. By energy 
dispersive x-ray spectroscopy, the composition is 
determined to be Ti49.35Ni50.65, which corresponds 
well to literature and measured transition 
temperatures [14]. 
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Automotive MR Actuators ‒ State of Art (Review) 
 
J. Gołdasz1, BWI Group, Kraków, Poland 
 
Abstract: 
Magnetically responsive fluids have been designed to undergo a transition from a fluid to a pseudo-solid 
material in the presence of magnetic field. So far the controllable property of magnetorheological (MR) fluids 
has been utilized by the automotive industry in the form of semi-active vehicle dampers and powertrain mounts. 
Since the introduction in 2002 in the North American market the technology has been proven on many vehicle 
platforms from compact sedans to sport-utility-vehicles and supercars. The most recent incarnation of this 
technology has revealed major progress in controllability and dynamics. In the review paper the author discusses 
the recent developments and provides and in-depth overview of the state-of-the-art of MR actuator technologies 
in several key areas related to performance range, authority and dynamics. 
 
Keywords: Magnetorheological Actuator, MR Damper, Automotive Suspension, Review 
 
Introduction 

Magnetorheological (MR) fluids are a suspension of 
fine, non-colloidal, low-coercivity ferromagnetic 
particles in a carrier fluid. The material is a 
representative of the class of fluids whose physical 
properties can be programmed to achieve particular 
goals. Specifically, MR fluids have shown the 
ability to transition from a liquid to a semi-solid 
with a yield stress when subjected to external 
magnetic fields [1]. When exposed to magnetic 
fields the material develops a yield stress resulting 
in an increased resistance-to-flow and force build-up. 
The individual characteristics have made them 
suitable for use in semi-active applications and 
vehicle suspension platforms in particular. By using 
the technology real-time benefits in vibration 
damping and isolation were already recognized in 
the 1990s [2, 3]. The inventors of the technology 
claimed a method of controlling the characteristics 
of an MR device through an on-board electronic 
control unit (ECU). In the 1990s the progress that 
has been made in the smart fluid formulation, 
hardware, control algorithms and power electronics 
has resulted in the world’s first MR damper-based 
vehicle suspension system [2]. The MagneRideTM 
technology has remained the first and only high-
volume produced semi-active suspension system 
that is based on smart fluids. In 2009 BWI Group 
expanded its MR product line with controlled 
powertrain mounts. To begin with, the MR damper 
system required four position sensors, yaw sensor 
and lateral acceleration sensor as well as the 
information on vehicle speed and steering, four 
controlled MR dampers and an ECU (Electronic 
Control Unit). Connecting the system to on-board 
CAN network  ensured the flawless exchange of 
information between the MR system and the others 
present on the car, namely, traction control, air 
                                            
1 Faculty of Electrical Engineering and Computer Science, 
Cracow University of Technology, ul. Warszawska 24,  
31-155 Kraków, Poland	  

suspension and ABS. Since the introduction on the 
North American Cadillac Seville STS 2002 vehicle 
platform the system has undergone three major 
series of improvements (generations). In the actuator 
area they were focused on improving the dynamic 
range, low-speed response and dynamics.  
The automotive MR actuators are unique devices in 
several aspects. Alternative semi-active vehicle 
suspension systems are valve-based. In other words, 
they require the action of continuously variable 
electromechanical actuators to vary the damping 
force level. For comparison, valveless MR dampers 
have the ability to influence the damping force by 
modifying the apparent viscosity of smart fluids 
exposed to magnetic fields of sufficient magnitude. 
From the engineering perspective, benefits over 
other competitive systems are numerous. The 
control valve is rid of moving mechanical parts 
(simplicity). The high range of damping forces 
results in a major turn-up ratio advantage in the low 
and medium speed regimes of damper operation. 
The system is fast and noiseless (no moving parts in 
the control valve), and it draws less than 30 W of 
electrical power per damper under most driving 
conditions. For example, MR system total power 
consumption on a high performance car was found 
to be 10-15 W (typical road conditions) and average 
38 W (the Nürburgring Nordschleife loop). 
Moreover, damper measurements of the recent 
generation have shown the response time of the 
system to be below 10 milliseconds, and its 
durability equals that which is required for the semi-
active valve-based dampers. 
Since its introduction, significant performance 
improvements have been achieved due to better 
fluid formulations, control algorithm development 
and the hardware evolution. In sections that follow 
below the author discusses the advances in the 
damper hardware which gave rise to improved 
dynamics and performance gains. Control algorithm, 
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approach has provided a more accurate control over 
the damper force. By using a flux controller the 
influence of flux delaying factors can be minimized 
or excluded. As such, the system bandwidth is 
further augmented. This approach allows for 
compensation of manufacturing and material 
variations as well. Flux-based control approaches 
have resulted in a far superior control over the force 
output when compared to that of conventional 
current drivers – see Figs. 7 and 8. Specifically, 
Fig. 7 illustrates the gap flux time history that was 
obtained using a flux controller. It is clear from the 
presented comparison that the response time has 
been accelerated by using the flux controller (and 
not the current controller). The improved dynamic 
behaviour of the control circuit has an immediate 
effect on the force output as highlighted in Fig.  8. 
 

 
a) current control concept 

 

 
b) flux control concept 

Fig. 6: Power drivers for MR actuators: current 
control vs. flux control [16] 
 

Summary 

The competitive automotive field has been 
stimulating the development of semi-active 
actuators based on smart (MR) fluids. Since the 
introduction to the challenging US market in 2002, 
MR actuators have undergone a rigorous 
development process aimed at improvements in 
actuator dynamics and performance range in order 
to keep up with recent requirements of OEMs.  
The purpose of the review paper was to highlight 
latest development in the area of automotive MR 
actuators and those found in controlled passenger 
vehicle suspension systems only. The paper reveals 
several promising features of the MR damper 
system incl. actuation, damping force range, and 
response time. 
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a) measured gap flux 

 

 
b) measured coil current 

Fig. 7: Example: current control vs. flux control 

 
Fig. 8: Example: current decay – flux controller vs. 
current controller 
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Controlling the Magnetorheological Effect Using 

Vibrations 
 
E. Leroy, P.-H. Orefice, L. Eck, M. Hafez 
CEA LIST, Gif-Sur-Yvette, France 
 
Abstract: 
Magnetorheological fluids (MRF) are interesting for building devices that require high strength without a need 
for active actuation such as dampers, brakes or clutches. Usually, the use of MRF requires an electromagnetic 
coil that makes them difficult to apply to compact, miniature devices. In this work, we present a new technology 
to operate magnetorheological fluids, it is based on the use of mechanical vibrations. Experiments conducted on 
a cylindrical brake showed that the braking torque can be reduced when vibrations are applied to the shearing 
element. The effect depends on multiple parameters such as the frequency and the amplitude of the vibration 
and a drop of the total torque up to 40 % has been observed in a constant magnetic field. The combination of 
vibrations and permanent magnets could be interesting for building miniature MRF-based device. These could 
be used in various applications such as haptic interfaces, reconfigurable articulations, etc. 
 
Keywords: Magnetorheological Fluids, Vibrations, Brake, Actuator, Piezoelectric 
 
Introduction 

Magnetorheological fluids are fluids in which the 
viscosity can be controlled by an external magnetic 
field. Therefore, it is possible to use these fluids to 
design intelligent systems such as adaptive damping 
systems, controllable brakes or electrically 
controlled clutches. Numerous applications are 
found in literature in areas such as haptic systems [1], 
automotive dampers [2], prosthetics… 
The most common way to use these fluids is to 
combine an electric coil to a magnetic circuit with a 
small cavity filled with fluid. As a moving part 
shears the fluid, a variable braking force is exerted 
on this part. This force depends on the magnetic 
field. 
In this paper, we present a new effect that has been 
observed in magnetorheological fluids. A prototype 
has been built to evaluate how vibrations affect the 
braking torque of a magnetorheological brake.  We 
show that it is possible to reduce the braking torque 
using vibrations. This effect is interesting and may 
lead to new design possibilities for adaptive brakes, 
clutches and dampers. 
The paper is divided into two parts: the first one 
describes the experimental setup and procedure and 
the second one presents and discusses the results. 
 
Experimental setup and procedure 

Design of the shearing interface 
The objective of the designed experiment is to 
observe whether the generation of vibrations in a 
magnetorheological fluid affects the braking 
capability of the fluid. Although numerous 
configurations are possible for the design of a 
magnetorheological brake [3], we chose a brake 
geometry based on a hollow cylinder as similar 

devices have been designed in our laboratory [1], [4]. 
Furthermore the geometry is well suited for the 
integration of vibratory actuators such as piezo stack 
actuators. 
The actuator used to generate vibrations is a parallel 
pre-stressed actuator from Cedrat technologies [5]. 
Its characteristics are shown in table 1. 
 

 
Fig. 1 Three configurations of the prototype. 
Configuration “a”: part (about 20% of the total 
surface) of the hollow cylinder is cut and a 
Piezostack actuator is used to generate radial 
vibrations. Configuration “b”: same as 
configuration “a”, but without the passive hollow 
cylinder surface. Configuration “c”: the Piezostack 
actuator is used to excite vertical vibration in a 
complete hollow cylinder. 
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Hybrid Magnetorheological Damper 
 
M. Jackel, J. Kloepfer, M. Matthias 
Fraunhofer LBF, Darmstadt, Germany 
 
Abstract: 
Fraunhofer LBF developed an energy efficient magnetorheological damper called hybrid magnetorheological 
damper. An adjustable field generated by a physically moveable permanent magnet is superposed by a second 
field generated by a solenoid coil. This concept was realized in hardware and characterized. Furthermore the 
damper together with control and power electronics was integrated in a quarter vehicle demonstrator that is used 
as a development platform, too. 
 
Keywords: Magnetorheological Damper, MR Damper, Permanent Magnet, Adaptive Damper 
 
Introduction 

Within the Fraunhofer System Research for 
electromobility [1] in the technological cluster 
“drive train and chassis” an air-cooled electrified 
drivetrain was developed. The Fraunhofer institutes 
IISB, IFAM and LBF worked together on this task. 
The drivetrain consists of an air-cooled wheel hub 
motor, an air-cooled drive inverter, a multi-level 
DC-DC converter, a special designed rim for 
promoting cooling air and an adaptive damper based 
on a magnetorheological fluid. 
The development of this adaptive damper was 
motivated by the rised unsprung masses that come 
along with a wheel hub motor. They result in an 
exacerbated conflict between drive safety and 
comfort [2] and an increase of transient dynamic 
loads [3]. These effects can be minimized with an 
adaptive damper. 
In comparison to magnetorheological dampers 
already on the market, Fraunhofer LBF has 
developed a novel energy efficient design, which 
results from a superposition of an adjustable field 
generated by a physically moveable permanent 
magnet and a second field generated by a solenoid 
coil.   
 
Principle of the hybrid magnetorheological 
damper 

Magnetorheological fluids (mr-fluids) are suspen-
sions of ferromagnetic particles in a non-magnetic 
carrier fluid. If subjected to a magnetic field, the 
transferable shear stress correlates with the applied 
magnetic flux. Magnetorheological dampers use this 
effect to modify the damper stiffness. The stronger 
the magnetic flied, the higher the damping force. 
The dampers available on the market generate the 
needed magnetic field by a solenoid coil. Integrated 
into a control circuit they are capable to adapt the 
stiffness to the actual boundary conditions. 
Especially in electric vehicles where electrical 
energy is limited by the accumulator capacity, such 
semi-active systems like adaptive dampers need to 
be very energy efficient. Therefore this new hybrid 

design of a magnetorheological damper was 
developed at the Fraunhofer LBF (see figure 1) [4]. 
The magnetic field in the fluid gap is adjustable by 
current of a solenoid coil as well as the position of a 
permanent magnet. At slow changing boundary 
conditions (e.g. loading condition or driver’s 
selection) the moveable permanent magnet can be 
used to adjust the damping characteristic. For fast 
changing boundary conditions (e.g. at quick evasion 
manoeuvres) the solenoid coil ca be used. 
 

 
 
Fig. 1: Principle of the hybrid magnetorheological 
damper [4] 
 
Functional demonstrator 

After the magnetic field simulations presented on 
ACTUATOR 14 [4] a first functional demonstrator 
was manufactured. Figure 2 shows a cross section 
view of the demonstrator and figure 3 shows it 
partly assembled. 
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Energy-Efficient MRF-Based Clutches in Hybrid 
Powertrains 
C. Hegger, J. Maas 
Hochschule Ostwestfalen-Lippe, Lemgo, Germany 

Abstract: 
This contribution deals with the theoretical and experimental investigation of a special clutch based on 
magnetorheological fluids (MR-fluid). The MR-fluid based clutch can be equipped with three different varieties 
of the magnetically induced MR-fluid movement control. This feature enables a drag torque-free operation for 
the design of an energy-efficient powertrain and provides additional safety behaviors. The investigation is 
focused on the dynamically response behaviour, the transmission behaviour for different speed ranges up to n = 
6000 min-1 and the fail-safe behaviours.  

Keywords: Magnetorheological Fluids, Reduced Viscous Induced Drag Torque, MRF-Based Coupling Elements 

Introduction 

The main challenge for a further establishment of 
hybrid or electrical vehicles is the increase of the 
driving range to a competitive level compared to 
combustion driven vehicles. To achieve the balance 
between the technologies progresses are necessary 
at different levels, one of them is the design of a 
maximized energy-efficient powertrain. Hence, this 
contribution deals with the investigation of energy-
efficient clutches based on magnetorheological 
fluids (MRF). Magnetorheological fluids consist 
out of a carrier fluid (synthetic-oil) with suspended 
carbonyl iron powder particles and additives 
reducing e.g. the sedimentation. If the MR-fluid is 
placed between two shearing surfaces and exposed 
to a magnetic field an adjustable force can be 
transmitted depending on the magnetic flux density. 
This functional principle is utilized in the design of 
MR-fluid actuators like brakes and clutches [1, 2]. 
In [3] a MR-fluid clutch was also utilized directly in 
the powertrain as a differential between the front 
and the real axle. Thereby, a large number of 
different shear gaps are realized resulting in a high 
torque capability of up to T = 700 Nm. Due to 
narrow shear gaps, high differential speeds induce 
high viscous losses even in idle mode. Hence, this 
clutch design is not predestinated as a starting or 
shifting clutch in vehicles. Main disadvantages of 
the conventional coupling elements like wet multi-
plate clutches are the drag losses in the disengaged 
mode causing dissipation [4].  However, coupling 
elements based on the MRF can be modified by the 
MR-fluid movement control to reduce the parasitic 
viscous drag torque to zero. The MR-fluid 
movement control [5, 6] is based on a partially filled 
shear gap and on several volume forces for the 
movement of the MRF. The shear gap is divided 
into an active and inactive region, whereby the 
active region permits the contact of the two shear 
surfaces through the MRF and the inactive region 

avoids the contact. Through various combinations of 
electro- and permanentmagnets (PM) different types 
of the MR-fluid movement control can be realized, 
each having a typical coupling characteristic and 
fail-safe behaviour [5]. 
In this contribution three variants of the MR-fluid 
movement control will be investigated considering 
the feasibility utilizing MR-fluid actuators in hybrid 
powertrains. A test-actuator will be designed based 
on derived models considering the MR-fluid 
movement control concepts. The transient behaviour 
will be analyzed and compared considering different 
rotational speeds and degrees of MRF filling. 

Model based design of the MR-fluid clutch 

In the following chapters a MRF-based clutch is 
designed by a multiphysical finite element analysis 
considering three different MR-fluid movement 
control concepts in a comparable scope. A detailed 
design of one magnetic circuit for each different 
MR-fluid movement control is shown in Fig. 1.  
The conditional stable MR-fluid movement concept 
consists out of one electromagnet to ensure the 
torque transmission. The idle mode without drag 
losses can be only ensured by radial accelerations. 
The bistable MR-fluid movement control concept 
comprises one permanentmagnet and one 
electromagnet on the opposing shear surface sides. 
The magnetically induced forces by the 
electromagnet are utilized to move the MR-fluid 
into the active or inactive region, whereby the 
magnetic fields of the permanent magnet can sustain 
the current state. The monostable MR-fluid control 
concept consists of two permanentmagnets. The 
polarization of the permanentmagnets is crucial 
responsible for the transition mode while the 
electromagnet is deactivated. In the shown case the 
polarization of the permanent  magnet  is  equal  and 
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C 4. 3

Energy-Efficient MRF-Based Clutches in Hybrid 
Powertrains 
C. Hegger, J. Maas 
Hochschule Ostwestfalen-Lippe, Lemgo, Germany 

Abstract: 
This contribution deals with the theoretical and experimental investigation of a special clutch based on 
magnetorheological fluids (MR-fluid). The MR-fluid based clutch can be equipped with three different varieties 
of the magnetically induced MR-fluid movement control. This feature enables a drag torque-free operation for 
the design of an energy-efficient powertrain and provides additional safety behaviors. The investigation is 
focused on the dynamically response behaviour, the transmission behaviour for different speed ranges up to n = 
6000 min-1 and the fail-safe behaviours.  

Keywords: Magnetorheological Fluids, Reduced Viscous Induced Drag Torque, MRF-Based Coupling Elements 

Introduction 

The main challenge for a further establishment of 
hybrid or electrical vehicles is the increase of the 
driving range to a competitive level compared to 
combustion driven vehicles. To achieve the balance 
between the technologies progresses are necessary 
at different levels, one of them is the design of a 
maximized energy-efficient powertrain. Hence, this 
contribution deals with the investigation of energy-
efficient clutches based on magnetorheological 
fluids (MRF). Magnetorheological fluids consist 
out of a carrier fluid (synthetic-oil) with suspended 
carbonyl iron powder particles and additives 
reducing e.g. the sedimentation. If the MR-fluid is 
placed between two shearing surfaces and exposed 
to a magnetic field an adjustable force can be 
transmitted depending on the magnetic flux density. 
This functional principle is utilized in the design of 
MR-fluid actuators like brakes and clutches [1, 2]. 
In [3] a MR-fluid clutch was also utilized directly in 
the powertrain as a differential between the front 
and the real axle. Thereby, a large number of 
different shear gaps are realized resulting in a high 
torque capability of up to T = 700 Nm. Due to 
narrow shear gaps, high differential speeds induce 
high viscous losses even in idle mode. Hence, this 
clutch design is not predestinated as a starting or 
shifting clutch in vehicles. Main disadvantages of 
the conventional coupling elements like wet multi-
plate clutches are the drag losses in the disengaged 
mode causing dissipation [4].  However, coupling 
elements based on the MRF can be modified by the 
MR-fluid movement control to reduce the parasitic 
viscous drag torque to zero. The MR-fluid 
movement control [5, 6] is based on a partially filled 
shear gap and on several volume forces for the 
movement of the MRF. The shear gap is divided 
into an active and inactive region, whereby the 
active region permits the contact of the two shear 
surfaces through the MRF and the inactive region 

avoids the contact. Through various combinations of 
electro- and permanentmagnets (PM) different types 
of the MR-fluid movement control can be realized, 
each having a typical coupling characteristic and 
fail-safe behaviour [5]. 
In this contribution three variants of the MR-fluid 
movement control will be investigated considering 
the feasibility utilizing MR-fluid actuators in hybrid 
powertrains. A test-actuator will be designed based 
on derived models considering the MR-fluid 
movement control concepts. The transient behaviour 
will be analyzed and compared considering different 
rotational speeds and degrees of MRF filling. 

Model based design of the MR-fluid clutch 

In the following chapters a MRF-based clutch is 
designed by a multiphysical finite element analysis 
considering three different MR-fluid movement 
control concepts in a comparable scope. A detailed 
design of one magnetic circuit for each different 
MR-fluid movement control is shown in Fig. 1.  
The conditional stable MR-fluid movement concept 
consists out of one electromagnet to ensure the 
torque transmission. The idle mode without drag 
losses can be only ensured by radial accelerations. 
The bistable MR-fluid movement control concept 
comprises one permanentmagnet and one 
electromagnet on the opposing shear surface sides. 
The magnetically induced forces by the 
electromagnet are utilized to move the MR-fluid 
into the active or inactive region, whereby the 
magnetic fields of the permanent magnet can sustain 
the current state. The monostable MR-fluid control 
concept consists of two permanentmagnets. The 
polarization of the permanentmagnets is crucial 
responsible for the transition mode while the 
electromagnet is deactivated. In the shown case the 
polarization of the permanent  magnet  is  equal  and 
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C 4. 4

Magnetorheological Actuator for Haptic 

Applications 
 
M.E. Busse-Grawitz, maxon advanced robotics and systems, Giswil, Switzerland 
R. Pittini, maxon motor ag, Sachseln, Switzerland 
R. Waldvogel, D. Martin,  
maxon advanced robotics and systems, Giswil, Switzerland 
 
Abstract: 
Most present magnetorheological (MR) actuators suffer from two main drawbacks if applied to haptic drives: 
bulkiness and lacking speed of response. We present a novel actuator which overcomes these disadvantages, 
achieving response times of 3 ms at a torque of 9 Nm. Additionally, it offers virtually play free operation, 
extremely low active inertia and very graceful reaction to overload conditions. 
Achieving peak speeds above 300 rpm, this drive is well suited for parallel and serial robot architectures as well 
as for single axis actuators. 
 
Keywords: Magnetorheological Actuators, Haptics, Collaborative Robotics 
 
Introduction 

If faced with the task of designing an actuator for 
haptic purposes or for robotics in general, one is 
immediately confronted with a basic dilemma: that 
the delivered torque and the rotor moment of inertia 
are closely linked together. All else being equal, the 
rotor moment of inertia is a little less than the torque 
squared. Only a change in technology can help here, 
and today, the best technologies are found in 
specially designed inner rotor machines. One key 
figure of merit is the mechanical time constant 
which links torque related copper losses with the 
rotor moment of inertia, the lower, the better: 
 

= = 𝐼𝐼𝐼𝐼     (1) 

 
where τm is the mechanical time constant, kM the 
motor constant, Irotor the rotor moment of inertia, PCu 
the copper losses generated when the motor delivers 
the torque T. 
While machines with iron-less windings boast very 
good (i.e. low) mechanical time constants, they are 
about three times heavier than slotted motors. The 
latter suffer from iron core losses and cogging 
torque. 
This leads to another dilemma: good, haptic devices 
are very transparent, in the sense that the delivered 
torque is very much related to the intended torque 
which might be set by the motor current. Good 
robotics devices are not too heavy. Light machines 
use iron cores and gears, and both destroy the 
actuator transparency. 
 
 
 
 
 

The Haptic Drive 

This is where the Haptic Drive kicks in: 
It is characterized by the following treats:  
• Extremely low rotor moment of inertia, about 

one hundred times less than that of an 
equivalent motor with ironless windings. 

• Very easily controllable output torque 
• Virtually play free operation 
• Low response time for torque control, well 

below 5 ms. 
• Very graceful behavior under overload 

conditions. 
Hence, the Haptic Drive has the properties of a 
direct drive while maintaining lower weight and 
lower inertia. The only drawback is that it is limited 
to about 400 rpm output speed, but this is sufficient 
for most robotic applications. 
 

 
Fig. 1: Prototype of the maxon Haptic Drive. 
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C 5. 0

Combining Usability and Performance –  

What Smart Actuators Can Learn from Automatic 

Commissioning of Variable Speed Drives  

(Invited Review) 
 
A. Wahrburg, K.D. Listmann 
ABB AG, Ladenburg, Germany 
 
Abstract: 
The required steps for an automatic commissioning system for variable speed drives are summarized and an 
overview of existing approaches to the individual steps is provided. Furthermore, new results are presented on 
automatic design of plant identification experiments and the simultaneous parameterization of all relevant filters 
in the control loop based on the quality of available measurement signals. This results in a complete toolchain 
for commissioning speed control loops and allows to get the best possible performance out of the available 
hardware without requiring expert knowledge. It is discussed which steps will be necessary to establish a similar 
combination of performance and usability for smart actuators such as e.g. SMA or EAP. 
 
Keywords: Automatic Commissioning, Plant Identification, Variable Speed Drives, Controller Design 
 
Introduction 

Variable speed drives (VSDs) are state-of-the-art in 
modern automation applications due to their energy 
efficiency and flexibility. Typical tasks include 
tracking of speed set-points and maintaining desired 
speed despite external disturbances. This is why 
drives are operated under closed-loop feedback as 
shown in Fig. 1. 
Productivity is key in such applications and can 
directly be related to the tuning of the parameters of 
the feedback-loop. As a consequence, poorly tuned 
parameters may have negative effects, ranging from 
degraded performance to instability and mechanical 
damage. But tuning requires expert know-how, from 
both a controls and application perspective. This is 
the major reason why the majority of VSDs are 
operated with very defensive default parameters in 
practice, resulting in poor overall performance of 
the application. 
In order to change this situation and lift the full 
potential of VSDs in such applications, this paper  
presents methods for automatic parameterization of 
the control loops during the commissioning phase. 
While this in itself is not new, this paper focuses on 
incorporating two disregarded aspects: i) In order to 
develop a truly automatic commissioning system, 
the experiments for gathering measurement data for 
plant identification have to be carefully designed. 
Particularly, identification experiments without 
operator input are needed. 
ii) The quality of the speed signal available for 
feedback plays a crucial role for the achievable 
control performance, since any measurement 
implies the introduction of noise into the control 
loop as depicted in Fig. 1. 

While it is intuitive that a clean signal obtained from 
a high-quality encoder allows for higher control 
performance, compared to the noisy speed signal 
measured by a low-cost device, an automatic 
commissioning system has to take into account the 
quality of the speed measurement. 
To this end, not only the speed PI controller but also 
additional filters in the control loop have to be 
considered simultaneously. 
Many of these consequences should be carefully 
taken into account when designing controllers for 
systems containing smart actuators as well. Thus, 
the latter can still learn a lot from classical drives. 
The remainder of the paper is organized as follows: 
In the next Section we will present the basic models 
used inside drive commissioning and introduce the 
plant identification experiment performed together 
with the plant identification itself. After that the 
fundamentals of the combined controller/filter 
tuning are explained before we highlight the major 
learning possibilities for smart actuators. Lastly, a 
conclusion is provided. 
 
Automatic Speed Control Commissioning  
in Variable Speed Drives 

As an example for automatic commissioning, we 
consider the parameterization of the speed control 
loop of variable speed drives connected to a 
mechanical load. The control loop with its relevant 
dynamic elements is sketched in Fig. 1. 
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C 5. 1

Control of a Compact Electrodynamic  

Planar Actuator 
 
M. Stock, T. Bödrich, J. Lienig 
Technische Universität Dresden, Dresden, Germany 
 
Abstract: 
Planar motions for future small machine tools and for automation with strokes up to approximately 20×20 mm² 
can advantageously be realised with electrodynamic planar direct drives. Integration of the position control and 
power electronics thereby results in particularly compact devices. In this contribution, the design and character-
istic of a built demonstrator of such a novel drive unit are shortly described in the beginning. It features a medi-
um precision, low-cost position sensor system. A mathematical model for the planar direct drive is shown. A 
flatness based state space controller for transition between desired rest positions has been developed. Finally the 
achieved dynamics and accuracy are shown. 
 
Keywords: Planar Direct Drive, 3 DOF Position Control, Flatness-Based Control, Feedback Control 
 
Introduction

Planar direct drives for two (x, y) or three (x, y, ϕ) 
DOF enable dynamic positioning of work elements 
or workpieces in handling, machining, assembling 
and additional fields of applications. With proper 
design, those direct drives can be compact, simple in 
structure, easy to manufacture and low-cost. In con-
trast to widespread x-y planar stages with serial 
arrangement of two stiff lead screw linear actuators 
however, the mover position must be actively con-
trolled due to missing stiffness in de-energized state.  
Within a research program on components for future 
small machine tools [1], a novel electrodynamic 
planar direct drive has been developed at Tech-
nische Universität Dresden (Fig. 1). It has a travel 
area of 20 × 20 mm², a maximum rotation of ± 11° 
and peak forces of ± 72 N. The aimed position accu-
racy is about 10 µm. It consists of four independent 
windings with iron core in a stator and permanent 
magnets with back iron in a mover. Low-cost linear 
position sensors for measurement of the positions x 
and y and the orientation 𝜑𝜑𝜑𝜑 of the mover are inte-
grated into the actuator. Integration of a microcon-
troller board for embedded position control is work 

in progress. The overall design and the subsystems 
of that planar actuator are described in [2]. The 
following sections will focus on position control of 
the developed actuator.  
 
Actuator Setup 

Basically, the planar actuator consists of four inde-
pendent single-phase moving-magnet actuators. 
Each of the four windings comprises a U-shaped 
iron core with two poles that interact with the be-
longing rare-earth permanent magnet in the mover 
[2]. This magnetic design enables for high thrust 
forces at little ohmic losses due to small air gaps and 
large winding cross-section areas. Nonlinearities in 
the force-position-current characteristic of each 
individual actuator are moderate (Fig. 2).  
In most planar direct drives described in the litera-
ture [3-6], the mover is either guided by air bearings 
or magnetically levitated. In contrast to this, the first 
prototype of the novel planar drive has a simple, 
small and low-cost planar ball guide. It is biased by 
the permanent magnetic attraction forces between 
stator and mover.  

 

Fig. 1: Prototype of a novel electrodynamic planar 
drive (maximum rotation of mover ± 11°) 

 

Fig. 2: Measured force-position-current character-
istic of the planar direct drive in y-direction at 
lateral mid position (x = 0 mm)  
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C 5. 2

 

Vector Control of a Travelling Wave Ultrasonic 

Motor: Application to Efficiency Improvement  

by Voltage Reduction 
 
F. Giraud, Université de Lille, Villeneuve d'Ascq, France 
C. Giraud-Audine, Arts et Métiers Paris Tech, Lille, France 
M. Amberg, B. Lemaire-Semail 
Université de Lille, Villeneuve d'Ascq, France 
 
Abstract: 
Traveling Wave Ultrasonic Motors (TWUM) use piezoelectric material to produce an ultrasonic bending wave 
in a ring shaped stator. A rotor firmly pressed on it is driven by the travelling wave. The TWUM is 
characterized by a high torque to mass ratio, and can be built up with non-magnetic material. Hence, they are 
commonly used into MRI environment. However, they suffer from a low efficiency. In the paper, we propose a 
control method which supplies the minimum voltage level to the motor which is necessary to ensure a stable 
operation. By this way, during a no-load operation, we can cut off the apparent power to the motor by 75%, with 
a voltage from 200V peak to 60V peak. The proposed control has been implemented into a low cost and small in 
size microcontroller of ARM-core type. 
 
Keywords: Piezoelectricity, Ultrasonic Motor, Vector Control, Power Efficiency 
 
Introduction 

Travelling Wave Ultrasonic Motors (TWUM) 
exhibit large torque to mass ratio and low rotational 
speed. Therefore, they are suitable for servo-
mechanisms where weight and bulk size are critical 
issues. Moreover, they can be built up with non 
magnetic materials, this is why they are often used 
in medical applications, in particular in medical 
imaging instruments where magnetic interferences 
have to be avoided. Several papers use them in MRI 
environment. For example, [1] and [2] both demon-
strate that a TWUM can stand close to a MRI device, 
without producing interferences. 
Unfortunately, these motors also have numerous 
disadvantages which limit their use, like the non 
linearity of the torque / speed characteristics, the 
pull-out phenomena which makes the motor stall. 
Several papers show how to deal with these issues 
with an appropriate control scheme. 
However, due to the manufacturing process which 
leads to bonding a layer of piezoelectric material, 
those motors are very sensitive to temperature rise, 
which increases because of the power losses. The 
global efficiency of a piezoelectric motor is hardly 
over 30%. Most of the power is dissipated into heat, 
mostly at the stator/rotor interface, where friction 
occurs, but also in the piezoelectric material, where 
conversion losses as well as dielectric losses appear. 
One key issue is to operate the motor with the 
maximum vibration amplitude per volt, i.e. at the 
resonance of the stator, in order to decrease the 
conversion and dielectric power losses. However, 
reducing the voltage also increases the risk of the 
pull-out phenomena, and this is why, the classical 

control schemes operate at constant voltage and 
variable frequency. 
This paper presents a vector control of the vibration 
amplitude of a TWUM which helps to operate at the 
lowest voltage possible, which avoid the pull-out 
phenomena. We first presents the theoretical 
background of the proposed method, and then 
experimental validation on a commercial motor. 
 
Vector Control of the Vibration Amplitude 

The torque produced by a TWUM depends on the 
vibration amplitude of the stator, which is called w 
in the paper. Many methods to control w directly or 
indirectly have been proposed in the literature. For 
example [3] uses a neural network to adjust 
voltages' frequency and phase, in order attain a 
reference speed. To avoid the pull-out phenomena, 
the authors used a constant voltage amplitude, and 
they do not consider efficiency as an issue. In [4], 
the authors propose a control based on a specific 
modelling. They adjust the voltage in frequency, 
amplitude and phase in order to operate close to 
stator's resonance, hence achieving optimal 
efficiency operations. However, their control is 
based on an online identification of stator's 
parameters, and is then difficult to implement in a 
light DSP. 
In the paper, we use the control into the rotating 
reference frame of the travelling wave. This control 
is an extension to TWUM of the vector control 
generally applied to synchronous motor. However, 
with TWUM, we control the amplitudes of the 
stator's standing waves instead of motor's current, 
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and we use θc , the position of the travelling wave, 
and not the position of the rotor. 
The TWUM are two phases motors each one being 
supplied by a sinusoidal voltage, and creating a 
stationary wave inside the stator. The combination 
of both stationary wave creates the travelling wave 
which propels the rotor firmly pressed on the stator. 
To introduce the proposed vector control, we 
define : 
- wα, wβ the stator's standing waves amplitudes, 
- vα, vβ the sinusoidal voltages of the motor, 
- Wd, Wq are the coordinate of the travelling wave 
vector in the rotating reference frame. In steady state, 
Wd and Wq are constant. 
Previous implementations of the vector control were 
established in a rotating reference frame fixed to the 
travelling wave [5]. In this paper, the rotating 
reference frame is fixed to the voltage vector, and 
we measure the co-ordinate of the travelling wave in 
the rotating reference frame. For the purpose of 
simplification, the q axis is affixed to the voltage 
vector. Figure 1 presents the vectors which are 
defined in the paper. In this figure, the (d,q) 
reference frame is rotating with an angular speed 
ω=2πf, where f is the frequency of the voltage. 
 

 
Fig. 1: Definition of the vectors 
 
In the (α,β) frame, the equation governing the 
evolution of the vibration amplitude according to the 
voltage and torque are summarized in the following 
equation: 

(1a) 

Where m, Ds and Ks are the parameters of the 
stator's vibration, N is an electromechanical factor, 
and we define w=wα+jwβ (j²=-1). The modal reaction 
force F, depends on the torque T and the normal 
preload of the motor FN which presses the rotor on 
the stator. An energetic study leads to lay down: 

̲
= ( + 𝑗𝑗𝑗𝑗λ𝑇𝑇𝑇𝑇 )𝑒𝑒𝑒𝑒  (1b) 

Where λ is a factor depending on motor's geometry. 
The equation can be projected onto axis d and q, 
leading to a set of two equations: 
for axis d: 
𝑚𝑚𝑚𝑚𝑊𝑊𝑊𝑊 + 𝐷𝐷𝐷𝐷 𝑊𝑊𝑊𝑊 + (𝐾𝐾𝐾𝐾 −𝑚𝑚𝑚𝑚ω )𝑊𝑊𝑊𝑊 − ω(2𝑚𝑚𝑚𝑚𝑊𝑊𝑊𝑊

+ 𝐷𝐷𝐷𝐷 𝑊𝑊𝑊𝑊 ) =  
(2) 

for axis q: 
𝑚𝑚𝑚𝑚𝑊𝑊𝑊𝑊 + 𝐷𝐷𝐷𝐷 𝑊𝑊𝑊𝑊 + (𝐾𝐾𝐾𝐾 −𝑚𝑚𝑚𝑚ω )𝑊𝑊𝑊𝑊 + ω(2𝑚𝑚𝑚𝑚𝑊𝑊𝑊𝑊 + 𝐷𝐷𝐷𝐷 𝑊𝑊𝑊𝑊 )

= 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 − λ𝑇𝑇𝑇𝑇  

(3) 
For steady state operation, equations (2) and (3) 
become: 

(𝐾𝐾𝐾𝐾 −𝑚𝑚𝑚𝑚ω )𝑊𝑊𝑊𝑊 − 𝐷𝐷𝐷𝐷 ω𝑊𝑊𝑊𝑊 =
(𝐾𝐾𝐾𝐾 −𝑚𝑚𝑚𝑚ω )𝑊𝑊𝑊𝑊 + 𝐷𝐷𝐷𝐷 ω𝑊𝑊𝑊𝑊 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 − λ𝑇𝑇𝑇𝑇

 (4) 

Figure 2 depicts 3 operating points with a same 
vibration amplitude. Figure 2.a) is above stator's 
resonance without load torque (T=0), and shows 
how the voltage Vq is shared in two parts: one for 
DsωWd, the other for (Ks-mω²)Wq . Figure 2.b) is at 
resonance with T=0. Here, there is no contribution 
of Wq, and thus, for the same vibration amplitude, 
the voltage amount is lower. 

Fig. 2: Voltage Vq for 3 operating points at a same 
vibration amplitude a) no -load above resonance b) 
no load at resonance, and c) at resonance with a 
load torque 
 
With Wq=0, equation (4) shows that in steady state, 
the voltage Vq is shared into two quantities: one for 
the vibration amplitude, and the other one for the 
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and we use θc , the position of the travelling wave, 
and not the position of the rotor. 
The TWUM are two phases motors each one being 
supplied by a sinusoidal voltage, and creating a 
stationary wave inside the stator. The combination 
of both stationary wave creates the travelling wave 
which propels the rotor firmly pressed on the stator. 
To introduce the proposed vector control, we 
define : 
- wα, wβ the stator's standing waves amplitudes, 
- vα, vβ the sinusoidal voltages of the motor, 
- Wd, Wq are the coordinate of the travelling wave 
vector in the rotating reference frame. In steady state, 
Wd and Wq are constant. 
Previous implementations of the vector control were 
established in a rotating reference frame fixed to the 
travelling wave [5]. In this paper, the rotating 
reference frame is fixed to the voltage vector, and 
we measure the co-ordinate of the travelling wave in 
the rotating reference frame. For the purpose of 
simplification, the q axis is affixed to the voltage 
vector. Figure 1 presents the vectors which are 
defined in the paper. In this figure, the (d,q) 
reference frame is rotating with an angular speed 
ω=2πf, where f is the frequency of the voltage. 
 

 
Fig. 1: Definition of the vectors 
 
In the (α,β) frame, the equation governing the 
evolution of the vibration amplitude according to the 
voltage and torque are summarized in the following 
equation: 

𝑚𝑚𝑚𝑚�̲�𝑤𝑤𝑤 + 𝐷𝐷𝐷𝐷 �̲�𝑤𝑤𝑤 + 𝐾𝐾𝐾𝐾 �̲�𝑤𝑤𝑤 = 𝑁𝑁𝑁𝑁�̲�𝑣𝑣𝑣 −
̲
 (1a) 

Where m, Ds and Ks are the parameters of the 
stator's vibration, N is an electromechanical factor, 
and we define w=wα+jwβ (j²=-1). The modal reaction 
force F, depends on the torque T and the normal 
preload of the motor FN which presses the rotor on 
the stator. An energetic study leads to lay down: 

 (1b) 

Where λ is a factor depending on motor's geometry. 
The equation can be projected onto axis d and q, 
leading to a set of two equations: 
for axis d: 
𝑚𝑚𝑚𝑚𝑊𝑊𝑊𝑊 + 𝐷𝐷𝐷𝐷 𝑊𝑊𝑊𝑊 + (𝐾𝐾𝐾𝐾 −𝑚𝑚𝑚𝑚ω )𝑊𝑊𝑊𝑊 − ω(2𝑚𝑚𝑚𝑚𝑊𝑊𝑊𝑊

+ 𝐷𝐷𝐷𝐷 𝑊𝑊𝑊𝑊 ) =  
(2) 

for axis q: 
𝑚𝑚𝑚𝑚𝑊𝑊𝑊𝑊 + 𝐷𝐷𝐷𝐷 𝑊𝑊𝑊𝑊 + (𝐾𝐾𝐾𝐾 −𝑚𝑚𝑚𝑚ω )𝑊𝑊𝑊𝑊 + ω(2𝑚𝑚𝑚𝑚𝑊𝑊𝑊𝑊 + 𝐷𝐷𝐷𝐷 𝑊𝑊𝑊𝑊 )

= 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 − λ𝑇𝑇𝑇𝑇  

(3) 
For steady state operation, equations (2) and (3) 
become: 

(𝐾𝐾𝐾𝐾 −𝑚𝑚𝑚𝑚ω )𝑊𝑊𝑊𝑊 − 𝐷𝐷𝐷𝐷 ω𝑊𝑊𝑊𝑊 =
(𝐾𝐾𝐾𝐾 −𝑚𝑚𝑚𝑚ω )𝑊𝑊𝑊𝑊 + 𝐷𝐷𝐷𝐷 ω𝑊𝑊𝑊𝑊 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 − λ𝑇𝑇𝑇𝑇

 (4) 

Figure 2 depicts 3 operating points with a same 
vibration amplitude. Figure 2.a) is above stator's 
resonance without load torque (T=0), and shows 
how the voltage Vq is shared in two parts: one for 
DsωWd, the other for (Ks-mω²)Wq . Figure 2.b) is at 
resonance with T=0. Here, there is no contribution 
of Wq, and thus, for the same vibration amplitude, 
the voltage amount is lower. 

Fig. 2: Voltage Vq for 3 operating points at a same 
vibration amplitude a) no -load above resonance b) 
no load at resonance, and c) at resonance with a 
load torque 
 
With Wq=0, equation (4) shows that in steady state, 
the voltage Vq is shared into two quantities: one for 
the vibration amplitude, and the other one for the 
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torque. This is explained by figure 2.c), where we 
have depicted the operating point with a load torque. 
As it can be seen, the voltage has to increase in 
order to obtain both vibration amplitude and torque. 
Hence, the vector control consists in: 
- controlling Wq=0 by adjusting the value of ω, 
- adjusting Vq in order to control Wd and thus the 
vibration amplitude. 
The next section deals with the design of the 
controllers in each axis, in order to create the vector 
control. 
 
Closed loop control 

If we consider Wq=0, the equation (3) leads to write 
in the Laplace domain: 

𝑊𝑊𝑊𝑊 =
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 − λ𝑇𝑇𝑇𝑇

ω(2𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐷𝐷𝐷𝐷 ) 
(5) 

This equation is a first order equation, where T acts 
as a perturbation, and we present figure 3 the control 
scheme for Wd. 

 
Fig. 3: Control scheme of Wd. 
In equation (5), the static gain of the transfer 
function vary with w; however, as it will be 
presented, the supply frequency of the voltages 
doesn't vary too much around stator's resonance 
frequency; for the purpose of simplification, the 
static gain is supposed constant, and we use then a 
PI controller in order to compensate for the 
perturbation as well as to clear the static error: 

𝐶𝐶𝐶𝐶 (𝑠𝑠𝑠𝑠) = 𝐾𝐾𝐾𝐾 +
𝐾𝐾𝐾𝐾
𝑠𝑠𝑠𝑠  (6) 

Hence, during the revolution of the motor, Vq is 
adjusted in order to obtain the required amount of 
vibration. If a load torque is applied on the shaft, it 
induces an equivalent damping to the stator's 
vibration, and Vq is increased accordingly in order 
to maintain a constant vibration amplitude. 
The second control loop is dedicated to the control 
of Wq, in order to achieve Wq=0 [6]. Here again, we 
assume that the amplitude in the other axis is 
constant, but not necesarly equal to 0. For small 
variations δω of the stator's angular frequency 

around the resonance frequency ω0, a linearization 
of eq 2 gives rise to: 

2𝑚𝑚𝑚𝑚ω δω 𝑊𝑊𝑊𝑊 −ω(2𝑚𝑚𝑚𝑚𝑊𝑊𝑊𝑊 + 𝐷𝐷𝐷𝐷 𝑊𝑊𝑊𝑊 )
=  

(7) 

For the purpose of simplification, we control the 
quantity Wq/Wd with δω; the transfer function is 
given by equation (8): 
𝑊𝑊𝑊𝑊
𝑊𝑊𝑊𝑊 =

2𝑚𝑚𝑚𝑚
(2𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐷𝐷𝐷𝐷 ) (δω− 2𝑚𝑚𝑚𝑚ω 𝑊𝑊𝑊𝑊 ) 

(8) 
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voltage decrease is approximately equal to 17%. 
This is achieved by reducing the conversion losses 
inside the piezoelectric material. It should be 
emphasized here that the conversion losses are not 
responsible of all the losses; most of the power is 
lost into the friction layer of the motor. 
 
Of course, if the load torque increases on the motor's 
shaft, more voltage is necessary to maintain the 
required vibration amplitude, and as a consequence, 
it is not obvious that the vector control helps to 
increase the efficiency. However, with this strategy, 
the sufficient amount of voltage is used which is a 
keypoint for reducing power losses. This is also an 
advantage from the viewpoint of the power 
electronics which supply power to the motor. Indeed, 
in a first approximation, the power losses inside the 
power electronics vary with V and I, the supply 
voltage and current to the motor. Hence, by 
reducing both in operation, vector control is useful 
to increase the global efficiency of the system. In 
the experiment, the apparent power at the motor's 
terminal was reduced from 62VA to 15VA 
 
Figure 8 presents the transient response of Wd, Wq 
and Vq for a reference of Wd stepping from 1.9 to 2.1. 
The measurement is compared to the first order 
modelling of equation 5. 
 
The behaviour is consistent with the modelling. The 
closed loop response time of Wd is estimated to be 
approximately 45msec. This value is higher com-
pared to a frequency control motor. To achiever 
faster response time, an other type of controller 
should be used instead of the PI. As it can be seen 
Wq is maintained close to 0 as a result of the good 
frequency control achieved is axis d. 
 
Conclusion 

In this paper, we present the vector control strategy 
applied to a TWUM. We applied this method to 
dynamically adjust the amount of voltage which is 
necessary to produce the travelling wave, and thus, 
to reduce the power losses inside the stator by 17%. 
Also, by reducing the supplied voltage and the 
current, we reduced the apparent power of the motor 
by 75% which has a positive impact on the power 
electronics losses, and thus, on the efficiency on the 
global system. Also, it decreases the 
ElectroMagnetic Interferences, which is an issue in 
MRI Environment. 
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Fig. 8: transient response of the motor to step 
variation of Wdref from 1.9 to 2.1. 
 
Vector control is also helpful to deduce the control 
law of the motor, by decoupling the tracking of the 
resonance frequency and the control of the vibration 
amplitude. The method can be easily implemented 
into a low-cost ARM Type Micro Controller; hence, 
it can be applied to a lot of types of TWUM. 
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C 5. 3

Power Electronics and Control Concepts  

for Driving Dielectric Elastomer Transducers 
 
T. Hoffstadt, J. Maas 
Hochschule Ostwestfalen-Lippe, Lemgo, Germany 
 
Abstract: 
While the general transducer design is important to emphasize the unique and outstanding properties of smart 
materials like dielectric elastomers (DE), the driving power electronics have to take into account their electrical 
properties, too. For this purpose, a tailored bidirectional DC/DC flyback-converter for supplying capacitive 
loads with voltages in the kilo-voltage range has been developed. Under consideration of the electrical DE prop-
erties a smart cascaded sensor-less current control with superimposed voltage control loop is presented. This 
control can be used as an interface by further application oriented controls. The proposed control schemes are 
finally validated by measurements with a prototype converter. 
 
Keywords: Bidirectional Flyback-Converter, Sensor-Less Control, Dielectric Elastomer Transducer 
 
Introduction 

Transducers based on dielectric elastomers (DE) 
consist of a thin elastomeric dielectric, e.g. silicone, 
polyurethane or acrylic that is coated with compliant 
and conductive electrodes on its surfaces. Thus, 
from an electrical point of view DE transducers are 
shape varying capacitors. Since these materials offer 
a large amount of deformation they are predestined 
for actuator, sensor and generator applications, [1]. 
However, especially in case of actuator and genera-
tor applications high electric fields (around 50 
V/µm) are required to obtain sufficient effects. This 
yields to voltages in the lower kilo-voltage range in 
case the thickness d of the utilized polymer is in the 
range of several 10 µm. 
Thus, in order to realize an accurate control of a DE 
transducer a precise and dynamic high-voltage pow-
er converter is necessary to adjust the electric field E. 
Furthermore, the utilized power electronics must 
provide a continuously adjustable output voltage, 
e.g. to adjust the electrostatic pressure 

2

2

0 0 2

p

el r r

v
E

d
σ ε ε ε ε= ⋅ ⋅ = ⋅ ⋅  (1)  

depending on the materials permittivity εr for a 
continuous actuation of a DE actuator. 
Due to the capacitive behaviour with electrical para-
sitics modelled by the electrode resistance Re and 
high polymer resistance Rp, a controlled current 
source has to be realized supplying the feeding cur-
rent iDE. This allows a control of the voltage vDE 
according to the differential equation iDE ≈ i = d(Cp · 
vp)/dt, where vp is the voltage across the DE capaci-
tance Cp, see Fig. 1. 
Amongst other, the flyback-converter represents one 
advantageous topology fulfilling these specifications 
with a comparable low amount of components re-
sulting in comparatively simple control schemes, too, 

[2]-[4]. For the continuous adjustment of the output 
voltage either a unidirectional flyback-converter has 
to be used for charging combined with an active 
discharging circuit for discharging, or a bidirectional 
flyback-converter can be realised for this purpose, 
[4]. The latter also ensures the higher energy effi-
ciency what becomes even more important in case 
of higher operating frequencies of the DE transducer. 
In the following different variants of the flyback-
converter are summarized and the control scheme 
for the bidirectional converter is presented and vali-
dated by measurements with a prototype converter. 

( )eR λ

( )pR λ
( )pC λ

pv

DEi

i
DEv

Electrode

Polymer

 
Fig. 1: Equivalent circuit diagram of a planar DE 
transducer. 
 
Flyback-Converter for feeding DE Transducer 

As can be seen in Fig. 2a) a unidirectional flyback-
converter only consists of a switch S1 on the primary 
side, a diode D2 on the secondary side and the fly-
back transformer T1 with a winding ratio w. In this 
case the magnetising inductance Lm of the flyback 
transformer, different from conventional high fre-
quency transformers, is used as an energy storage 
element analog to the inductor in a buck-boost con-
verter and provides additionally galvanic isolation 
between primary and secondary side, [5]. 
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C 6. 0

Sensorless Control of Low-Power Electromagnetic 

Actuators (Invited Review) 
 
M. Nienhaus, Universität des Saarlandes, Saarbrücken, Germany 
 
Abstract: 
Over the years many sensorless control methods have been developed but only a few are well suited for low-
power electromagnetic actuators. This review will give a systematic overview of sensorless control methods 
available today and reflect on their suitability to be applied in miniaturized drive systems. The second part of the 
review will focus especially on sensorless control methods for low-power electromagnetic actuators including 
aspects of integration as well as additional functionalities such as parameter identification and condition 
monitoring of the drive systems. 
 
Keywords: Sensorless Control, Low-Power Drive Systems, Condition Monitoring  
 
Introduction 

“Sensorless” driven electromagnetic actuators are 
controlled without employing any speed and/or shaft 
position sensor. As a rule here and at the same time 
perhaps misleading, “sensorless” does not mean that 
no sensors are used such as for temperature or 
current measurements, etc. “Sensorless” particularly 
addresses the field of electronically commutated 
electromagnetic motors such as brushless DC motors 
(BLDC) and brushless AC motors including 
asynchronous induction motors, reluctance motors 
and – especially well suited for small sized driving 
systems –  permanent magnet synchronous motors 
(PMSM, see Fig. 1). In contrast to mechanically 
commutated DC motors, electronically commutated 
ones require a separate position signal, which can be 
delivered by a discrete angle encoder typically 
mounted on the rotor shaft or, as addressed in this 
article, delivered by a chosen type of sensorless 
method.  
 

    
Fig. 1: Low-power PMSM as photo (left) and model 
for FEM simulation (right) with rotating permanent 
magnet ring, 12 poles, concentrated windings, three 
strands with 120 degree offset, star connection 
 
Why is it of interest to use electronically commu-
tated motors when DC motors are still available und 
utilized today in a wide range of applications in 
extremely high numbers and at very low cost? 
Because mechanical commutators show many dis-
advantages, e.g lower efficiency, high electromagne-

tic emission, strongly load-dependent wear and, as a 
consequence, a considerable need for maintenance. 
Furthermore, modern applications are more and 
more based on digital control and communication.  
Especially low-power electromagnetic actuators are 
predestined for integration as an embedded sub-
system in superordinate systems such as different 
types of devices, machine tools or automobiles. 
Electronically commutated motors which are origi-
nally equipped with a microcontroller are therefore 
preferred.   
Why should sensorless methods be employed when 
precise, fast, miniature and inexpensive speed and/or 
shaft position sensors are available and moreover the 
subject of strong developments? Because any 
additional sensor increases the system’s complexity, 
needs space not at least for cable and connectors, 
can fail and generates additional cost. Admittedly, 
sensorless methods in the sense of this article and 
depending on their concrete realization could also 
demand a significant amount of effort, e.g by using  
low-noise current sensors with a large bandwith and 
by employing high performance microcontroller 
technology for required fast calculations. Low-
power electromagnetic actuators, which are especial-
ly addressed within this article, have some boundary 
conditions such as space, costs and limited compu-
tational power which significantly influence the 
range of suitable sensorless methods.   
 
Overview - Sensorless position detection methods 

The today’s widespread use of field oriented control 
(FOC) for brushless AC motors implies the necessity 
of rotor position detection. The number of sensorless 
control methods has been continuously increasing 
over the past decades with the rising computational 
performance of available microcontrollers in combi-
nation with suitable sensors especially for current 
and voltage measurement. An impressive yet only 
rough overview of today’s huge number of 

   



ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016386

ACTUATOR 2016, MESSE BREMEN   2/6 
Guidelines for Authors, August 2015 

https://www.xinxii.com/actuator-2016-manuscript-c60-p-371138.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 387

ACTUATOR 2016, MESSE BREMEN   3/6 
Guidelines for Authors, August 2015 

https://www.xinxii.com/actuator-2016-manuscript-c60-p-371138.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016388

ACTUATOR 2016, MESSE BREMEN   4/6 
Guidelines for Authors, August 2015 

https://www.xinxii.com/actuator-2016-manuscript-c60-p-371138.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 389

ACTUATOR 2016, MESSE BREMEN   5/6 
Guidelines for Authors, August 2015 

https://www.xinxii.com/actuator-2016-manuscript-c60-p-371138.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016390

https://www.xinxii.com/actuator-2016-manuscript-c60-p-371138.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 391

ACTUATOR 2016, MESSE BREMEN   7/6 
Guidelines for Authors, August 2015 

https://www.xinxii.com/actuator-2016-manuscript-c60-p-371138.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016392

A Novel Low-Power Dual-Actuator For High 

Precision Magnetic Levitation Systems 
 
M. Lahdo, Technische Hochschule Mittelhessen, Friedberg, Germany  
T. Ströhla, Technische Universität Ilmenau, Ilmenau, Germany 
S. Kovalev, Technische Hochschule Mittelhessen, Friedberg, Germany 
 
Abstract: 
This paper presents a Lorentz force dual-actuator, which generates repulsive and propulsion forces. The 
advantages of repulsive and attractive magnetic levitation systems are combined and the drawbacks of both are 
eliminated. It provides a compact and cost-effective solution for vacuum compatible high precision magnetic 
levitation positioning systems. Two possible positioning systems based on this actuation scheme will be 
presented. The calculation of the repulsive magnetic guidance force of this actuator and the verification by finite 
element method (FEM) will be presented in this paper as well. 
 
Keywords: Active Magnetic Bearing, Halbach Array, High Precision Positioning System, Linear Lorentz-
Actuator, Magnetic Levitation 
 
Introduction 

In recent years, high precision positioning systems 
up to the nanometre-range (nm) in combination with 
long planar strokes and vacuum compatibility have 
been demanded for many industrial applications, 
such as semiconductor manufacturing or 
nanotechnology. Magnet levitation systems as high 
precision positioning drives are of great interest for 
such applications due to their positive properties: 
The propulsion actuators in these systems generate 
the forces directly to the moving element (mover), 
omitting the necessity of mechanical transmission 
elements. The latter causes, through backlash and 
friction, restrictions concerning precision and 
dynamics. The magnetic guidance in these systems 
can act simultaneously as a contactless guiding 
element and as a high precision positioning element 
in the vertical direction with strokes in the range of 
several hundred micrometres [1]. Consequently, due 
to the non-contact propulsion and guiding of the 
mover, which means an absolute friction-free 
operation, these systems can also operate without 
any restrictions in a high vacuum environment or 
clean-room. Furthermore, a proper position 
measurement and closed-loop control in six degrees-
of-freedom (6-DoF) allow for a position accuracy, 
which would not be possible with mechanical 
guidance. 
 
Halbach arrays for 6-DoF Positioning Systems 

Typically, the top side of the magnetically levitated 
mover should be freely accessible from above to 
enable easy loading and unloading of objects for 
various applications. For this reason, usually 
reluctance actuators (RA) are not satisfactory, since 
they have to be positioned above the mover [2]. 
Nevertheless, to overcome this drawback, some 
topologies with RAs are known in the literature, 

where a freely accessible mover from above can be 
realised. However, these concepts are also not 
satisfactory, since the footprint of the whole system 
as well as the mass of the mover increases too. As a 
result, compact constructions are not possible [3]. 
Therefore, most existing high precision positioning 
systems based on magnetic levitation are realised by 
moving Halbach arrays (HA) and stationary 
electrodynamic linear actuators (LA). This is mainly 
because of two reasons: 

• A freely accessible mover from above; 
• A arbitrary scalability of the stroke without 

a dramatic increase of suspended mass. 

Through the working principle of these systems, the 
mover is repulsed from the stator. This allows the 
placement of the sensors and actuators below the 
mover. Fig. 1 shows one Halbach actuator unit 
(HAU) for high precision magnetic levitation 
systems, where the HA is placed in the mover and 
the LA in the stator. 
 

guiding coilstator

mover Halbach array

propulsion coil  
Fig. 1: Halbach actuator unit (HAU)  

 
As a result of the field distribution, this HAU can 
generate simultaneously levitation and propulsion 
forces and need no iron-yoke, which is also 
beneficial. By using at least three of such HAUs in a 
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C 6. 2

Planar Magnetic Levitation in 6 DOF 
 
R. Glöß, Physik Instrumente (PI) GmbH & Co. KG, Karlsruhe, Germany 
 
Abstract: 
The paper describes a new magnetic levitation system for 6 DOF with nanometer resolution. The system 
consists of a movable stage with 8 Halbach arrays and a grid for 4 optical incremental sensors, and 8 analog hall 
sensors. The electromagnetic forces to lift and move the stage in all directions, are generated in a 12-layer PCB 
board by a 144-coil design. Pulse-width modulated (PWM) drivers with 350 kHz frequency are directly coupled 
at the main board. A new multi-core controller connects the 48 PWM drivers, the optical and magnetic reference 
sensors with the main processor unit with hardware and firmware real-time synchronization for force and 
momentum calculations.     
 
Keywords:  Magnetic Levitation, Nanometer Resolution, Halbach Array, PCB Coil Structure, Multi Cluster 
 
Introduction

Maglev systems with PCB coils are already familiar 
in the literature, but all these systems need 
displacement sensors for vertical position and tip/tilt 
angles which span over the upper working surface 
of the movable stage. Some systems use cist 
expensive laser interferometers. In that case, the 
stage can’t be used in industrial applications where 
the upper surface has to be free for the customer 
scanning application or the costs of the system does 
not match the low budget requirements. [1] [3] 
 

 
 
Fig. 1: Planar magnetic levitation stage with  
6 degrees of freedom (schematic cross section) 
 
In our new design, the platform surface is free. The 
coils inside the PCB are placed at gaps of 5mm. 
Some of the gaps have rectangular holes through the 
PCB to open the light path for the incremental 
optical sensor heads. The stage design is optimized 
for high electromagnetic forces. The static lifting 
force (Z-direction) is more than 4 times the weight 
of the stage and can overcome 6 times this value for 
dynamic operations. This is much higher than in our 
former design with the six coil structure. [2] 
 
The force calculation is done with a combination of 
FEM magnet field methods, a Lua script based on 
Python, and a newly designed fully graphical 
software interface. Fig.2 shows the good 
correspondence of the calculated magnetic field 
components to the measured field distribution. The 
3D field magnetic measuring technology based on a 

3D magnet field sensor, a high precision positioning 
technology synchronized with PI’s hexapod 
controllers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: a) 3D - measured magnetic flux density 
 in horizontal direction (X); the blue line shows  
the cross section for 2D  
b) 2D - verification between measurement and 
simulation shows acceptable conformity 
 
With a moderate current of only 1.5A in the clusters 
of coil assembly, the stage can be driven by more 
than 40N in a vertical and horizontal direction. The 
coil structure (in 12 layers on a PCB) does not need 
additional wiring and is connected with highly 
efficient PWM drivers, placed directly on the main 
board. 48 full bridge drivers are used, the design is 
very cost efficient and it reduces the risk of EMI 
distortions because of the short connection to the 

 
a) 
 
 
 
 
 
 
 
 
b) 
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board, the high PWM frequency and a simple filter 
function. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3:  a) Simulation of the force in X and Z  
over 40mm motion range 
b) The stage is driven by  λ= 84mm spatial 
frequency, in Z over 40mm motion range in X,  
diagram b) shows the good decoupling (better  
than 1:15) on the perpendicular axis 
 
Maglev systems with PCB coils are already familiar 
in the literature, but these systems need measuring 
sensors which span over the upper working surface 
of the movable stage. In that case, the stage can’t be 
used in industrial applications where the upper 
surface has to be free for the customer scanning 
application. In our new design, the platform surface 
is free. The coils inside the PCB are placed at gaps 
of 5mm. Some of the gaps have rectangular holes 
through the PCB to open the light path for the 
incremental optical sensor heads. The system uses a 
set of 4 incremental sensor heads separated by 42 
mm, placed in small gaps on the main PCB board.  
 
All 4 sensors heads work on the highly accurate 
optical glass grid, which is placed on the lower side 
of the movable stage and also spans over the 
Halbach arrays. Three additional distance sensors 
are used to detect the lifting and tip/ tilt position of 
the stage. All sensors work at nanometer level. 
Some of the holes have analog ratiometric hall 
sensors for the initialization process. 

 
a) 
 
 
 
 
 
 
 
 
 
 
b) 

 
a) 
 
 
 
 
 
 
 
 
 
 
b) 
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C 6. 3

Torque Measurements on an Electromagnetic 

Tilting Actuator 
 
M. Dörbaum, T. Winkel, S. Tappe, J. Kotlarski, T. Ortmaier, B. Ponick 
Leibniz Universität Hannover, Hannover, Germany 
 
Abstract 
This article presents the measurement and simulation results for a novel electromagnetic tilting actuator concept 
with special focus on its holding torque. The superior aim of this concept is to overcome restrictions of common 
endoscopes considering the ratio of flexibility to shaft stiffness. Therefore, the prediction and increase of the 
holding torque is essential. For the prediction of torque, 3D Finite Element Analysis is used and compared with 
measurement results. To increase the holding torque or rather reduce the necessary holding currents and losses, a 
material variation from St37 steel to Vacoflux 50 is investigated. 
 
Keywords: Electromagnetic Tilting Actuator, 3D Finite Element Analysis, Vacoflux, Endoscope 
 
Introduction 

The use of endoscopes has become more and more 
standard in the field of medical and industrial appli-
cations. Common endoscopes are struggling with 
being either flexible or rigid, but not both at the 
same time. Most flexible endoscopes use Bowden 
wires to interact at their ends with the surrounding 
environment. But their flexible shafts tend to form 
loops while moving through hollow spaces and may 
stress the surroundings and cause the patient pain in 
the case of medical applications. 
The approaches to overcome this discrepancy de-
scribed in literature can be classified into actuation 
units using Bowden wires, concentric tubes or serial 
actuators with varied actuation concepts (see [1]–
[3]). Nevertheless, many concepts described are 
restricted due to several aspects, such as low flexi-
bility, low resistance against external forces, com-
plex setup or high reaction time. 
In this article, the approach presented uses a chain of 
binary electromagnetic tilting actuators (ETA) to 
achieve the aim of being flexible and stable with the 
same platform. Concerning the system stiffness in a 
sequential actuator chain, the applicable holding 
torque of each individual ETA is important. The 
holding torque is provided by a thermally permitted 
DC current in both coils of the closed ETA side [4]. 
It was simulated with ANSYS Maxwell 3D in static 
simulations with a fully parameterized model. 
 
Actuator Design 

The ETA acts similar to common electromagnets but 
shows significant differences to the functional prin-
ciples of solenoids [5]. Two similarly built halves 
represent one actuator element (Fig. 1 (a)). Each half 
consists of a kidney-shaped coil which is inside a 
bevelled iron core. The sides of one half are elec-
tromagnetically segregated through paramagnetic 
joints (Fig. 1 (c)). Several actuators are joined in a 
line, composing an actuator chain, Fig. 1 (b). 

 
Fig. 1. (a) CAD model of one ETA, (b) fully actuated 
shaft with twisted actuators (c) exploded view of its 
components,[4] 

Different actuator types were designed, simulated, 
and measured (see [4] and [6]). The characteristics 
of the ETA used in this paper are given in Table 1. 

Table 1: Data of the prototype ETA 

Parameter  Value Unit 
Outer ETA diameter 𝑑𝑑𝑑𝑑  45 mm 
Inner ETA diameter 𝑑𝑑𝑑𝑑  22.5 mm 
Height of one ETA half ℎ  8 mm 
Height of slot ℎ  5 mm 
Tilting angle 𝑞𝑞𝑞𝑞  ± 6 ° 
Number of turns per coil 𝑤𝑤𝑤𝑤 50  

Simulation Setup 

The electromagnetic simulation of the ETA and the 
prediction of its torque was carried out using finite 
element analysis (FEA) with ANSYS Maxwell 3D 
and a fully parameterized ETA model. The resulting 
torque is mainly influenced by the air gap. As the 
actuator rotates, the air gap width 𝛿𝛿𝛿𝛿 is not even but 
V-shaped and, therefore, a function of areal position 
𝑥𝑥𝑥𝑥, 𝑦𝑦𝑦𝑦  and tilting angle  𝑞𝑞𝑞𝑞. 
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had to be set to a very low value to prevent inaccu-
rate results. 
For St37, the comparison between simulation and 
measurement results with ℎ = 20  µμm shows a 
good accordance. But the next section shows in 
detail, that this comparison for one fixed roughness 
residual is not substantial as the actuator air gap 
changes for higher torques significantly.  

 
Fig. 5. Comparison between simulation and  
measurement for core materials St37 and Vf50 

Test Series on Multiple Identical ETAs 

For the ideal case, measurements on different ETAs 
should result in torque values which differ only 
slightly in a small range. But holding torque meas-
urements taken on ten different actuators on both 
sides (left/right) of the same design and construction 
showed a significant variation among each of them. 
Fig. 6 illustrates the variation of holding torque for a 
St37 core with two different holding currents 
(1 A/2 A per coil). Directly after the first strike open 
(T1), the procedure was repeated to ensure reproduc-
ibility (T2). The results are sorted according to the 
lowest holding torque measured for 1A per coil. 

 

Fig. 6. Sorted minimal holding torque measurement 
results for several actuators with St 37 

The 1 A holding torques   differ between 1.29 Nm 
and 3.39 Nm around a mean value of 2.14 Nm. But 
the individual result of the 1 A measurement does 
not allow conclusions for the 2 A measurement. This 
becomes obvious at A1L, where ,  is second 
best but ,  is lowest. Here, furthermore, T1 and 

T2 differ about 0.74 Nm. This is a sign of defor-
mation of any moving part, as for example the joints. 
In Fig. 7, the same report type is presented for the 
Vf50 core. The current values were divided half into 
0.5 A and 1 A, as this already outmatches the high-
est St37 holding torque. A6L could not be measured 
due to problems with the coil. 

 
Fig. 7. Sorted minimal holding torque measurement 
results for several actuators with Vf50 

Obviously, the deviation is much higher compared 
to St37. For example, A2L (which was measured in 
Fig. 5.) does not even develop a significant holding 
torque at 0.5 A, but at 1 A it does. In contrast, A2R 
reaches the highest holding torque at 0.5 A with 
3.37 Nm, but at 1 A it develops only 0.6 Nm more 
torque. 
An aggregation of the main characteristic values of 
both measurements is given in Table 2. 

Table 2: Aggregation of holding torque results 

 0.5A 
Vf50 

1.0A 
St37 

1.0A 
Vf50 

2.0A 
St37 

Unit 

Mean value 1.59 2.14 3.40 3.65 Nm 
Maximum 
value 3.37 3.39 6.19 4.72 Nm 

Minimal 
value 0.04 1.29 2.10 2.55 Nm 

Relative 
deviation (+) +112 +58 +82 +32 % 

Relative 
deviation (-) -98 -40 -38 -29 % 

 
From this, the following conclusions can be drawn: 

1. With Vf50, the torque deviation is higher 
than at St37 cores, 

2. With higher currents, the deviations are re-
duced. 
 

Reasons for Deviation 

Generally, using a fixed current 𝐼𝐼𝐼𝐼 , the holding 
torque is determined by the effective air gap width. 
The air gap is mainly influenced by the proximity of 
the air gap’s core surfaces, meaning the residual air 
gap. For parallel surfaces, this effect was quantified 
in the simulations presented previously. 
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An Exploratory Study of the Retardation Ability of a 

Thomson Coil Actuator 
 
G. Engdahl, J. Magnusson 
KTH Royal Institute of Technology, Stockholm, Sweden 
A. Bissal, ABB Corporate Research, Västerås, Sweden 
M. Sparr, KTH Royal Institute of Technology, Stockholm, Sweden 
 
Abstract 
In mechanical switching devices for HVDC, a feasible actuator concept for maneuvering the galvanic contacts is 
the so-called Thomson coil actuator. By this concept, hundreds of km/s2 can be attained. To ensure reliability 
and operational endurance, an effective retardation mechanism is required. In this work, an exploration of the 
feasibility to also use the Thomson concept for the retardation of the contact movement was performed. A 
conclusion is that it is possible to attain a complete retardation down to a velocity in the vicinity of stand still. 
This, however, only is possible if the amplitude of the excitation of the retardation coil is matched appropriately 
to the velocity and position of the incoming moving mass. The work performed has been to numerically explore 
within which ranges of the excitation voltage and separation distance a feasible retardation can be obtained for a 
specific configuration of a Thomson coil actuator system. 
 
Keywords: Thomson Coil, Actuator, Retardation, Electromechanical, Contact, Electromagnetic 
 
 
Introduction

Thomson coil actuators have shown to be feasible 
for actuation of galvanic contacts in ultra-fast 
electromechanical electrical switches [1-2]. The 
option to use this actuator concept also for contact 
retardation has recently been proposed [3]. In this 
paper a more comprehensive study has been 
performed that investigates under which conditions 
an appropriate retardation of the contact system can 
be obtained. 
 
The concept 

A Thomson coil (TC) actuator comprises two parts, 
a primary coil and an armature. The coil is wound 
with a wire like a flat spiral. The armature in shape 
of a conducting disc is attached concentrically in 
near vicinity of the primary coil. A surge current in 
the coil induces, according to Lenz’ law, eddy 
currents in the opposite direction in the armature 
disc. The resulting current force according to Biot 
and Savart’s law then generates a huge repulsive 
force between the coil and the armature. The 
principle idea is to locate an armature between two 
coils designated as the acceleration coil and the 
retardation coil. This armature is mechanically 
connected via a push or pull rod to current carrying 
contacts. Once the incoming armature reaches the 
vicinity of the retardation coil, the retardation coil is 
excited to smoothly damp the velocity enabling a 
smooth landing. A smooth damping greatly extends 
the lifetime and reliability of such devices since 
large stresses due to collisions are avoided. 
 

The model 

The exploration was performed with the use of a 
Finite Element Method (FEM) model with a 
movable geometry. A detailed description of the 
model can be found in [4]. The resulting volume 
force Fem=j×B is integrated over the armature and 
inserted in Eq. 1 and Eq. 2. 
 

𝑭𝑭𝑭𝑭 ∙ 𝒏𝒏𝒏𝒏 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑚𝑚𝑚𝑚 𝒗𝒗𝒗𝒗 (1) 
 
𝑧𝑧𝑧𝑧 = 𝒗𝒗𝒗𝒗𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑     (2)
  
, where marm is the mass of the movable contact 
including the armature. 
This FEM-model constitutes a part of the electric 
excitation circuit according to Fig. 1. 
 

 
Fig. 1: The excitation circuit of the Thomson coil 
actuators. R1 is the inner resistance of the capacitor 
C. L1 and R3 are the resistance and inductance of 
the connection cables. The components within the 
box are modelled by the FEM-model. 
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C 6. 5

Miniaturisation Trends in Magnetic Gears 
 
G. Puchhammer, Karl Rejlek GmbH, Wien, Austria 
 
Abstract: 
Many mechatronic applications in industry could profit from the outstanding properties of magnetic gear boxes. 
Currently, there are few commercially available magnetic gear boxes for very small dimensions. Generally, two 
problems arise when miniaturising magnetic systems. The first is directly related to miniaturised magnets. There 
is a natural limit for downsizing them, which is affected by the physical size. The second problem relates to 
excessive loss in system torque when minimizing the dimensions of magnetic systems. In this paper, two ways 
to overcome these problems of miniaturisation are addressed. In both cases, Magnetic Wobbling Gears in Type-
C mode can make valuable contributions in overcoming these problems. High reduction ratios can be realized in 
one single gear stage, thereby using magnets that are big enough for handling and assembling purposes. New 
methods of torque-enhancing technology can allow for the generation of additional torque. 
 
Keywords: Magnetic Gear, Gear Box, Magnets, Magnetic Wobbling Gear, Torque Enhancing, Torque Density, 
Robustness, High Reduction Ratio 
 
Introduction 

Most of performance needs in applications for 
which actuators are needed are sufficiently covered 
by previously existing actuation principles. So, it is 
in actuators powered by motors in direct drive mode, 
or by motor-gearbox assemblies if higher output 
torque is required. These represent state-of-the-art 
solutions.  
Nevertheless, in cases where exceptional purposes 
are required, these well-established solutions can 
fail. Extreme robustness in electric powertrains for 
linear axes, extremely lightweight motor-gear units 
with ultra-high motor speeds, lubricant-free motor-
gear units operating in a vacuum, extremely precise 
positioning ability resulting from backlash-free 
motor-gear units, and many other cases for magnetic 
gears may allow challenging projects to be solved in 
industry. It is known that magnetic gearing is 
superior to all of these special purpose applications 
listed above. For magnetic gearing, the process of 
industrialisation only recently started. 
 
General Effects Induced by Miniaturization 

Miniaturizing a magnetic system usually entails 
miniaturization of all individual components within 
this system. Linear miniaturization can proceed with 
over-proportional nonlinear degradation of magnetic 
properties. This also applies to magnetic gears. Thus, 
each magnetic effect follows its own law. 
The manufacturing method of producing small 
strong magnets consisting of NdFeB or SmCo 
depends upon the required shape of these magnets. 
Because of the hardness of sintered magnetic 
material, special techniques such as wire cutting, 
grinding, or sawing with diamond-studded circular 
saw blades are commonly used techniques. 
Insufficient cooling during these processes can 
result in local heat generated defects, which may 
result in the degradation of the magnetic properties 

of these magnets. In the case of a defective magnet, 
new magnetization is recommended. 
The thickness of the surface coating of a magnets is 
driven by anti-corrosion requirements and the 
coating layer structure. Therefore, the coating 
thickness is independent of the magnet size and has 
a fixed height. The layer dimensions are very small 
compared with the magnet dimensions. Hence, the 
influence of coating in reducing the magnetic flux 
can be neglected. However, this does not hold if the 
physical dimensions of the magnets become smaller 
and smaller. The influence of the non-magnetic 
coating material that is applied on magnets with 
physical dimensions <1 mm can become an 
impediment. For example, the coating thickness for 
the most frequently used Ni-Cu-Ni coat measures 
~12 microns. When applied on a cubical shaped 
magnet with an edge length of 1 mm, a volume loss 
of magnetic material of 7% will result. Because the 
coating material is non-magnetic, it behaves like a 
magnetically non-conductive material, so it has the 
same magnetic flux generating poverty as an air gap. 
Reduction of the air gap dimension appears to have 
a positive contribution that enhances magnetic flux. 
Nevertheless, a contactless motion of all rotating 
parts that form the magnetic system needs to be 
guaranteed by the surrounding mechanical system. 
The maximum amount of radial tolerance of all 
single system components, such as bearings, 
magnets, and back iron, shall be less than the 
designed air gap. In electric machine design, the 
typical air gap dimension is taken considered to be 
the thousandth part of the diameter of the magnetic 
system. For small system dimensions, this well-
established recommendation appears to be far too 
low. In special cases in which manufacturing costs 
are of secondary importance, expensive manufac-
turing procedures can help to realize this small air 
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Longitudinal - Torsional Type Piezoelectric Actuator 

for the High Speed Rotational Motor 
 
Y. Yang, Nanjing University of Aeronautics and Astronautics, Nanjing, China  
D. Mazeika, Vilnius Gediminas Technical University, Vilnius, Lithuania 
P.Vasiljev, S. Borodinas 

Lithuanian University of Educational Sciences, Vilnius, Lithuania 
 
Abstract: 
A new ultrasonic compound type piezoelectric actuator for high speed unidirectional rotational type motor has 
been developed. Longitudinal-torsional hybrid vibrations are excited in the actuator in order to achieve large 
vibration velocities of the contacting points. Piezoelectric actuator consists of two metal hollow cylinders with 
different cross-section area, two piezoceramic rings and a special star type waveguide that is located at the node 
of longitudinal vibrations of the actuator. Single channel harmonic signal is used to excite the first longitudinal 
mode of the actuator. The second mode of torsional vibrations is obtained by employing curvilinear radial 
vibrations of the star type waveguide that operates as longitudinal vibration mode converter. First longitudinal 
mode of the star rods is induced by transverse deformations of the cylindrical parts of the actuator. Numerical 
investigation of the piezoelectric actuator was performed to analyse natural frequencies, modal shapes and 
actuator response to the harmonic excitation. Experimental prototype of the actuator was fabricated and 
operating principle of the actuator was validated. 
 
Keywords: Piezoelectric Actuator, Longitudinal - Torsional Vibration 
 
Introduction 

Piezoelectric actuators are widely used for different 
industrial, medical and life science applications [1, 2]. 
Piezoelectric actuators are capable of reaching high 
resolution and speed of the positioning object and 
possess many attractive features such as a short 
response time, a compact size, high force, and good 
controllability [3- 11]. Many design principles of the 
piezoelectric actuators are proposed up to date [1-6]. 
Summarizing it all, the following types of 
piezoelectric actuators can be specified: standing-
wave, traveling-wave, quasi-static, and multimode 
vibrations actuators [6]. Different designs of standing-
wave actuators are developed based on longitudinal 
vibrations of compound-type transducers. Usually, 
elliptical trajectory of the contact point is achieved by 
combining shifted phase vibrations of the actuators 
[7-8]. Multimode vibration actuators combine two 
different vibration modes of the actuator as for 
example longitudinal - bending or longitudinal – 
torsional. Elliptical motion of the contact point is 
achieved by superposing displacement of the contact 
point obtained from both vibration modes [8].  
There are several longitudinal-torsional vibration type 
piezoelectric actuators developed [1-4, 11]. The main 
advantage of these actuators is a possibility to achieve 
high vibration velocity of the contacting points and 
the large output torque. Longitudinal-torsional type 
piezoelectric actuator can be divided into two main 
types: multi-mode type and mode conversion type [2]. 
Multi-mode type actuators use two separate bunches 
of piezoceramic elements to excite longitudinal and 
torsional vibrations of the contacting point 

independently while mode conversion type actuators 
use just one bunch of piezoceramic elements and only 
longitudinal vibration mode are excited. Torsional 
vibration are induced employing longitudinal 
vibrations and a special mode converter [1-3]. Main 
disadvantage of the multi-mode type actuators is 
complex manufacturing process of the torsional 
piezoceramic pieces that are used for exciting the 
shear vibration of the stator, using d15 effect of the 
ceramic pieces. Disadvantage of the conversion type 
actuators is complex design of mode converter. 
Novel design of longitudinal-torsional type 
piezoelectric actuator is introduced in the paper. The 
main purpose of new actuator development was to 
achieve high velocities of the contacting points. 
Numerical modelling of the actuator was performed, 
and an experimental prototype was made. Results of 
numerical and experimental investigation are 
discussed. 
 
Design and operating principle 

A new ultrasonic compound type piezoelectric 
actuator was developed for high speed rotational type 
motor. Operating principle of the actuator combines 
both features of the longitudinal – torsional 
piezoelectric actuators mentioned in previous section. 
Proposed piezoelectric actuator consists of two metal 
hollow cylinders with different cross-section area, two 
piezoceramic rings and a special star type waveguide 
that is located at the node of longitudinal vibrations of 
the actuator between two piezoceramic rings. All 
parts are compacted by the fasting bolt (Fig 1). 
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P  2

The Investigation of Hollow Hemisphere-Shape 

Actuator 
 
P. Vasiljev1, R. Bareikis1,2, S. Borodinas1,2, A. Struckas1, J. Kasperoviciene3 
1 Lithuanian University of Educational Sciences, Vilnius, Lithuania 
2 Vilnius Gediminas Technical University, Vilnius, Lithuania 
3 Institute of Botany, Vilnius, Lithuania 
 
Abstract: 
In this paper we are investigating two possible excitation methods of how to simultaneously excite two vibration 
types – longitudinal and radial. The first method – is to glue the PZT element to a specifically prepared surface 
area of the hemisphere. The second way is to connect the hemisphere to a Langevin type longitudinal 
transducer. For both cases we did modeling to find eigen frequency as well as harmonic analysis in a lower 
ultrasonic frequency range (20-30kHz). Impedance-frequency characteristic and mechanical vibration 
amplitudes are measured around resonant frequency. Comparative tests for both systems are performed using 
proposed actuators for algae ultra-sonication for bio-fuel production. We have determined the relation of 
longitudinal and radial waves that are traveling from the excitation source to a hemisphere opposite end. The 
prototypes of proposed systems are designed and manufactured. Comparative algae destruction results are 
obtained. 
 
Keywords: Bio-Fuel, Ultrasonic Reactor, Algae
 
Introduction
Bio fuel made from algae is so called zero balance 
fuel. Because the same amount of CO2 produced is 
recuperated by algae during new grow cycle. Algae 
are more efficient in comparison with crops. 
Nowadays world is facing energy crisis along with 
food crisis. The crops are grown on valuable 
farmlands that could produce food instead of soya, 
corn, wheat, palm, etc. In this case algae production is 
more efficient because it can be grown in salted or 
contaminated water. During past few decades when 
the boom of crop fuel production was at its peak the 
farmers started to destroy rainforests to obtain more 
land suitable for crop grow.  
In the early 90’s in the US one liter of bio fuel 
produced from algal oil was about 6$. Today it is 
about 3$, however it is still more than fossil fuels cost 
[1, 2]. It is necessary to take some actions in different 
bio fuel production stages to reduce the cost. Bio fuel 
made from algae cannot be counted as an alternative 
source of energy, but as an additional source. Energy 
consumption demands increasing each year so the so 
called alternative or renewable energy sources cannot 
fully replace classic energy sources, but only can 
slow down oil extraction volume. Today bio fuels are 
twice expensive comparing with fossil fuels. It is 
necessary to take some actions in different bio fuel 
production stages to make process more efficient and 
thus reduce the overall cost.  
In this paper we are presenting an ultrasonic system 
for process intensification in liquids, in particular 
for algae disruption. Ultra sonication is not a new 
method [3, 4] for that purpose however the system 
design can be crucial in achieving such a goal [5, 6]. 
 

Design 

The construction of proposed system is based on a 
half of hollow hemisphere. The excitation is coming 
from radial side and the active end is the edge of a 
hemisphere. The benefits of such design are largely 
increased surface vibration area, while the amplitude 
is still good for the job. The hollow hemisphere 
(dome) is also known in architecture as a way to 
distribute load. Here using resonant geometry of 
hemisphere we achieve a significant vibration area 
increment. General view of a tool is presented at 
Fig. 1, where longitudinal vibration is irradiated to a 
medium from green area, external radial from blue 
and internal radial from purple.  
 

 
 
Fig. 1: General view of proposed tool 
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P  3

Piezoelectric Nonlinearity and its Temperature 

Dependency Under High Power Driving 
 
S. Miyake, T. Morita 
The University of Tokyo, Kashiwa-shi, Japan 
 
Abstract: 
Piezoelectric transducers are used in various devices and they are driven under high power condition. Nonlinear 
effects such as “jumping phenomena” in current, hysteresis of admittance curve and temperature rise of 
piezoelectric transducer under high power driving are well-known; however, they cannot be simulated by a 
traditional piezoelectric equivalent circuit because it is based on only a linear piezoelectric effect. For FEM 
simulation for designing piezoelectric devices, the nonlinear effect must be clarified. Our research group has 
already succeeded in simulating nonlinear effects without temperature rise; however, in the actual operation, 
temperature distribution is inevitable in the piezoelectric transducer due to mechanical dumping and dielectric 
loss. In this research, we measured the change of the material constants of piezoelectric transducer as a function 
of temperature. Based on these parameters, a transfer matrix model for piezoelectric vibration under high power 
driving was established. 
 
Keywords: Piezoelectric Device, High Power Characteristic, Nonlinearity, Temperature Rise 
 
1. Introduction 

When the piezoelectric transducers are driven under 
high power condition, nonlinear effect such as 
jumping phenomena of current or/and hysteresis of 
admittance appears. These phenomena are problem 
in a design of piezoelectric devices because it is 
difficult to simulate them. Our research group has 
already formulated these phenomena under room 
temperature [1]. However, in the actual driving, 
temperature distribution is inevitable in the 
transducer due to mechanical and dielectric loss and 
material constants change due to the temperature 
increase. In the previous research, a LCR equivalent 
circuit was used and the piezoelectric vibration was 
calculated with a lumped parameter system. This 
method is simple and convenient, although, it can be 
valid only uniform temperature condition. 
  In this research, we measured the temperature 
dependency of the material constants including the 
nonlinear parameters and established transfer matrix 
model to consider the nonlinear vibration as a 
distributed parameter system. Using the transfer 
matrix model and considering the change of material 
constants due to temperature increase, we succeeded 
in simulating the piezoelectric vibration under high 
power driving. 
 
2. Nonlinearity 

The relationship between voltage 𝑉𝑉𝑉𝑉 and current 𝑖𝑖𝑖𝑖 in 
the mechanical part of piezoelectric LCR equivalent 
circuit is given as equation (1): 

	 𝐿𝐿𝐿𝐿
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
+ 𝑅𝑅𝑅𝑅 𝑖𝑖𝑖𝑖 +

1
𝐶𝐶𝐶𝐶

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑉𝑉𝑉𝑉	 (1) 	 

where 𝐿𝐿𝐿𝐿, 𝑅𝑅𝑅𝑅 and 𝐶𝐶𝐶𝐶  are equivalent mass, equivalent 
dumping and equivalent elastic constant. Under high 
power condition, the relationship is written as 

equation (2) [1]: 

𝐿𝐿𝐿𝐿
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
+ 𝑅𝑅𝑅𝑅 𝑖𝑖𝑖𝑖 + 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖 +

1
𝐶𝐶𝐶𝐶

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝜉𝜉𝜉𝜉𝜔𝜔𝜔𝜔 ( 𝑖𝑖𝑖𝑖 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) = 𝑉𝑉𝑉𝑉	 (2) 	 

where 𝜔𝜔𝜔𝜔  is driving angular frequency; 𝜉𝜉𝜉𝜉  and 𝜂𝜂𝜂𝜂  are 
nonlinear coefficients which are related to the 
mechanical third mode vibration excited by high 
stress. Nonlinear coefficient 𝜉𝜉𝜉𝜉 and 𝜂𝜂𝜂𝜂 are considered 
under lumped parameter system [1]. In this research, 
we considered the temperature distribution of the 
piezoelectric transducer with distributed parameter 
system. Accordingly, we introduce a nonlinear 
coefficient 𝐸𝐸𝐸𝐸 into the equation between stress 𝑇𝑇𝑇𝑇 , 
strain  and Young’s modulus 𝐸𝐸𝐸𝐸  as equation (3): 

	 𝑇𝑇𝑇𝑇 = 𝐸𝐸𝐸𝐸
𝜕𝜕𝜕𝜕𝑢𝑢𝑢𝑢
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝐸𝐸𝐸𝐸
𝜕𝜕𝜕𝜕𝑢𝑢𝑢𝑢
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

	 (3) 	 

where 𝑥𝑥𝑥𝑥  is longitudinal position and 𝑢𝑢𝑢𝑢  is 
displacement. 𝐸𝐸𝐸𝐸  and 𝐸𝐸𝐸𝐸  are complex number. 
 
3. Temperature distribution 

Heat generation due to the mechanical vibration loss 
per unit time is given as equation (4): 

	 𝑞𝑞𝑞𝑞 𝑥𝑥𝑥𝑥 =
1
2
𝑤𝑤𝑤𝑤ℎ𝐸𝐸𝐸𝐸
𝜔𝜔𝜔𝜔

𝜕𝜕𝜕𝜕𝑣𝑣𝑣𝑣
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+
3
8
𝑤𝑤𝑤𝑤ℎ𝐸𝐸𝐸𝐸
𝜔𝜔𝜔𝜔

𝜕𝜕𝜕𝜕𝑣𝑣𝑣𝑣
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

	 (4) 	 

where 𝑤𝑤𝑤𝑤, ℎ are width, height of transducer, 𝐸𝐸𝐸𝐸 , 𝐸𝐸𝐸𝐸  
are imaginary part of 𝐸𝐸𝐸𝐸 , 𝐸𝐸𝐸𝐸 . Large amount of heat 
are generated at the center of the transducer because 
of the largest . Figure 1 is the measured 
temperature distribution in the piezoelectric 
transducer driven under high power condition. 
Since the material constants change as temperature 
increase, we measured the material constants of 
piezoelectric transducer under uniformly raised 
temperature condition. 
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P  4

Barium Titanate Thick Film Deposited by 

Ultrasonic-Assisted Hydrothermal Method 
 
R. Takayama, T. Morita 
The University of Tokyo, Kashiwa-shi, Japan 
 
Abstract: 
In general, lead zirconate titanate (Pb(Zr,Ti)O3, PZT) is practically used for the piezoelectric devices because of 
its excellent piezoelectric properties. However, its environmental load has become a problem since the PZT 
contains large amount of lead. Based on this background, a barium titanate (BaTiO3, BT) was synthesized on a 
titanium substrate by an ultrasonic-assisted hydrothermal synthesis in this study. This method utilizes the strong 
ultrasonic irradiation during the hydrothermal synthesis to enhance the thickness of the thin films as reported in 
the case of PZT and potassium niobate. As we expected, the thickness of the barium titanate film was increased 
from 1.0 µm to 4.0 µm by the ultrasonic assist. In addition, the purity of barium titanate was improved with the 
ultrasonic irradiation. The ferroelectricity and piezoelectricity of the barium titanate thin film was confirmed by 
the DE hysteresis loop measurement and by the piezoelectric force microsopy (PFM) observation. 
 
Keywords: Barium Titanate, Hydrothermal Method, Ultrasonic Assist 
 
Introduction 

The piezoelectric material has been applied to 
various sensors and actuators. In such piezoelectric 
devices, lead zirconate titanate (PZT) is mainly used 
because of its high piezoelectricity. However, PZT 
should be replaced to the environmental friendly 
materials because PZT contains lead. Especially, in 
the case of micro sensors, actuators and energy 
harvester devices, thick piezoelectric films are 
required. 
Among various lead-free piezoelectric films, we 
examined a barium titanate thick film deposited with 
an ultrasonic-assisted hydrothermal method. In this 
method, the chemical reaction is promoted by the 
cavitation generated by the ultrasonic irradiation. 
Thus, as compared to the conventional hydrothermal 
synthesis method without ultrasonic assist, it was 
confirmed the thickness is increased to 2.7 times (in 
case of PZT) [1] and 5.2 times (in case of potassium 
niobate) [2]. However, the reaction temperature is 
relatively high, 240 degrees for potassium niobate, 
which is severe for a Langevin type transducer for 
applying ultrasonic irradiation.  
 
Hydrothermal Synthesis 

The hydrothermal method is a simple method, just 
putting a substrate into a chemical solution in a 
pressure vessel as shown in Fig. 1, and keeping the 
reaction temperature. One of the advantages is its 
low reaction temperature below 250 degrees, while 
other methods, such as sol gel method and 
sputtering method, require the crystallization 
process above 600 degrees. Especially, in the case 
of the barium titanate deposition, the hydrothermal 
reaction temperature can be reduced to be only 90 
degrees Celsius as reported in [3]. The other 
advantage is a high-quality of the film because of 

little contamination from outside. The film thickness 
is a few micrometers, that is much larger than that 
deposited with conventional methods. 
However, such thickness is insufficient and more 
than 10 µm is required for the practical devices. A. 
T. Chien reported that the barium titanate thickness 
was only 200nm for 30 hours reaction time in the 
previous studies [3]. In this study, we examined to 
increase this thickness by applying high-power 
ultrasonics. 
 

 
Fig. 1: The pressure vessel for hydrothermal 
method 
 
Ultrasonic-assisted Hydrothermal Synthesis 

In this study, a barium titanate film was deposited 
by the ultrasonic-assisted hydrothermal synthesis [1, 
2, 4, 5] to increase the film thickness. For the 
ultrasonic irradiation, the Langevin transducer as 
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P  5

Full Characterisation of PZT Actuators in Quasi-

Static, Large Signal Operation at Elevated 

Temperature  
 
C. Mangeot, B. Andersen 
Noliac A/S, Kvistgaard, Denmark 
 
Abstract: 
Optimising a piezo-based application over a wide temperature range can be challenging. Currently the main 
obstacle is that multilayer actuators are not sufficiently characterised in temperature. To some extent, this is due 
to the lack of practical standards in this field. In this paper, a method is proposed to characterise the operating 
envelope of actuators over temperature. The approach is based on a series of simple measurements: dimensions, 
free displacement, stiffness and electrical measurements. The method was applied on multilayer actuators made 
of two different materials: one hard-doped PZT ceramic (NCE46) and one soft-doped (NCE51). Experimental 
results are presented, highlighting how the specification of a product evolves with temperature and providing a 
powerful tool for designers to verify and optimise their application. 
 
Keywords: Piezoelectric, Multilayer, Actuator, Temperature 
 
Introduction 

Quasi-static multilayer piezoelectric actuators are 
finding more and more applications, for example in 
the field of aerospace [1], however their properties 
are still not fully characterised, in particular at high 
temperature.  
The present work is performed within the project 
AeroPZT, specifically funded under the Clean Sky 
Joint Technology Initiative (EU FP7). The project 
partners, TWI Ltd. (UK), Cedrat Technologies 
(France), Noliac (Denmark) and Politecnico di 
Torino (Italy) are targeting the development of 
materials and processes for the application of 
piezoelectric materials in aero engine controls, 
which implies harsh environmental conditions, 
particularly elevated temperature. 
Some literature is available on large signal stress-
strain behaviour [2-5], however these studies are 
often incomplete and difficult for end-users to 
exploit. This is in part due to the lack of standards in 
the field. 
 
Available standards 

Currently available international standards focus 
mostly on material properties and small-signal 
measurements. Standards addressing large signals 
such as [6] still focus on transducers, not actuators, 
so both the parameters and methods of measurement 
are difficult to transpose. 
[7] introduces the effect of temperature as a single 
slope coefficient as illustrated on Fig. 1. The 
standard recognises the presence of a sort of thermal 
hysteresis which makes the characterisation more 
difficult. 
[8] introduces a series of linear coefficients, as 
defined in Eq. (1). T(n) is defined as the nth-order 

temperature coefficient of the quantity q at the 
reference temperature θ0. 
 

𝑇𝑇𝑇𝑇 𝑞𝑞𝑞𝑞 =
!

 (1) 

 

 
 
Fig. 1: Temperature dependency of a characteristic 
quantity according to [7] 
 
Although these two approaches can be relevant for 
transducers, they are not practical for quasi-static 
actuators. Furthermore, standards focus mostly on 
material properties, while these do not necessarily 
reflect the behaviour of multilayer actuators for 
several reasons: 
• Multilayer actuators are operated under high 

electrical field, causing significant non-linearity, 
while material properties are usually measured 
under low field excitation. 

• The end-user is often unaware of the internal 
construction of multilayer actuators, i.e. number 
and thickness of the active ceramic layers. 
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P  6

Reliability Enhancement Through the Use of Fusing 

Technique  
 
C. Mangeot, Noliac A/S, Kvistgaard, Denmark 
 
Abstract: 
Fusing is sometimes used for Multilayer Ceramic Capacitors in order to improve their tolerance to cracking, 
particularly under external stress. The approach can be applied to stacked “chip” multilayer actuators, where a 
fuse effectively allows further operation after one or more individual failures. Statistical analysis indicates that 
the probability of failure is greatly reduced. Experimentation confirmed the enhanced lifetime and independence 
of the failures with limited impact on the operational envelope of the actuators. 
 
Keywords: Piezoelectric, Multilayer, Actuator, Fuse, Reliability 
 
Introduction 

Multilayer piezoelectric actuators are massively 
parallel capacitive devices, containing thousands of 
layers. If a short circuit occurs at any point through 
a layer, the whole device will not be able to hold an 
electrical field, therefore it will not be usable. Being 
mostly capacitive, multilayer piezo actuators share 
some similarities with multilayer ceramic capacitors 
(MLCC). In MLCC, a major reliability concern is 
crack propagation due to stress induced by 
deformation of the PCB substrate [1]. On standard 
MLCC, a crack will reduce the dielectric strength of 
the device, leading to internal arcing and ultimately 
failure in short-circuit. More advanced designs 
address this issue through different methods: 
increase of the electrode margins in order to locate 
the crack in inactive material (Open Mode Design); 
floating electrodes, i.e. effectively putting several 
capacitors in series; compliant termination in order 
to reduce the induced stress [2]; fusing [3]. 
Unfortunately, many of the usual approaches used in 
MLCC are not applicable to piezo actuators, for 
which they would cause a drop in performance or an 
increase of the required voltage. The fusing 
technique has however been proposed for 
piezoelectric actuators in the past [4], but without 
any known commercial application. 
 
Analysis of failure modes 

Manufacturers usually consider two different 
operating conditions for PZT multilayer actuators: 
DC and AC.  
In DC operation, the actuator is submitted to a 
constant electrical field, leading to electro-chemical 
degradation. The most likely failure mode in this 
case is a loss of dielectric insulation, leading to 
short-circuit. This phenomenon is accelerated by the 
presence of humidity or contaminants [5]. 
In AC operation, the electro-chemical effects are 
greatly reduced. On the other hand, the structure is 
submitted to mechanical fatigue. In these conditions, 
several publications reported crack propagation at 

the interface between ceramic and internal 
electrodes [6, 7]. When this problem is avoided, it is 
common to see the first failure appear at the 
electrical interconnect, typically at the interface 
between the ceramic and the interconnection system 
(see Fig. 1). This type of failure is usually not 
detected, so operation of the actuator continues in 
degraded conditions. The intermittent contact and 
sparking under high voltage leads to dynamic 
loading and further degradation, such that the usual 
way the failure is observed is through short-circuit. 
 

 
 
Fig. 1: Loss of contact after 109 cycles at 150°C 
(contact lifted from surface to highlight the defect) 
 
In any case, the amplitude of the electrical field and 
temperature are major factors defining the reliability 
of piezoelectric devices [8, 9]. 
In addition to these failure modes, experience shows 
that external factors play a major role in the 
reliability of piezoelectric actuators. Uneven loading, 
dynamic stresses and contamination are some 
possible root causes. Although these causes are 
different from the ones observed on MLCC, in 
general for all those cases, the failure will manifest 
itself as an electrical short. 
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The fusing technique protects effectively against the 
most common failure mode, short-circuit. It cannot 
ensure the mechanical integrity of the actuator, i.e. 
failure modes involving the loss of structural 
integrity. However this type of failure mode is less 
likely as it requires extremely high stress levels. 
 
Conclusions 

The fusing approach is applicable to multilayer 
piezoelectric stacks, particularly those made by 
stacking “chips”. It can provide benefits for stacks 
of a certain size, for which the function is not 
affected by the loss of one or two elements. 
Statistical analysis indicates that the MTTF of the 
system can be improved significantly, particularly if 
the failure rate of single elements follows a Weibull 
repartition with a low modulus (k coefficient). 
The designer can also choose to “trade” this gain in 
reliability against performance by increasing the 
stress levels on the actuator. 
Experimental results confirm that a fused stack can 
continue to operate even after multiple failures and 
that the failures are independent. 
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Resonance Frequency Tracking for Piezoelectric 

Devices 
 
S. Safour, Y. Bernard 
GeePs, UMR CNRS 8507, CentraleSupélec, Université Paris Sud, Université Paris-Saclay, Sorbonne 
Universités, UPMC Université Paris 06, Gif-sur-Yvette, France 
 
Abstract: 
This paper presents experimental and numerical study of the effect of the environment on the frequency response 
of a piezoelectric device. The intent is to highlight the key elements to be taken into consideration when selecting 
or designing a resonance frequency tracking system. The studied specimen is a ring shaped PZT based material. 
Measurements in free vibration conditions using a frequency response analyser are done to investigate the effect of 
the applied voltage amplitude (DC and AC) and the material temperature on its frequency response. The material is 
then placed within a structure made of steel and polytetrafluoroethylene (PTFE) parts. Mechanical stress is applied 
using a compression machine to the structure, and its effect on the frequency response is measured. A finite 
element based model is introduced in order to explain the observed stress-effect. At the end a resonance frequency 
tracking system based on the zero phase angle control is discussed. 
 
Keywords: Piezoelectric Device, Frequency Response, Resonance, Temperature, Mechanical Stress, Voltage 
Amplitude. 
 
I. Introduction 

Piezoelectric devices are widely used in actuation, 
Ultrasonic motors, Langevin transducers or dental 
instruments are good examples. Polycrystalline 
piezoelectric materials are the most used in such 
devices; they have good piezoelectric characteristics 
and could be easily modelled to any shape. The 
device is excited at frequency corresponding to a 
vibration mode that has the required deformation 
shape for the application. Such devices operate at the 
mechanical resonance frequency or near it in order to 
achieve the maximum performance [1, 2]. As will be 
shown in the next section, the frequency response of 
such devices is strongly environment dependent, 
therefore a variation of the mechanical stress, the 
temperature or the electrical field might lead to their 
resonance frequency variation. The device wear 
might also have an effect on the resonance frequency. 
When the piezoelectric device is supplied with a fixed 
frequency voltage its performance decreases under 
the effect of those environment factors. 
In order to keep the system operating at their 
maximum performance point, methods for tracking 
the resonance frequency are proposed [3, 4, 5, 6], the 
oscillator and the phase-locked loop circuits have 
been the most utilized. The effectiveness of such 
methods is highly dependent on the environment on 
which the device will operates (e.g. controlled 
temperature, shielded environment) 
 
 
 
 
 
 

 
II. Environment effect on piezoelectric device 

Measurement setup 

The studied specimen is made of polycrystalline 
hard PZT material (NCE 41) from Noliac with a 
ring shape (see Fig. 1).  

 

 
Fig. 1: Piezoelectric specimen (OD : 35mm, ID : 15, 
TH : 6.35 mm) 

Wires were soldered on the top-electrodes. The 
formed soldering spot may introduce spurious 
vibration modes. The specimen is placed on foam to 
simulate a free vibration conditions. 

Fig. 2: Measurement setup 
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A frequency response analyser (PSM 3750) is 
utilized to generate an AC voltage which fed a 
power amplifier (NF HSA 4101) that supplies the 
specimen. The current through the piezoelectric 
specimen is measured using a high sensitivity 
current probe (Fig.2). The voltage is measured 
directly by the frequency response analyser. 
 

Voltage amplitude variation effect 

In real operating conditions, the electric field 
(voltage) amplitude variation might be due to a 
fluctuation on the power supply grid, an ageing of 
the electronic components or a simple disturbance. 
To investigate this effect, the specimen is fed with 
variable AC voltage amplitude while the DC 
component is kept to zero. 

 

 
Fig. 3: AC electric field amplitude variation effect 

The frequency response (Fig. 3) shows a main 
vibration mode with a resonance frequency around 
170.2 kHz and few spurious vibration modes in the 
frequency range 165-168 kHz. When increasing the 
voltage amplitude the resonance frequency shifts to 
lower values. The jump phenomenon appears on the 
frequency response leading to a discontinuity on the 
magnitude and the phase. The frequency sweep 
direction has also an effect, frequency hysteresis is 
observed when increasing and decreasing the 
frequency. 

Unlike the AC electric field amplitude, the static 
component seems not to have an effect on the 
frequency response of the specimen up to ~8kV/m 
(Fig. 4). The resonance frequency seems to shift to 
the left in comparison to Fig. 3, this might be due to 
temperature since the measurements were done after 
heating the material up to 200 °C. 

 

 

 

 
Fig. 4: DC electric field amplitude variation effect 
(Eac=0.08 kV/m) 
 
Temperature variation effect 

The temperature variation of the piezoelectric 
devices might be due to the high-power driving or to 
the environment of the application (e.g. vehicle 
engine). In this experimental test, the material was 
heated using a hot air blower. The temperature was 
measured using an infrared thermometer. The setup 
does not allow a homogenous temperature 
distribution in the piezoelectric specimen. The 
temperature values or intervals on the figure are 
provided as guidelines only. 

 

 
Fig. 5: Temperature variation effect (Eac=0.08 kV/m, 
Edc=0 kV/m) 

Figure 5 shows that increasing the material 
temperature leads to resonance frequency shift and 
decreasing of the quality factor. The spurious modes 
are also shifted and damped with temperature. 
 
Mechanical stress variation effect 

The variation of the mechanical stress might be due 
to a change of the operating conditions, structure 
ageing or simply an external disturbance. The 
analysed structure is shown in Fig. 6 
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Fig. 12: Zero phase angle robust control block diagram 
 
In order to achieve the resonance frequency tracking, 
zero phase angle robust control is investigated. The 
control should ensure the compensation of the 
model parameters uncertainties and the rejection of 
the disturbance. A high level bloc diagram is given 
in Figure 12, the current through the piezoelectric 
specimen and voltage across it are measured and the 
phase angle is calculated.The command signal is 
calculate by the controller based on the phase error 
and sent to a periodic waveform generator (e.g. 
Voltage Controlled Oscillator or Direct Digital 
Synthesizer). The generated periodic signal has a 
frequency proportional to the command signal.  
Work is ongoing to compare the performance of a 
classical controller and a robust controller for 
resonance frequency tracking system operating in 
harsh environment. 
 
IV. Conclusion 

The effects of environmental factors on a 
piezoelectric device were investigated. The 
amplitude of the AC electric field, the temperature 
and the mechanical stress have a significant impact. 
The frequency response shows a hysteresis 
phenomenon with the increasing of the AC electric 
field amplitude. This amplitude could be stabilized 
with an appropriate automatic gain control. The 
Curie temperature of the tested material is 284°C, 
material with higher Curie temperature and stable 
performance up to a temperature close to the Curie 
one could be found [7].  
A robust zero phase control could be an appropriate 
method to ensure the resonance frequency tracking 
under the influence of those environmental factors 
with less constraint on the devices design and the 
voltage amplitude control. 
The design of a classical analogue PLL and a digital 
zero phase robust controller is ongoing. The 
obtained performance will be compared. 
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Nanometric Linear Piezo-Actuator with Integrated 

Strain Gages for High Stability Positioning 
 
T. Porchez, F. Barillot, C. Belly 
Cedrat Technologies SA, Meylan, France 
 
Abstract: 
Many applications require a mechanism capable of nanometric resolution position tuning, and with the ability to 
maintain perfectly this position for a long time (more than several days). For those applications, piezo-actuators 
are a perfect fit since they easily provide nanometric resolution. However, they require the use of a position 
sensor to be able to maintain stable position over time. Until now, the long-term stability of strain gages (SG) 
for position measurement was questionable. Using its extensive know-how of strain gages integration and new 
instrumentation equipment, Cedrat Technologies has managed to demonstrate the ability of a piezo-mechanism 
with integrated strain gages sensors to achieve nanometric position stability. This technology opens new 
possibilities for industrial, aeronautical, and space applications.  
 
Keywords: Piezo, Strain Gages, Nanometer, Stability, Space 
 
Introduction 

In most applications, compactness and cost are 
important issues. This is even truer for space 
applications. Piezo-mechanisms offer a compact 
solution, with high resolution, long lifetime, and 
high reliability. The major drawback is that those 
actuators suffer non linearities, such as hysteresis 
and creep effect, requiring closed-loop control with 
position sensor. Cedrat Technologies has experience 
with integrated Strain Gages (SG) sensors to 
linearise the position of its piezo-mechanisms, in 
order to obtain fine precision and stability. The SG 
technology has space heritage, since it is already 
used in Rosetta [2] and selected for other space 
programs [1]. Contactless sensors such as capacitive 
or eddy current position sensors are well known as 
accurate sensors, but their volume and cost are major 
drawbacks, especially for multi-axis systems.  
 
This paper presents a new space compliant 
PPA40M-SG-based push-pull mechanism (see Fig. 
1), called “NLA” for Nanometric Linear Actuator. 
This actuator is equipped with strain-gages that 
allow high precision position sensing and closed 
loop control. This mechanism has been tested to 
demonstrate that it is possible to achieve nanometric 
precision and long term stability. 
 
Space compliant piezo-mechanism with 
integrated SG sensors 

The mechanism is based on PPA40M actuators 
mounted in a push-pull configuration (Fig. 1). The 
push-pull configuration consists in two actuators 
moving simultaneously in opposite directions, when 
one is pulling, the other one is pushing. The two 
actuators are integrated in a mechanism whose 
kinematics takes advantage of this opposite motion. 
This mechanical topology has the advantage to 

reduce some parasitic effects and to sum the stroke 
of both actuators. This mechanism was designed for 
a space application requiring a high precision and 
long-term stability. The design was made in 
compliance with the ECSS. Redundancy of the 
actuation is achieved by using two independent 
ceramics per actuator, resulting in a primary and a 
secondary actuation channel. This means that the 
mechanism features four ceramics to cope with 
redundancy. The total stroke of the mechanism with 
both channels activated is around 80µm, giving 
40µm of stroke in cold redundancy. The mechanism 
was modeled and simulated to justify that it can 
withstand the environmental constraints (vibrations 
and shocks), since a space application is targeted. 
 

 
Fig. 1: View of NLA. 
 
From the electrical point of view, the push-pull 
configuration requires a specific electrical 
configuration for driving the ceramics. The ceramics 
are connected in serial, so that there are three 
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Design and Optimization of a Piezo-Actuated 

Flapping Wing Mechanism for Micro Air Vehicles 
 
Y. Peng, J. Cao, L. Liu 
National University of Singapore, Singapore 
J. Wang, Zhejiang University, Hangzhou, China 
H. Yu, National University of Singapore, Singapore 
 
Abstract: 
This paper presents a novel a piezo-actuated flapping wing mechanism for micro air vehicles (MAVs). The 
flapping wing mechanism is composed of a piezo-actuated linear actuator and a crank-slider mechanism. The 
linear actuator, which consists of a piezoelectric element and a permanent magnet, is connected to the crank-
slider mechanism and serves as a slider of the mechanism. Based on the principle of impact friction drive, the 
linear actuator can move a reciprocating linear motion with a long travel range, which can be directly converted 
to a flapping motion via the crank-slider mechanism. Compared with conventional flapping wing micro air 
vehicles driven by a rotary motor, no gearbox is needed in our design. Therefore, the proposed flapping wing 
mechanism can be made with small volume and light weight. The experimental results confirm that the designed 
flapping wing mechanism can obtain a continuous flapping motion by moving the linear actuator reciprocatingly. 
 
Keywords: Piezoelectric, Linear Actuator, Impact Friction Drive, Flapping Wing, Micro Air Vehicle 
 
Introduction 

A flapping wing MAV (FWMAV) is a centimeter 
scale flying robot that mimics natural birds and 
insects [1-3]. FWMAVs can provide real-time 
intelligence, surveillance and reconnaissance (ISR) 
in confined spaces such as urban canyons, caves and 
indoors. To achieve such tasks, FWMAVs must be 
optimized for minimal weight and maximal lift.  
The components most responsible for size and 
weight of FWMAVs are the actuators and related 
components [2, 3]. Actuators for FWMAVs 
currently fall into two major categories, rotary and 
linear [3]. The most popular rotary actuators used in 
FWMAVs to date are DC electric motors. However, 
FWMAVs of this type require gearboxes to reduce 
the motor speed to an appropriate level, which limits 
further reduction in scale for FWMAVs. On the 
other hand, linear actuators are thought to be a good 
choice for small-sized FWMAVs owing to no 
gearbox and simple construction. Electroactive 
polymers (EAP) can be made on the micro-scale 
however they require large voltages (over 1000 V) 
and the power electronics for generating such a large 
voltage from a 5 V battery are large and heavy. 
Shape memory alloy (SMA) is another choice for 
this type but their low bandwidth makes them a less 
than ideal choice. Piezoelectric ceramics (PZTs) are 
one of the most efficient and energy dense actuation 
methods available, but still have the demerits of the 
stroke limitation. 
The paper introduces a novel flapping wing 
mechanism driven by a piezo-actuated linear 
actuator. Based on the principle of impact drive 
mechanism (IDM) [4-6], the linear actuator can 
move a reciprocating linear motion with a long 

travel range, which can be directly converted to a 
flapping motion via the crank-slider mechanism. 
Due to optimized geometry dimensions and the 
structure of the flapping wing mechanism, MAV can 
be made with small volume as well as a relatively 
large flapping frequency. 
 
Design and optimization of the MAV flapping 
wing mechanism 

Figure 1 shows a simplified model of the insect flight 
mechanism. The mechanism can be likened to a 
simple four-bar linkage. FWMAVs driven by rotary 
actuator always use a crank-rocker mechanism to 
transform the rotary motion into a reciprocating 
flapping motion. However, additional gearboxes are 
required to reduce the speed of the rotary actuator, 
which increases the volume and weight of the system. 
On the other hand, linear actuators are thought to be a 
better choice for small-sized FWMAVs owing to no 
gearbox and simple construction. The linear actuator 
is employed as a slider to generate reciprocating 
linear motion, which mimics the contraction and 
relaxation of insect muscles. In this case, a crank-
slider mechanism is employed to mimic wing rotation 
at the wing hinge of the insect. 
Figure 2 shows the schematic design of the flapping 
wing mechanism with a crank-slider mechanism. A 
linear actuator can be employed as the slider to move 
a reciprocating linear motion, which can be converted 
to a flapping motion via the crank-slider mechanism. 
To improve the performance of the flapping wing 
mechanism, the flapping frequency should be high 
and the driving force of linear actuator should be large. 
Therefore, optimization of the mechanism was carried 
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Effective Vibration Mode of Ultrasonic Transducers 

for Low Flow Rate Spraying 
 
S. Ofuji, S. Tsuyuki, T. Kanda, S. Miyake 
Okayama University, Okayama, Japan 
S. Kawasaki, National Institute of Advanced Industrial Science and Technology, Sendai-shi, Japan 
 
Abstract: 
In this study, we have fabricated ultrasonic transducers for low flow rate spraying and evaluated an effect of a 
vibration to atomization using the Weber number. Three types of transducers which have different vibrational 
mode have been compared. Those vibrational modes are flexural, torsional, and longitudinal modes. A surface 
tension which is one of parameters of the Weber number was changed by the ultrasonic vibration. To evaluate the 
performance of the spraying device, we observed the spray angle and the atomization state. When a water was 
sprayed, the spray angle of the flexural transducer was the largest. In addition, the flexural vibration was also 
effective for the spraying of ethylene glycol. As a result, the flexural vibration is suitable for low flow rate spraying. 
 
Keywords: Low Flow Rate Spray, Transducer, Piezoelectric Element, Atomization 
 
Introduction 

In various industrial fields, a spraying of coating 
materials at a low flow rate is required. It is expected 
to improve the coating quality and to reduce the 
emission of volatile organic compounds [1-2]. 
When the flow rate is low, the pressure applied to 
coating materials should be low. Therefore, it is 
difficult to spray coating materials at a low flow rate 
using air pressure spraying device. An ultrasonic 
vibration is effective to atomize materials when the 
flow rate is low.  
In general, the atomization state is dominated by the 
Weber number. The Weber number is represented 
by the ratio of the inertial force to the surface 
tension. The surface tension is changed by a 
vibration of the nozzle. Therefore we can change the 
Weber number using the ultrasonic vibration and 
control the atomization state of the liquid [3]. 
The aim of this research is to realize the ultrasonic 
transducer which can spray coating materials at a 
low flow rate. In this paper, we have evaluated the 
relationship between the surface tension and the 
ultrasonic vibration. Moreover, we have fabricated a 
flexural, a torsional, and a longitudinal transducers 
to evaluate the atomization. The spray angle and the 
atomization state have been observed in order to 
evaluate the performance of transducers. The results 
have shown that the flexural vibration is suitable for 
the low flow rate spraying. 
 
Principle of low flow rate spraying 

The atomization state is dominated by the Weber 
number [4]. The Weber number is represented by the 
ratio of the inrtia of the surface tension force. The 
Weber number is given by  

  
σ

ρ 2LVWe 　　=  , (1) 

where We, ρ, L, V and σ indicate the Weber number, 
the density of a liquid, the flow path of diameter, the 
flow rate and the surface tension, respectively. 
The relationship between the atomization state and 
the Weber number is shown in Fig. 1 [3]. When the 
Weber number is much larger than 1, the liquid will 
not be atomized. The primary breakup starts and the 
droplets begin to be generated when the Weber 
number is in the order of 1. When the Weber number 
is much smaller than 1, the secondary breakup starts 
and the smaller droplets are generated [4]. 

 
Fig. 1: Relationship between the atomization state 
and the Weber number  
 
The principle of the atomization by the ultrasonic 
vibration is as follows. The free vibration state of the 
droplet by the surface tension is expressed as 
 

( )( ) 2
2 821

d
nnn

ρ
σ

ω −−=　　 ,  (2) 

where ω, ρ, d, n and σ indicate the angular frequency 
of free vibration, the density of droplet, the flow rate, 
degree of number and the surface tension, 
respectively [5]. When an external force acts on liquid, 
the droplet vibrates unstable and the surface tension 
of the droplet increase. In consequence, the droplet 
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Acoustic Boosting of Battery Charging 
 
S. Tietze, G. Lindner 
Hochschule Coburg, Coburg, Germany 
 
Abstract: 
The kinetics of the charge transport across the solid-liquid interface between the electrode and the electrolyte is 
controlled by a diffusion boundary layer, which is responsible for the time needed for charging the battery. 
Therefore a removal of this boundary layer by acoustic streaming induced by surface acoustic waves 
propagating on the electrodes was considered to be promising approach for a reduction of the charging time. 
Previous electropolishing experiments have shown that Scholte waves were particularly effective in that respect. 
This concept has been transferred to a model electrode system representing the core of a lead acid battery, where 
significant reductions of the charging time and corresponding increases of the charging currents resulting from 
surface acoustic wave sonication have been observed. 
 
Keywords: Surface Acoustic Wave, Battery, Charge Transport Kinetics 
 
Introduction 

Fluctuations of the energy supply from renewable 
energy sources such as solar radiation or wind 
demand for effective storage technologies for 
electric energy including electrochemical storage 
systems. In general, however, their time response is 
rather slow and not compatible with the rapidly 
changing supply e.g. from solar radiation. This 
slowness results from the diffusion boundary layer at 
the solid-liquid interface of the electrodes in an 
electrochemical system, which controls the kinetics 
of the charge transport [1], [2]. Our approach 
towards an acceleration of this charge transport is 
based on mixing of this diffusion layer by acoustic 
streaming, which is induced by surface acoustic 
waves propagating along the solid-liquid interface. 
By the mixing of the diffusion layer a corresponding 
strong increase in the current across the electrodes 
have recently been observed in electropolishing 
experiments [3], [4]. 
 
Therefore this approach has been transferred to an 
electrochemical system representing the core of a 
lead acid battery. 
 
Methodology 

Among various modes of surface acoustic waves 
(SAW) Scholte waves, which propagate along the 
interface with the velocity of the liquid, have proven 
to be particularly effective in this respect; an almost 
complete removal of the diffusion boundary layer 
due to acoustic streaming. The effects caused by 
Scholte waves near the electrode are shown in Fig. 1.  
 

 
Fig. 1: Schematic drawing of the effects caused by 
acoustic waves near the electrode. 

This concept was applied to two different 
configurations at a lead acid battery. The difference 
of the two systems are that the first system consists 
of a three-electrode-system with two positive and 
one negative electrode. The negative electrode was 
sonicated by a piezoelectric transducer mounted in 
PP and operated with a frequency of 1 MHz and a 
voltage amplitude of 200 Vpp. A schematic drawing 
of the experimental setup is shown in Fig. 2. 
The other system consists of eight positive and 
seven negative electrodes, Fig. 3. The piezoelectrical 
transducer is glued at the top of the contact point of 
the positives electrodes. The operation conditions for 
the piezoelectrical transducers are again a frequency 
of 1 MHz and a voltage amplitude of 200 Vpp. 
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Design Optimization of Ultrasonic Motors Based on 

Power Flow Analysis 
 
T. Yuan, Shanghai University, Shanghai, China, and  
The Pennsylvania State University, University Park, USA  
K. Uchino, The Pennsylvania State University, University Park, USA 
C.D. Li, Shanghai University, Shanghai, China 
 
Abstract: 
A novel design optimization method based on the power flow analysis for a π-shape ultrasonic linear motor is 
presented in this paper. Power flow in the motor body was calculated and optimized to obtain the best 
parameters that ensure maximum energy to be transmitted to the drive feet. Based on the analysis of power flow, 
the π-shape ultrasonic linear motor was redesigned and optimized to improve its performance. The ATILA FEM 
simulation results demonstrated that the displacements in y-axis direction and total displacement of the drive 
feet were increase by factors of 3 and 4.1 times, respectively at the fourth bending mode frequency. 
 
Keywords: Power Flow Analysis, Ultrasonic Linear Motor, ATILA FEM, Optimization 
 
Introduction

Ultrasonic motors have been developed and used in 
various areas such as robotics, precision machines 
and MEMS owing to their attractive features such as 
quick response, non-electromagnetic interference, 
direct actuating operation without gear mechanisms 
[1, 2].The key principle of the motor designing is to 
enhance the horizontal and vertical vibration 
amplitudes at the contact point between the stator 
and the slider. Thus, the conventional design 
optimization principle has focused on the resonance 
frequency “degeneration” of these two horizontal 
and vertical vibration modes at the same frequency. 
In this frequency degeneration approach, the 
optimization module in the finite element method 
(FEM) is used, and the objective function F is: 
 

 
 
where and  are the frequencies of two vibration 
modes respectively. Optimization result is evaluated 
by F when it approaches to zero. Y. Shi used this 
method to design an ultrasonic motor that combines 
first longitudinal mode and second bending mode 
[3]; while H. Xiaoyan designed a T shape linear 
motor in order to reduce the frequency difference 
between mode I and mode II [4]. However, 
vibration energy or power transmission within the 
motor body has not been taken into consideration in 
this approach. Improper designs such as a sudden 
change in the cross-sectional area may reduce or 
block the energy transmission and decrease the 
performance of the motor. 
Power flow is an absolute measure of vibration 
energy. Combining both forces and velocities in a 
vibration system, it can analyse the energy 
transmission between different elements and find 
the optimized parts [5]. While the power flow 

analysis mainly focuses on the minimization of 
vibration level, in this paper, we applied this 
analysis to maximize the vibration in an ultrasonic 
motor. 
The power flow analysis is demonstrated on a π-
shape ultrasonic linear motor (see Fig.1,[6]) to study 
the energy transmission in a motor body to optimize 
the design that ensures maximum power flow to be 
transmitted to the drive feet. 
 
Power flow calculation 

Our π-shape linear motor combines first longitudinal 
mode and fourth bending mode to generate an 
elliptical motion locus at its drive foot tips, and the 
four shaded regions are PZT4 (see Fig 1). Because 
of the symmetrical structure, only half of the motor 
body is studied and the fourth bending mode is 
selected to discretize the body of motor into mass-
spring-damper model (see Fig 2) according to its 
vibration nodes which are simulated by finite 
element analysis software ATILA (3.0.30b) ( 
Micromechatronics Inc., State College, PA, USA).  
 
 

 
 

Fig. 1: Original design of π-shape linear motor 
 

Parameters ki, mi and ci (i =1, 2, 3) in this mass-
spring-damper model are stiffness, mass and 
damping coefficient respectively.  
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Fig. 2: Mass-spring-damper model 

 
Here, we assumed that m3 where PZT4 are attached 
is source system and m2 where drive foot is located 
as load system. Thus, Norton equivalent system was 
established according to the mass-spring-damper 
model (see Fig.3).  
 

 
Fig. 3: Norton equivalent system 

 
Power flow P is given by the formula: 
 

 
 

Here Re means the real component, FL is force in 
load system and VL velocity in load system, 
provided by 

 

 
 

 
 

Symbol * means “conjugate”. ZL and ZC are 
impedance of load system and impedance of source 
system in the Norton equivalent system, 
respectively, and FC is force in source system. ZL 
and ZC are composed of the structure parameters 
such as stiffness and weight of masses. The 
impedances of source system ZC and load system ZL 
then are described: 
 

 
 

 

 
The power flow transmitted into the drive feet can 
be calculated by (2) to (6). And the reference power 
flow we assume is 10-12 J, then the decibel equals 
10 log (P/10-12). 
 
Optimization and simulation results 

Power flow is influenced by the change of structure 
parameters ki and mi (i =1, 2, 3). By calculation, we 
found that the change of k1 has significant impact on 
the power flow transmission. Here we assume: 
 

 
 
where  is the adjusted stiffness,  is the original 
stiffness and stays constant. Effective stiffness ratio 
R is the ratio of adjusted stiffness and original 
stiffness. Figure 4 shows the relationship between k1 
and power flow. It is demonstrated that with a 
decrease in k1, more power flow can be transfered to 
the load system, or drive feet. While the stress of the 
motor body is increased significantly, especially 
when R is smaller than 0.4. 
For a drive foot with a cross-sectional area S, the 
power flow P can be described as (see Appendix): 
 

 
Here  is density of brass, u is sound velocity in 
brass, is driving frequency, A is amplitude of 
vibration. For a motor under a certain driving 
frequency, more power flow means larger 
displacement.  
 

 
Fig. 4:  Relationship of stress and power flow with 
the effective stiffness ratio R   
 
Taking the strength of material and manufacturing 
simplicity into consideration, it is the best to select 
R=0.4 (see Fig.4). 
For stiffness is proportional to the cross-sectional 
area of motor body, the width of the motor is 5 mm 
and constant, then 
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Appendix 

An element of the drive foot of volume  is 
considered. Wave  is 
transmitting through . The strain of this element 
is: 
 

 
 
Where  is amplitude,  frequency,  wavenumber, 

 wave velocity in brass. 
The elastic force is: 
 

 
 
Where E is the modulous, ,  density of 
brass, S the cross-sectional area of drive foot. 
By (1) and (2): 
 
               
 
The velocity is: 
 

 
 
Then the power flow in one period is: 
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Stator / Rotor Interface Analysis  

for Piezoelectric Motors 
 
K. Harmouch, Y. Bernard, L. Daniel 
GeePs, UMR CNRS 8507, CentraleSupélec, Université Paris Sud, Université Paris-Saclay, Sorbonne 
Universités, UPMC Université Paris 06, Gif-sur-Yvette, France 

Abstract:  
Based on a literature survey, this paper presents the implementation of analytical modeling approaches of the 
contact between a stator and a rotor in piezoelectric motors. These modeling approaches are validated by 
comparison to experimental results obtained on a specially designed piezoelectric motor. Two types of 
measurements are presented: the displacement of contact point, and the friction force. The second measurement 
is used to evaluate the friction coefficient and its dependence upon several parameters such as sliding velocity 
and pre-compressive force. Both the friction coefficient and the displacement of contact point are used as input 
in the modeling. The comparison of the predicted and measured no-load speed for different pre-compression 
levels shows a close agreement. 

Keywords: Tribology, Sliding Speed, Pre-Compressive Force, Friction Model, Interface Reaction Forces, 
Universal Stator.	  	  

Introduction 

Due to the growing demand of high performance 
motors, with minimum mass, minimum size and high 
service lifetime, scientists and researchers have 
started to investigate the potentialities of piezoelectric 
motors. In order to achieve optimal operation of the 
motor in terms of torque density, efficiency and 
lifetime, there is a number of key factors to address. 

A literature survey shows that contact factors such as 
material properties, dimension of friction layer and 
pre-compressive force are crucial for motor 
performance ([1], [2], [3]). 

In a first part, this paper presents the implementation 
of these key factors into a new model of friction drive 
for piezoelectric motors. In a second part, a first set of 
validation experiments is proposed. These 
experiments allow studying the tribology 
characteristics of contact materials in order to analyze 
the modeling input parameters. A comparison 
between modeling and experimental results is finally 
performed. 

Friction drive model 

The friction drive model of a piezoelectric motor 
allows predicting its operation characteristics once 
the vibration displacements of contact points and the 
properties of contact materials are known.  

Note that this paper only deals with the development 
of friction drive models and does not address the 
identification of contact point displacements. 

There are four basic models of friction [4] from 
which other models can be derived in order to 

simulate as accurately as possible the contact 
interface. 

The first model (see Fig. 1.a) is the most classical dry 
friction model. With tangential force F applied, the 
contact can keep adherence (stick) until F exceeds 
particular value from which the contact slides (slip). 
In this last case, F doesn’t vary with the relative 
velocity of contact points which is defined here as the 
sliding velocity. 

The static/dynamic model (see Fig. 1.b) is based on 
the fact that the sticking forces of contact are higher 
than the sliding ones. This model is widely used in 
the modeling of traveling waves ultrasonic motors [1], 
[2].  

 

 
 

The viscous friction model (see Fig. 1.c) differs 
from the previous models by the fact that F evolves 
linearly with the sliding velocity. This model is 
often used in the modeling of the lubricated contact 

Fig. 1: Basic friction models: a) Coulomb, 
 b) static/dynamic, c) viscous friction, d) LuGre. 
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for applications such as guiding devices (bearings, 
sliders). This model has already been used in impact 
drive motor with lubricated interface [5] and in 
superposed modes piezoelectric motors [1]. 

The LuGre representation (see Fig. 1.d) is the 
simplest model that can integrate all the previously 
mentioned aspects. This model is used in the friction 
modeling of several motor types, especially, inertial 
type motors [6], [7], [8]. 

In addition, some friction interface modeling of 
piezoelectric motors are based solely on empirical 
results for the relation between the friction 
coefficient and operation parameters such as the 
sliding velocity, vibration amplitude, excitation 
frequency, normal force, etc. [9], [10]. 

Friction model: implementation and results 

The proposed model is represented in Fig. 2: the 
stator and the rotor (slider) are considered as two 
rigid blocks between which is located a spring with 
equivalent stiffness of contact Ksr and equivalent 
damping coefficient Cr. Attached to the stator, the 
spring can slide on the rotor face with friction 
coefficient µ.  

 

 
 

The rotor of mass Mr is subject to external load 
force Fr, damping force Fc, inertial force due to the 
rotor acceleration ɣr, normal load P and friction 
force f. On the opposite side, the contact points of 
the stator perform an elliptical motion of normal 
axis uz and tangential one ux. Due to the stator/rotor 
friction, the rotor moves at a speed Vr. 

According to the fundamental principle of dynamics: 

𝑓𝑓𝑓𝑓 + + = 𝛾𝛾𝛾𝛾                                                                                                           (1) 

𝑉𝑉𝑉𝑉 + 𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉 = + µμ𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉 − 𝑉𝑉𝑉𝑉                                         (2) 

 
 
The friction drive model is implemented into 
Matlab-Simulink (see Fig.3). Input data are: Fr, uz, 
ux and the interface material properties (Young 
modulus and Poisson ratio for the rotor (Er, νr) and 
for the stator (Es, νs) and friction coefficient µ). Ksr 
is a function of contact materials elasticity and of 
the shape and dimensions of the contact surface [11].  

As we have seen in the previous section, the choice 
of the friction model is based on the operation mode 
of the motor. As a first approximation, µ is 
considered following the static/dynamic friction 
model (see Fig.1.b). 

The results are shown in Fig. 4 and 5. P0 is the pre-
compressive force applied to maintain contact 
between the stator and the rotor. In this paper Cr is 
not taken into consideration. 

 

 

 

 

Fig. 2: a) Friction drive representation, b) 
applied forces summary. 

Fig. 3: Friction drive Simulink model. 

Fig. 4: Fr / Vr characteristics for several 
materials of friction layer. 

Fig. 5: Fr/ Vr characteristics for 
different pre-compressive forces. 
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the slider stroke (where the sliding velocity is low), 
the contact is loosened and thus f drops.  

Similarly, below certain limits, µ is considered 
independent of P0 (see Fig. 9). However, the value 
of µ drops under excessive amount of P0. 

 

 

In order to verify the no-load speed versus pre-
compression motor characteristics obtained by the 
proposed modeling approach, the universal stator is 
run at a frequency of 1 kHz under an alternative 
supply voltage of 60V (pk-pk). Under these loading 
conditions, we find: Ux=0.9 µm, Uz=2.4 µm. 

 

 

 

The comparison, in Fig. 10, between modeling and 
experimental results shows a good approximation of 
Vr0 with respect to P0. However, at 15N of P0 and 
beyond, the motor reaches its limit of operation and 
experiences blocking situation. This phenomenon is 
not included in the modeling approach. 

Conclusion 

In this paper, we have studied the impact of friction 
material choice on motor performance. In order to 
model the frictional interaction between the stator and 
the rotor of a piezoelectric motor, the contact 
vibration displacements and the properties of contact 
materials are needed as input of the model. The 

friction coefficient variation of a pair of materials in 
contact has been, experimentally, investigated.  We 
can say that the friction coefficient is unrelated to the 
sliding speed and the pre-compressing as long as the 
piezoelectric motor is used in a limited range of 
velocity and pre-compression levels. The modeling 
and experimental results for no-load speed with 
respect to pre-compression have been compared with 
satisfying agreement. 
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Fig. 9: µ(P0) for PMMA. 
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Force Stepping Piezo Actuator: a Motorised 

Solution for High Resolution Positioning and 

External Forces Resistance 
 
C. Belly, F. Barillot 
Cedrat Technologies SA, Meylan, France 
 
Abstract: 
Typical holding force of piezo motors is defined by friction force, required to make motor move. However, 
increase of friction force is not inconsequent for motor performances in terms of speed, max motion force and 
lifetime (tribology). 
In this paper, a new motor, offering high resolution positioning and holding position when unpowered, is 
presented. Based on a Stepping Piezo Actuator [1] at its core, this new design decouples the outer forces from 
the most sensitive parts of the motor. This allows the motor to propose a high force/mass ratio and sustain even 
higher forces without supply. Results obtained on prototype are presented, giving the reader the benefits of 
proposed technology.  
 
Keywords: Piezo, Motor, High resolution, Force, Holding position 
 
Introduction 

The paper presents state of the Art of piezo motors 
and interest in increasing motor stepping resolution 
and forces (blocked force and unpowered holding 
force). Innovative configuration is implemented 
within two different sizes prototypes, based on well 
established motors. Experimental results are shown. 
Benefits are finally listed facing several domain 
constrains. 
 
Piezoelectric motor core 

As it is well known, APA® shape is offering benefits 
within piezo motor configurations [2]. Amplification 
and preload are key points that lead to obtain good 
stepping motor characteristics. Stepping Piezo 
Actuators (SPA) are inertial stepper motors. They 
are composed of four main elements: an actuator, a 
shaft, a mass and a clamp. The principle of such 
motors is simple and relies on stick-slip effect and 
dissymmetrical accelerations. Fig. 1 shows the two 
phases needed to produce one step. By repeating this 
operation, stroke of several millimetres can be 
reached. The opposite motion is done by inversing 
the two sequences. This motion is called “Stepping 
Mode”. 

 
Fig. 1: SPA motor principle 

Linear and rotating configurations have been 
developed, targeting camera refocusing, long stroke 
shutters or even medical applications [3]. However, 
some applications may be limited by unpowered 
holding force. This force is limited by axial friction 
force. An improvement possibility is to increase 
preload of the motor. This leads to higher friction 
force but may also have a strong impact on motor 
performances. Whereas there are optima for motor 
speed and force, it is easy to understand that if 
friction force is infinite, motor won’t be able to 
perform steps, so becomes inefficient. The proposed 
motor is using mechanical architecture in order to 
decouple external force from motor its self. This 
leads to compliance with extreme load facing size of 
motor. Moreover, high resolution and large actuation 
force can be achieved. Those aspects are detailed 
further. 
 
Prototypes #1 

Two prototypes have been developed into order to 
settle technology potential. First one is based on 
three APA40SM and presents an objective of 
resolution down to 100nm, actuation force above 
40N and resistance of 1.8kN. It is 85mm height for 
67mm in diameter (see Fig 2.). External force 
compliance is shown using mechanical design and 
safety margins. Typical ECSS (European 
Cooperation for Space Standardization) margins [4], 
from space design rules are considered in this 
design. Moreover, according to actuation force, a 
200N force is recorded facing motor while 
displacement still occurs, oversizing the 40N goal. 
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Dynamic Model of a PAD Actuator: Dynamic 

Operations and Pull-Off at High Speed 
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Université de Lille, Villeneuve d'Ascq, France 
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B. Lemaire-Semail, Université de Lille, Villeneuve d'Ascq, France 
 
Abstract:  
The PAD motor has remarkable abilities for ultra-precise positioning at very low speed. Recent works have 
shown the possibility to extend its speed range, but some challengess remain such as pull-off. This paper 
proposes a model that highlights the parameters of the voltage supply that act on the torque and the contact, and 
can be used for control. Experimental results demonstrate the role of higher vibration modes, and show that 
typical signature of the imminence of pull-off can be detected thanks to some of the harmonic of the 
displacement of the actuators, giving some indications on means to address this problem. 
 
Keywords: PAD Motor, Pull-Off, Dynamic Model 
 
Introduction

PAD motors are low speed, precision motors 
manufactured by NOLIAC. Initially, the operations 
being slow, this type of motor can be considered as 
quasi-static motors. Recent studies have shown that 
the PAD could be driven at higher speed up to and 
beyond resonance. However, in [1] some difficulties  
were observed in the vicinity of resonance due the 
relative phase of the vibration resulting from the 
sudden phase rotation near the resonant frequencies 
of the actuators. 
This paper proposes a simplified model of the PAD 
dynamics including the contact to address this issue. 
It provides some insight in the phenomena affecting 
the contact forces and the torque, and can describe 
the dynamic at higher frequencies.  Furthermore, an 
experimental study shows that the motor can operate 
at frequencies higher than the free resonant 
frequencies of the actuators. Besides, the results 
indicate that the pull off resulting in the stalling of 
the motor is not only due the voltages applied but 
also to vibratory behaviour  at the contact. 
In the first part, the dynamic model is explained. 
The pull-out and the torque generation mechanism is 
explained in quasi static operation, and the dynamic 
equations are modified to yield a simplified model. 
In the second part, some experiments are presented. 
Using a frequency analysis, some insight of the 
vibratory behaviour of the actuators is gained, and a 
typical signature of the imminence of stalling is 
identified. 
 
Theoretical study 

Equilibrium of the crowned wheel  

The PAD motor features two sets of actuators acting 
along two perpendicular directions, so as to  gene-

rate a circular translation applied to a crown wheel 
(Fig. 1, top). When brought into contact with a 
geared shaft, this wobbling movement is converted 
into a rotation of the shaft. The micro gear adds a 
high gear ratio  thus allowing ultra low speed 
operation and exceptional positioning capabilities. 
To obtain the wobbling, the actuators are driven 
using two sinusoidal voltages shifted by 90°. 

 
Fig. 1 : Schematic of the structure of the Pad  
motor (up) and during operation (bottom) 
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up to 60 V, hence, it was preferred to measure the 
current through a shunt resistor on the high voltage 
side, that is the motional current rather than the 
voltage Vs was measured.  
On Fig . 7, the measurement of the motional current 
vs frequency is presented for the motor without the 
shaft. The resonances of the first mode are correctly 
detected, and the cross talk between the two axes is 
small. It can be noted that the resonant frequencies 
are 20 Hz apart as mentioned in [1], which may 
cause the problem described in the introduction. 

Fig. 7 : Measurement vs frequency of the motional 
current sensors 
 
Experimental results 

As represented on Fig. 6, the sensors signals were 
processed thanks to a DSP. A DFT algorithm 
synchronised on the supply voltages was then 
implemented to analyse the dynamical behaviour. 
The tests consist in varying the frequency at the end 
of each period thus approaching a sweep signal, so 
the speed is varying linearly.   

 
Fig. 8: Frequency response of the displacement with 
mounted shaft for small amplitude radial vibrations  
The first experiment consists in reiterating the 
frequency response once the shaft is mounted back. 
The actuators were polarized to ensure contact at 
θ=0°, and to this DC voltage  a sinusoidal voltage 
was superimposed at 10% of the rated voltage. 
Hence no rotation occurs, but a small amplitude 
vibration is generated. The frequency response is 
modified (Fig. 8) and is very different for each axis. 
Examining the 3rd and 5th harmonics for axis X, it 

can be observed that their amplitude tend to increase 
as the fundamentals amplitude of axis X and Y   
vary in the vicinity of  380 Hz, 620 Hz, 710 Hz and 
most dramatically near 1000 Hz. This indicates that 
the vibration regime changes and possibly shocks 
occur. It should be noted though that the amplitude 
varies by a small amount so it can hardly be 
considered as resonances.  
A similar test was conducted at θ=135°, the same 
kind of vibration were applied, radially as before but 
also tangentially. Indeed the radial cross section of 
the crowned wheel is not constant as suggested by 
Fig. 1, and it can be expected that the small signal 
behaviour might be dependent on the combined 
rigidities of the shaft and the crowned wheel.  

 
Fig. 9: Frequency responses of the two axis for 
small amplitude vibration along the radial and 
tangential directions 
The position of the contact does not have real effect 
(Fig. 9), but the direction of the vibration does 
modify the response in the case of the X axis. As a 
matter of fact, an amplitude jump is clearly visible 
which can be attributed to intermittent contact of the 
teeth. Indeed such jumps are typical of  oscillators 
with change of elasticity dependent on the amplitude 
[3]. To conclude with these low amplitude tests, the 
motor was supplied by two low amplitude voltages 
in quadrature, thus inducing the circular translation 
of the crowned wheel. The frequency response (Fig. 
10) exhibits several resonances. Since several mode 
shapes are excited and the sensitivity of the sensors 
are dependent on the slope of the shapes at the 
electrodes, the amplitudes should be considered 
carefully. Indeed, the sensor electrodes are not 
identical on each actuator. Hence, although the 
signals may appear to be larger in some frequency 
bandwidth, this could also be due to discrepancies of 
the sensors sensitivity to the different modes excited. 
The third harmonic is also excited near 1 kHz, and 
might cause the contact conditions to be degraded. 
In order to assess the possibility to achieve high 
speed positioning, the motor was supplied in 
working conditions at various amplitudes. Pull-off 
was observed at various frequencies, near 400 Hz 
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Microfluidic System for Water Sample Treatment 
 
S. Gassmann, H. Schütte 
Jade Hochschule, Wilhelmshaven, Germany 
M.L. Miranda, O. Zielinski 
Carl von Ossietzky-Universität Oldenburg, Wilhelmshaven, Germany 
 
Abstract: 
The control of conditions in water sample treatment can be made very efficient and precise when using small 
volumes. This is one of the major advantages of the microfluidic approach. A low cost micro fluidic water 
sample treatment system based on PCB technology is presented here. The aim is the thermal cycling of a sample 
containing dissolved organic matter (DOM) prior an Excitation Emission Matrix Spectroscopy (EEMS) 
measurement. Changes in the excitation emission matrix which are related to the thermal treatment were found. 
Here the design and the fabrication of the microfluidic system and material issues are described. 
 
Keywords: PCB MEMS,  Microfluidic Chip, DOM, 3D-EMM-UV, Oceanography 
 
Introduction 

The usage of microfluidic systems in the research of 
natural water resources is not evident. The advantages 
of using small sample volumes and small sized 
systems are not so important when it is easy to get 
enough sample volume. However the use of 
miniaturized flow systems can help to enable new and 
efficient ways of water sample investigation. One 
example, a micro fluidic system that is used for the 
treatment of natural water samples is presented here. 
With the help of this micro fluidic chip a new 
methodology of examining water samples was 
developed. 
This work focuses on natural seawater samples 
containing among others dissolved organic matter 
(DOM). DOM is the largest pool of carbon in the 
oceans, comparable with the amount of carbon in the 
atmosphere [1]. It can be defined as a conglomerate 
of chemical compounds with a wide range of 
molecular weights and structures, product of 
biodegradation, photochemical and primary 
production process. Its role as light absorption 
controller in marine environment, carrier for several 
chemical compounds and source of carbon for 
microorganisms has been well described [2, 3]. 
Microfluidic thermal treatment of seawater is a novel 
concept in the evaluation of the prevalence and 
stability of some fractions of DOM in the aquatic 
environment.  
The aim of this research is to identify and 
characterize changes in the fluorescence signature of 
DOM via ultraviolet three-dimensional Excitation 
Emission Matrix (UV-3D-EMM) technique, as a 
consequence of a sample treatment. This treatment 
can be thermal, UV radiation or any other condition 
that can be realized in the microfluidic chip. The 
microfluidic pretreatment is a new methodology in 
the investigation of DOM. It is an example of the 
application of microfluidics in oceanography and can 
be adapted to any other analyte of interest. 

The usage of low cost technologies for building 
microfluidic systems is especially important for 
prototyping and for systems that will be used in lower 
quantities. This is the case for the application in 
oceanography. Here a PCB based technology was 
used because of its simplicity. The combination of 
electronics, sensors and the fluidic parts is possible at 
low cost using this technology. One technology for 
building microfluidics based on PCBs was developed 
by Merkel et al. [4]. A technology similar to the one 
used here with a transparent channel layer on top of a 
PCB was presented by Gassmann et al. [5] to 
generate a DNA chip. Other PCB based microfluidic 
technologies where presented by Luque [6] where 
SU8 is used on top of PCBs.  
In the following the design and the fabrication of the 
chip for water sample treatment is described. At the 
end the result of the tests with real samples are 
highlighted. 
 
Requirements description 

As a first investigation the influence of temperature 
changes on the DOM sample should be investigated.  
It should be possible to apply temperatures between 
0°C and 95°C steady state as well as thermal cycling 
where the sample is heated and cooled sequentially. 
The number of cycles, the residence time and the 
temperature should be user definable during the 
runtime of the test. To reduce the overall treatment 
time the change between the temperatures should be 
finished in about 5 seconds.  
These requirements are solvable by microfluidics 
because of the higher speed of thermal processes in 
the micro scale. Using normal sample volumes in the 
ml-range these treatments would be too slow for an 
effective laboratory usage. The volume that should be 
treated was fixed to 100µl. Since the fluorescence is a 
volume effect, the volume should not be selected too 
small to have high enough signal-noise ratio. 
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Fabrication of Electrostatically Actuated 

Microshutters Arrays 
 
L. Oh, SGT Inc., Greenbelt, USA 
M. Li, NASA Goddard Space Flight Center, Greenbelt, USA 
D. Kelly, ASRC Federal Corp., Beltsville, USA 
A. Kutyrev, University of Maryland, College Park, USA 
S. Moseley, NASA Goddard Space Flight Center, Greenbelt, USA 
 
Abstract: 
A new fabrication process has been developed to actuate microshutter arrays (MSA) electrostatically at NASA 
Goddard Space Flight Center. The microshutters, made with silicon nitride membranes with a pixel size of 100 x 
200 µm2, rotate on torsion bars. The microshutters are actuated, latched, and addressed electrostatically by applying 
voltages on the electrodes the front and back sides of the microshutters. The atomic layer deposition (ALD) of 
aluminium oxide was used to insulate electrodes on the back side of walls; the insulation can withstand over 100 V. 
The ALD aluminium oxide is dry etched, and then the microshutters are released in vapor HF. 
 
Keywords: Microshutters, Electrostatic, Actuation, Rotational, Fabrication, ALD, Aluminum Oxide, Breakdown 
Voltage, SOI 
 
Introduction 

We have developed a new fabrication process to 
actuate MSA electrostatically.  Previously, the 
175x384 microshutter arrays had been developed as 
multi-object aperture selectors for the James Webb 
Space Telescope (JWST) at NASA Goddard Space 
Flight Center [1, 2].  The JWST MSAs were 
magnetically opened and electrically latched to stay 
open.  The magnetic operation involved moving 
magnets thus complicated actuation schemes and 
increased the payload. By eliminating the magnetic 
actuation and solely relying on the electrostatic 
actuation, the weight of the MSA assembly can be 
reduced. The microshutters were made with silicon 
nitride membranes with a pixel size of 100 x 200 
µm2 and rotate on torsion bars. Fig. 1 shows an 
array of the microshutters.  The new electrostatic 
operation scheme as shown in Fig. 2 is simple, and 
the array scalability and operation speed are 
increased.  In order to achieve the electrostaic 
actuation of the microshutters, we need to develop a 
new fabrication process.   
 

            

Fig. 1: A front side image of a (100 x200 µm2) 
microshutter array. On the microshutters, patterned 
alumimum electrodes and strips of molybdenum 
nitride are shown. .  

 
Fig. 2: An illustration of how the microshutters are 
individually actuated and addressed by applying a 
pulsed DC voltage to the front electrodes (top) and 
a DC voltage to back electrodes (left). Only the 
microshutters with voltages on both the front and 
back electrodes latch open by rotating 90° on 
torsion bars.  The front electrodes run vertically 
while the back electrodes run horizontally. 
 
MSA Fabrication 

We first grew a layer of thermal silicon oxide on a 
silicon-on-insulator (SOI) wafer; the buried silicon 
oxide, device, and handle silcon layers were 3000 Å, 
100 µm, and 350 µm thick, respectively.  Then, a 
layer of low pressure chemical vapor deposition 
(LPCVD) silicon nitride was deposited.  
 
A layer of aluminum was deposited in an e-beam 
deposition system.  Then, the aluminium was etched 
in an aluminum etchant for the front electrodes. The 
silicon nitride was etched in a reactive ion etch 
(RIE) system with tetrafluoromethane (CF4) to form 
the microshutters.  A layer of molybdenum nitride 

P  20
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was deposited in a sputter deposition system to 
make the microshutters flat. The film was 
photolithographically patterned in strips and etched 
in a diluted nitric acid (deionized water: nitric acid = 
1:1) at room temperature.  The stress of aluminum 
was only around 50 MPa.  Even with the low stress 
of aluminum, the bilayer of the silicon nitride and 
alumilum would bow ~ 10 µm.  Therefore, the strips 
of the molybdenum nitride corrected the bowing and 
made the bilayer flat.  Also, the molybdenum nitride 
was used as bonding pads in one of our packaging 
steps: indium flip chip bonding [1]. 
 
After the front side processing was completed, the 
wafer was temporarily bonded to a Pyrex wafer 
using an acetone solubable Crystalbond 509 wax; 
the Pyrex wafer was used to perform a back-to-front 
photolithography alignment. Then, the handle 
silicon was thinned down to 100 µm in a lapping 
system and then completely removed in a deep 
reactive ion etch (DRIE) system to expose the 
buried oxide. 
 
On the back side, the buried silicon oxide was 
photolithographically patterned and dry-etched in a 
RIE system using CF4.  The buried silicon oxide 
was used to create silicon trenches; the trenches 
were used to seperate back electrodes when the 
subsequent aluminum was deposited at an angle.  
Fig. 3 is images showing no aluminum in bottom of 
the trench. The remaining silicon was first etched in 
a DRIE system to create walls as shown in the step 1 
of Fig. 4.   Then, the photoresist used for the DRIE 
etch mask was stipped and the previously patterned 
silicon oxide is used as a hard mask to etch the 
silicon trenches.  Fig. 3 is a scanning electron 
microsope (SEM) image of the back side of the 
microshutters.  The ribs in the back walls were to 
prevent the microshutter stiction. 
 

 
Fig. 3: A SEM photo of the back walls with trenches.  
The close-up photo shows that the aluminum is not 
continuous on the bottom of the trench.  Thus, each 
back electrode running horizotally is seperated. 
 

On the back walls, a layer of plama-assisted 
aluminum oxide was deposited conformally using 
trimethylaluminum and oxygen plasma at room 
temperature in an atomic layer deposition system to 
insulate the back side of walls as shown in the step 2 
of Fig. 4.  We need to keep low temperature because 
the wafers were still bonded with the wax, which 
softens around 70 oC. 
 
On top of the aluminum oxide, aluminum was 
deposited at an angle in an e-beam deposition 
system to create the electrodes only on the back 
walls as shown in the step 3 of Fig. 4.  On top of the 
aluminum, a layer of silicon oxide was deposited at 
a different angle in the same e-beam system as 
shown in step 4 of Fig. 4. The difference in the 
deposition angles was to cover the aluminum 
electrode completely with the silicon oxide used as a 
hard mask for the the subseqent dry-etch of the 
aluminum oxide. We found out that there was a drop 
in resistance by about half when the silicon oxide 
was deposited at the same angle and etched in the 
subsequent etch. The aluminum oxide was only 
etched behind the microshutter blades with boron 
trichloride (BCl3) in a RIE system as shown in the 
step 5 of Fig. 4.   
 

 
Fig. 4: An illustration of the back side process of the 
back side insulator and electrodes. 1: Silicon is etched 
in a DRIE system. 2: ALD aluminum oxide is deposited 
as an insulator. 3: E-beam aluminum is deposited at 
an angle for the back side electrodes. 4: E-beam 
silicon oxide is deposited at an angle. 5: The ALD 
aluminum oxide is only etched on the bottom in a RIE 
system, and silicon oxide is removed in vapor HF. 
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Future work 

There are light leaks around the perimeter of each 
microshutter.  We will implement aluminum 
overhangs over the perimeter of each microshutter. 
Thus, there will be no light leak around the 
microshutter blades. 
 
We will make a mosaic of microshutter arrays on a 
single substrate, such as a printed circuit board 
(PCB), to increase the field of view for future space 
telescopes.  Also, high voltage driver chips and 
other electronic components will be installed in the 
PCB.   This will be a complete multi-object aperture 
selector system for space applications. 
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Magnetoresistive Sensors for Angle, Position and 

Speed Measurement in Small- and Micro-Actuators 
 
R. Slatter, R. Buß 
SENSITEC GmbH, Lahnau, Germany 
 
Abstract: 
Magnetoresistive (MR) sensors are not only used for measuring rotational and linear motion, but also for 
non-‐contact switching applications and furthermore for highly dynamic current measurement. The increasing 
demand for MR sensors is largely the result of increasingly complex demands on the sensors for high 
performance electric drives. The sensors must not only be accurate and dynamic, but also be robust under 
difficult operating conditions and exhibit very high reliability. Recent market developments are generating 
additional demands, with respect to compact dimensions and energy efficient operation. This combination of 
requirements is leading to the more intensive use of magnetic sensor principles, compared to optical, inductive 
or capacitive principles. This paper describes the principle of operation and benefits of MR sensors. This is 
followed by a description of practical application examples each demonstrating the advantages of MR sensors in 
challenging new applications for angle, position and speed measurement.  
 
Keywords: Magnetic Sensors, Angle Measurement, Speed Measurement, Small- And Micro-Actuators 
 
Introduction 

There is a growing demand for mechatronic motion 
systems in a wide range of industrial fields. Not 
only in the field of industrial automation, but also in 
the automotive and aerospace sectors, there is a 
sharp increase in the number of mechatronic 
actuators being applied. “Decentralized motion 
control”, “X-by-wire” or “more electric aircraft” are 
just some of the terms used to describe the results of 
this trend in different technological areas.   
This development is placing new demands on the 
technology used for measuring rotational motion, 
linear motion and electrical current. Fig. 1 shows a 
simplified structure of a motion control system. This 
system typically comprises a servo controller with 
current sensors, a servo motor, speed and position 
sensors (encoders) as well as mechanical machine 
elements. Presently there are number of trends that 
are changing the technical and commercial 
requirements for both actuators and sensors. 
 

 
 
Fig. 1: Simplified schematic of a motion control 
system 

The high performance and flexibility of 
magnetoresistive (MR) technology is playing an 
increasingly significant role in helping machine and 
actuator designers to deal with these new 
requirements.  
The magnetoresistive effect is best known from the 
read heads of computer hard discs or from magnetic 
memory (MRAM) applications, but it is also well 
suited to uses in sensor technology. It has a long 
history, being first discovered in 1857 by Lord 
Kelvin. However, the MR-effect did not experience 
widespread use until the early 1980s, when the first 
MR-based read heads were implemented in hard 
disc drives [1], [2]. The first industrial applications 
for MR-based sensors followed at the beginning of 
the 1990s, since when the number of applications 
has increased dramatically. The applications are not 
only limited to terrestrial use – MR sensors are used 
to control the electric drives used on “Curiosity”, the 
Planetary Rover that has been exploring the surface 
of Mars since August 2012. 
 
Trends in Motion Control 

The market for motion control technology is 
characterized by a number of current trends, which 
are leading to new requirements for actuator and 
sensor technologies. 
A number of these trends were already described in 
a paper at the same conference in 2010 [3]: 

a) Higher accuracy 
b) Increased power density 
c) Decentralized motion control 
d) Increased use of closed-loop control 
e) More challenging operating environments 
f) Faster time to market 
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New Class of Trunk-Like Robots: Structure, Control, 

Actuators 
 
R. Bansevicius, Kaunas University of Technology, Kaunas, Lithuania 
A. Drukteiniene, Siauliai University, Siauliai, Lithuania 
V. Jurenas, Kaunas University of Technology, Kaunas, Lithuania 
G. Kulvietis, Vilnius Gediminas Technical University, Vilnius, Lithuania 
 
Abstract: 
The aim of presentation is to present the results of development and investigation of the new class of multi-
degree-of-freedom trunk robots, based on new concept. Classical rule of Robotics – the number of degree-of-
freedom of robot should be equal to the number of applied actuators – is questioned here. This concept is 
realized by using kinematic pairs with alternating degree-of-freedom, controlled by a solitary force or moment, 
changing its direction in space. The number of degree-of-freedom of kinematic pair is controlled from 0 to 3, 
exploiting various methods: the dependence of friction forces upon oscillation in the contact zone of links, the 
control of viscosity of electro rheological (ERF) or magneto rheological fluids (MRF), when electric or 
magnetic fields are applied.  
 
Keywords: Trunk Robots, Kinematic Pairs, Electro Rheological Fluids, Magneto Rheological Fluids, 
Piezoelectric Actuators. 
 
 
The main advantages of robots, based on new idea 
to actuate trunk – considerably increased number of 
degree-of-freedom, enabling the grip to reach hardly 
accessible zones; highly reduced number of 
actuators (e.g. electric motors) - up to 1 (and it is not 
related to total number of degree-of-freedom of 
trunk robot); very simplified mechanical design and 
low weight (this is important for satellite 
applications). The trajectories of grip are realized by 
applying special software, controlling in real time 
the number of degree-of-freedom of every kinematic 
pair in relation to phase of external force with 
alternating direction (in case when the force is 
generated by rotating unbalance).  

Applying elastic kinematic pairs (with ERF or MRF 
between links) the mechanical structure of trunk 
becomes even more simplified. Using this 
separation of power and control systems concept, it 
is feasible to realize the simpler cases, e.g. 
positioning systems on a plane or powerful laser 
deflectors in space. 
 
The actuators with external exciting force 

In this type of actuators, suggested in [1], the power 
and control systems are separated, resulting in 
simplifying the final design of the actuating systems. 
Thus, in 2D high-powered laser deflecting device 
(Fig.1), the positioning power is realized with the 
help of dynamically unbalanced rotor (a couple 
unbalance), mounted inside the sphere, contacting 
with the internal spherical component, made of active 
piezo ceramics.  The friction between piezo ceramic 
component and sphere is periodically controlled (up 
to zero value) with the help of harmonic burst type 

excitation voltage (generating high frequency 
resonant oscillations of piezoelectric component 3), 
connected to the electrodes of piezo ceramic 
component (Fig. 1, where ɷ is angular velocity of 
unbalanced rotor, α -  angle of rotation). The burst 
phase in relation to rotation of unbalance is β1.  

 
Fig. 1: High-powered laser deflecting device: 1 – 
mirror; 2 – passive sphere, contacting with 
piezoelectric component 3; 4 – rotating coupled 
unbalance; 5 – 2D mirror’s position sensor; 6 – 
rotor’s position sensor 

 
There are two main alternatives to control friction 
forces between links of kinematic pair: (a) -  using 
magnetic forces in the contact zone; (b) – generating 
resonant oscillations between links, reducing or 
even eliminating friction forces. Both approaches 
are shown in Fig.2, where exciting force is 
centrifugal force of rotating unbalance m and 
friction forces between passive sphere and 
contacting with it piezoelectric cylinder are 
controlled by resonant oscillations (Fig.2a), or 
ferromagnetic cylinder is in contact with passive 
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FlexPCB Windings, the Way Towards Very High 

Performance Coreless BLDC Motors 
 
F. Baudart, B. Dehez 
Université Catholique de Louvain, Louvain-la-Neuve, Belgium 
 
Abstract: 
Many high-end applications, such as in the bio robotics or aerospatial fields, requires highly performance 
actuators. In the fractional horse power range, the coreless, or slotless, BLDC motor established itself as the 
most appropriate. This paper presents a technological leap in such motors, allowing to significantly increase 
their performances. The improvement is made on the windings, which are realized using a flexible printed 
circuit board, instead of copper wires. Printing the windings on a flexible PCB opens the way to new shape and 
new topologies of windings, which are not realizable with wire windings, and that allows to increase the torque 
constant while decreasing the phase resistance. Theoretical considerations, manufacturing process and 
experimental results are detailed in this paper. 
 
Keywords: Micro Actuators, Coreless BLDC Motor, Flexible PCB, Windings on PCB, Performance Increase 
 
I - Introduction 

Many applications require ever more efficient 
actuators, whether at the level of the dynamics, the 
compactness or the precision they can achieve. In the 
fields of fractional horse power applications, BLDC 
motors have emerged in recent years, and among 
them, coreless motors occupy a prominent place for 
applications requiring high quality of movement. 
 
In comparison with classical BLDC motors, coreless 
BLDC motors have no teeth. As shown in Fig. 1, the 
windings are built as a hollowed cylinder, and are 
directly inserted in the airgap of the motor. The 
magnetic field from the magnets goes through the 
windings, before going in the stator yoke. The 
absence of teeth in the coreless motor decreases the 
magnetic fields, but the use of high energy rare earth 
magnets limits this effect, despite the greater airgap. 
On the counter part, without teeth, the space attributed 
to the windings is greater, what increases the 
magnetic coupling between stator and rotor. In the 
end, coreless BLDC motors can achieve similar or 
even better performances than cored BLDC motors. 
The absence of teeth has the benefits of supressing the 
cogging torque, as well as any local saturation in the 
teeth, which are both source of parasitic torques 
reducing the precision in cored motors. Finally, iron 
losses are smaller in coreless motors, which improve 
the global efficiency. 
 
Fast growing markets such as the biorobotics, or the 
medical devices, require particularly high power in 
small volumes, which means high thermal dissipation 
properties, high efficiency and high power density. 
Despite being the best fitted motor for high precision, 
high power density and/or high efficiency, the 
coreless BLDC motor cannot always reach the 
requirements of these high end applications.  

 
Fig. 1: Scattered view of a corless BLDC motor 
 
The main limitations of the BLDC motors are their 
windings, because they are at the centre of the 
thermal and magnetic aspects of the motor. They are 
the main source of heat source, and strongly 
influence the thermal dissipations capabilities of the 
motor. They also fix the thermal limits, and their 
topology defines the magnetic coupling with the 
magnets, and therefore the nominal electromagnetic 
torque. 
 
The windings are usually made of a copper  wire, as 
shown in Fig. 2. Since some decades, lots of efforts 
have been made in the manufacturing of these 
windings, in order to achieve a high filling factor, 
which will reduce the global thermal resistance of 
the windings. Recently, Maxon, Portescap and 
Faulhaber, three well-known companies in the field 
of coreless motors, have filed patents about wire 
windings topologies and the way of manufacturing 
them [1-3]. The focus on the windings shows how 
critical they are in the achievement of high 
performances of the motor integrating them.  
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A High Precision Single Stage Compound  

Epicyclic Friction Speed Reducer 
 
J.F. Schorsch, F.F.C.T. van der Helm, D.A. Abbink 
Delft University of Technology, Delft, The Netherlands 
 
Abstract:  
Robotic systems, automated machine tools, and precision measurement systems often rely on electromechanical 
actuation systems. A common feature to many electromechanical actuators is the inclusion of a mechanical 
transmission to convert the output of a high speed, low torque electromotor into the low speed, high precision 
end joint motion that is required. The mechanical transmissions currently available are usually based on discrete 
gear tooth technology. This creates an inherent degree of uncertainty, as teeth load, unload, and move in and out 
of contact. A new type of mechanical transmission which is based on continuous rolling elements offers the 
potential to provide a reduced degree of uncertainty, and an increase in the degree of precision 
 
Keywords: Speed Reducer, Gearbox, Efficiency, Compound Epicyclic 
 
Introduction 

The need for precise, high torque actuators which 
can enable rapid development of ever shrinking 
electrical, mechanical, and optical equipment is re-
quired. Precision machining, telescope positioning 
and alignment, and semiconductor fabrication all 
demand precise, repeatable, powerful actuators.[1]–
[3] Current high torque speed reducer technologies 
based on gear tooth interaction such as precision 
planetary drives or strain wave gearing are 
typically limited to 30-60 arc-seconds of accuracy, 
while achieving repeatability of 4-5 arc-seconds is 
possible[4]. Cycloidal speed reducers often achieve 
accuracy of 60 arc-seconds, with a repeatability of 
20-30 arc-seconds[5], [6]. These accuracy 
measures are often what determines the overall 
capability of an industrial robot, CNC machine 
tool, or automated inspection tool to achieve a final 
overall precision. A new traction[7] based confi-
guration of compound epicyclic speed reducers[8] 
has recently been presented (see figure 2) which 

can achieve theoretical gear ratios in excess of 
10.000:1 in a single stage. These speed reducers are 
zero backlash and can be produced using low 
precision (±0.1mm) standard machining techniques 
(turning, boring). In this work, we present 
measurements of a prototype single reduction 
compound epicyclic traction drive which achieves 
a gear ratio of 330:1, is rated for 10 nm of torque, 
and is evaluated for angular precision. The design 
of such speed reducer is such that the instantaneous 
gear ratio is a function of the set of nominal 
component diameters. For the low precision 
process used in this prototype, the maximum 
expected variation in gear ratio ±25%, which would 
correspond to an angular accuracy range of ~±170 
arc-seconds. Figure 1 shows the various 
components of such an arrangement. The gear ratio 
of such a transmission is determined by the 
following equation. 
 

𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇

=
𝑑𝑑𝑑𝑑
ℎ

∗
𝑑𝑑𝑑𝑑 + + ℎ

 
Fig. 1: Simple illustration of the arrangement and 
components required to determine the gear ratio of a 
compound epicyclic traction drive.  

Fig. 2: Mechanical arrangement of parts. Left, side 
view, right top view. (1) Ground annulus (2) Input 
sun wheel (3) Hollow compound planet (4) Idling 
sun wheel (5) Output annulus. 



ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016492

https://www.xinxii.com/actuator-2016-manuscript-25-p-371173.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 493

https://www.xinxii.com/actuator-2016-manuscript-25-p-371173.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016494

https://www.xinxii.com/actuator-2016-manuscript-25-p-371173.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 495

P  26

C    A   
 A

T. Bödrich, B. Rosul, M. Stock, J. Ziske, J. Lienig
Technische Universität Dresden, Dresden, Germany 

Abstract: 
A novel compact electrodynamic planar direct drive with a motion range of 20 x 20 mm² and a maximum rota-
tion of the mover of ±11° is presented. It utilises four independent stator windings with iron core and permanent 
magnets in the mover. Peak forces are ±72 N in x- and y-direction. With an integrated planar ball guide, an inte-
grated x-y-ϕ position sensor system with a resolution of 1.25 µm, embedded flatness-based position control and 
overall dimensions of 150 x 150 x 40 mm³, the developed planar actuator could become a very compact, cost-
effective and dynamic drive module for many applications in automation and handling. 

Keywords: Planar Direct Drive, 3 DOF, Moving Magnet, Embedded Position Control 

Introduction 

Many processes in handling, machining and assem-
bling require planar motions in two translational 
directions (x and y). In some applications an addi-
tional limited rotation is needed as a third DOF, e. g. 
for alignment of work pieces (x-y-ϕ). For planar x-y
motions, serial arrangements of linear stages are 
dominant (open kinematic chain), most often driven 
by lead screw motor systems. The resulting planar 
stages are limited in dynamics due to large masses 
to be moved. Parallel mechanisms or parallel robots 
(closed kinematic chain), e. g. delta robots for 
3 DOF, are an alternative for dynamic motions. 
However, conventional parallel mechanisms with 
prismatic joint linear actuators arranged in parallel 
have an unfavourable small ratio of motion space to 
overall volume of the complete drive system.  
Multi-DOF direct drives can be seen as a variant of 
parallel mechanisms, where the forces of different 
independent partial actuators act on one common 
mover. The desired constraint motion is achieved by 
proper control of the independent actuators, in most 
cases realised by closed-loop control of the mover 
position. A broad variety of electrical multi-DOF 
direct drives has been proposed and developed over 
the last decades, differing in actuation principle, 
motion range, forces, accuracy and intended appli-
cations [1] [2]. A well-known planar direct drive for 
large motion ranges is the Sawyer stepper motor, as 
used for example for circuit board placement. For 
reasons of efficiency, this long-stroke motor has an 
active, i. e. energised mover. For smaller motion 
ranges up to approx. 200 x 200 mm², the mover can 
be passive, avoiding the need for flexible power 
cords or pneumatic hoses to the mover. Typical 
examples of latter design intended for high resolu-
tion are presented in [3] and [4]. These drives fea-
ture three and four independent ironless two-phase 
windings in the stator respectively and correspond-
ing arrays of permanent magnets in the mover. The 

latter is either magnetically levitated [3] or guided 
by air bearings [4]. Both drives feature high-
resolution 6D and 3D position sensors with 5 and 
20 µm resolution respectively.  
A series of linear direct drives for short strokes has 
been developed at Technische Universität Dresden 
within the last years [5] [6]. These compact drives 
feature one or more permanent magnets in the 
mover and a single-phase, iron-core stator winding. 
This allows for particular large actuator constants, 
i. e. high forces at little losses. Based on that mag-
netic design, a novel planar direct drive for 3DOF 
(x-y-ϕ) has been developed, built and tested (Fig. 1). 
Design objectives have been a simple overall struc-
ture and simple subsystems, high compactness, and 
low manufacturing and component costs. Latter are 
significantly governed by the resolution of the 
multi-DOF position sensor and the accuracy of the 
guide. For that reason, simple low-cost linear en-
coders and a simple planar ball guide have been 
utilised in a first prototype. The new drive is in-
tended for applications requiring high dynamics and 
compactness and a medium positioning accuracy of 
approx. 10 µm.  

Fig. 1:  Prototype of a novel electrodynamic planar 
direct drive: motion range 20 x 20 mm2, maximum 
rotation ±11°, peak force ±72 N in x and y direction
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Highly Integrated Linear Direct Drive for Short 

Strokes 
 
J. Ziske, T. Bödrich, H.Basler, Q. Sun, J. Lienig 
Technische Universität Dresden, Dresden, Germany 
 
Abstract: 
In this paper a newly developed, very compact and multifunctional single-phase linear direct drive for short 
strokes is presented. The innovative ball guide, the high-resolution position sensor and the motor driver as well 
as the motor controller are completely integrated into the actuator, resulting in an easy-to-use drive unit for 
various industrial applications. The moving-magnet operation principle with slotted stator winding offers 14 mm 
travel, high forces of up to 90 N, low response times down to 20 ms for a controlled 12 mm step in a compact 
overall volume of 225 cm3. In addition to a serial interface an EtherCAT-fieldbus connection is currently 
integrated into the unit. The embedded flatness based position control allows fast responses without overshoot. 
Sensorless force measurement and control is also implemented. 
 
Keywords: Direct Drive, Short Stroke, Single-Phase, Moving Magnet, Linear Ball Guide, EtherCAT 
 
Introduction

Within the Priority Programme SPP 1476 of the 
German Research Foundation (Deutsche 
Forschungsgemeinschaft - DFG) small machine 
tools for the manufacturing of small work pieces are 
being developed. Tools which are optimally adapted 
to the size of the work pieces are more resource-
friendly, while simultaneously increasing efficiency 
and reducing production cost considerably [1, 2]. 
In this context, Technische Universität Dresden 
develops various compact and modular uni- and 
multi-axial electro-dynamic feed modules. Small 
travel ranges (approx. 25 mm) and small maximum 
process forces (approx. 20 N) are sufficient for 
many tasks of future miniature machine tools. These 
changed conditions allow the use of novel drive 
concepts that may be better suited than actuators 
derived by downscaling of conventional concepts 
such as lead screw motor systems, piezo stages or 
moving-coil actuators. 
Fig. 1 shows three newly developed feed units: The 
small linear stage LT14-6 with a tabular mover 
(14 mm of travel, 6 N nominal force), the cylindrical 
linear axis LT14-35 (14 mm of travel, 35 N nominal 
force), which is presented in detail in this paper, and 

a planar drive with x-, y- and ϕ-degree of freedom 
(±10 mm travel, ±11° maximum rotation, approx. 
20 N nominal force). Detailed design and control of 
latter planar drive is described in [3] and [4], 
respectively. The presented drive units are still 
subject to further development, but the present 
prototypes have reached an advanced stage. All of 
them utilise the single-phase moving-magnet 
operation principle, which is well-suited for small 
travel ranges and process forces. Especially the high 
ratio of force to loss power (correlates with a high 
volume-based actuator constant [5]), the nearly 
constant force along the stroke and the relatively 
simple control are advantageous features. In 
addition, very compact, modular and easy-to-use 
drive units can be realized with integration of robust 
linear or planar guides, miniature position sensors 
and the complete control hard- and software (servo 
controllers). 
 
Overall Design and Operation 

Fig. 2 shows the prototype of the novel actuator 
LA14-35 with a travel range of 14 mm and a 
nominal force of approx. 35 N. It is an evolution of 
the actuator presented in [6]. Main improvements 
are reduced weight and size, an integrated optical 
incremental position sensor, integration of motor 
driver and control electronics as well as a 
completely reworked, smoothly running and low-
cost ball guide with considerably improved stiffness. 
The outer dimensions are 65 x 65 x 63 mm³. The 
quadratic base is used for mounting and contains the 
motor driver, the control electronics and the 
interface connectors. The upper cylindrical part 
contains the magnetic circuit, the mover, the linear 
ball guide and a small PCB with the optical 
incremental encoder.  

 

Fig. 1: Series of novel compact moving-magnet 
linear and planar direct drives for short strokes 
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Development of an Artificial Muscle from Coiled 

Polymer Fibers for Humanoid Robotics Applications 
 
A. Kalysheva, Z. Zhapar, K. Tulkibayeva, M. Folgheraiter  
Nazarbayev University, Astana, Kazakhstan  
 
Abstract: 
Humanoid robotics aims at developing anthropomorphic robots able to move in environments and to manipulate 
tools that are designed specifically for human beings. The high number of DOFs required in a humanoid robot 
demands for compact and high power-to-weight ratio actuators. Among all the possible technologies, artificial 
muscles have the additional advantages to be flexible, lightweight, and to provide linear movement suitable for a 
human-like robotic system. Existing types of artificial muscles used in robotics and other automated systems are 
expensive and technically limited due to hysteresis, scalability and performance efficiency. Inspired by a recent 
discovery of artificial muscles made of common twisted fishing line, the goal of this study is to develop a low-
cost thermally controlled actuator suitable for humanoid robotic applications. The experimental setup consists of 
a twisted fiber of nylon with a diameter of 1mm pre-tensioned and connected in series with a force sensor. The 
material is heated up thanks to a NiChrome (NiCr) wire inserted axially into the polymeric fiber. The 
temperature is measured and controlled thanks to a small NTC thermistor kept in contact to the NiCr wire. 
Different experiments were conducted in order to measure the dynamic response of the artificial muscle as well 
as the force-temperature characteristic in static conditions. 
 
Keywords: Polymer Actuator, Artificial Muscle, Humanoid Robotics 
 
I. Introduction

Artificial muscles have a wide range of possible 
applications. They can be used in rehabilitation and 
medical devices [1], in wearable exoskeletons and 
actuated suits [2], in the aerospace and energy 
industry [3], in bio-inspired robotic systems [4], in 
humanoid robotics [5], and in many other fields 
where a compact and human-like actuation system 
represents a good alternative to an electric motor. 
There are different possible technologies and 
materials that can be used to implement such a kind 
of actuation. Among of them: McKibben Pneumatic 
Artificial Muscle (PAM) [6], Shape Memory Alloys 
(SMA), Electroactive Polymers (EAPs) [7], Carbon 
Nanotubes (CNT), Electrorheological Fluid, and the 
most recent one, twisted polymeric fibers [8]. PAMs 
are made of an inner rubber tube covered by a 
braided mesh shell. The working principal is as 
follows: when the pressure of the gas inside the tube 
is increased, it causes the tube to expand radially; 
this creates in the shell an axial force that causes the 
contraction of the muscle [9]. Owing to their 
advantages, such as lightweight, flexibility, high 
power-to-weight ratio, and cheapness, PAMs are 
widely used in robotics. Shape memory alloys, in 
turn, are the class of materials, which has the ability 
to "memorize" some shape and return to it, when 
heat is applied [10]. Some problems with SMAs, 
such as slow response and erratic movements, are 
preventing their mass usage. However, some of the 
SMAs (for example, NiTi) have a very useful 
characteristic: they are biocompatible and, thus, 
suitable for biomedical applications. Electro-active 

ceramics are made of crystals endowed of 
piezoelectric properties. When they are exposed to a 
mechanical stress, they generate an electrical charge. 
They can also work as actuator, i.e. generating force 
when stimulated by an external electrical voltage 
[11].  
Development of artificial muscles made of coiled 
fishing lines of different shapes and sizes is a recent 
discovery that can be utilized in the development of 
humanoid robots, prosthesis, exoskeletons and 
automated systems that require high load capabilities. 
Imitating human muscles, this kind of actuators can 
expand and contract generating up to 5 kilowatt of 
mechanical power per kilogram [12]. 
According to the study conducted by Haines et al. 
and reported in a recent number of Science [8], high-
strength and low-cost nylon occurred to be the most 
appropriate material for fabrication of polymeric 
twisted fibers. In addition, the helical structure of 
coils provides contraction from 4% to 34% by rising 
the material temperature from 20 to 240 °C. Such 
systems with high range of temperature control can 
be used for humanoid robots to make fast and at the 
same time precise movements, where both, stiffness 
and tensile actuation, are important. 
The aim of this work is to develop and study 
anartificial muscle suitable for humanoid robotics 
applications able to reach a tensile stroke up to 30% 
of its length. Thus, exploiting volumetric controlled 
thermal expansion with different fibers 
configurations while working in a range of 
temperatures between 20-80°C. 
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Polymer-Dispersed Liquid Crystal Elastomer 

Thermomechanical Actuators 
 
A. Rešetič1,2, J. Milavec1,2, B. Zupančič1, V. Domenici3, B. Zalar1,2 

1 Jožef Stefan Institute, Ljubljana, Slovenia 
2 Jožef Stefan International Postgraduate School, Ljubljana, Slovenia 
3 Università degli studi di Pisa, Pisa, Italy 
 
Abstract: 
We are introducing polymer dispersed liquid crystal elastomers (PDLCEs) as a new thermomechanically 
functional rubber material which can be molded into any arbitrary shape and size. PDLCEs exhibit temperature 
driven shape memory and due to their easy and practical synthetization method and ability for custom-tailored 
modifications, they can be applied to a variety of actuating and other applications. 
 
Keywords: Liquid Crystals, Elastomers, Composites, Thermomechanical Actuation, Shape-Memory Material 
 
Introduction 

Liquid crystal elastomers are thermomechanically 
active materials that couple together elastic 
properties of elastomers with orientational 
properties of liquid crystals, a combination through 
which they exert temperature driven actuation in the 
form of contraction along the nematic orientational 
director of their mesogen constituents [1]. Industrial 
implementation of LCEs has been largely hindered 
by their geometrical and size limitations, which are 
limited to either macro-sized thin films or to 
different shaped varieties of nano- or micro-sized 
LCEs [2,3]. To overcome this problem, we are 
introducing polymer dispersed liquid crystal 
elastomers (PDLCEs) as a new thermomechanically 
functional rubber material which can be molded into 
any arbitrary shape and size. Because of their easy 
synthetization procedure, they can be easily 
enforced into production of future applications in 
the fields of thermomechanical actuation and 
additive manufacturing [4,5]. 
 
Preparation 

PDLCEs are prepared by freeze-fracturing regular 
oriented LCEs into microparticles and dispersing 
them into a polymer matrix, which is then cured 
under an external magnetic field to align the LCE 
particles in the field direction, by exploiting the 
diamagnetic anisotropy of mesogenic molecules. It 
is important that the LCEs used for preparation have 
a well-defined nematic or smectic ordering to 
produce monodomain LCE particles, which are 
required for successful and efficient particle 
alignment.  Orientational order of the LCE particles 
is then quenched by curing the surrounding polymer 
matrix. The preparation diagram is depicted in 
Figure 1. With this method we have transferred the 
thermomechanical deformation of the LCE particles 
onto the polymer matrix, granting the bulk 
composite to deform. 

 

 
 
PDLCE morphing abilities 

The degree of deformation of LCEs is not preserved 
completely when incorporated into the polymer 
matrix, i.e. it is reduced from ~45% strain exhibited 
by our LCEs to ~12% strain for PDLCEs; a 70% 
reduction. Nevertheless, by combining differently 
functionalized and non-functionalized PDLCE 
material into simple disk shaped bilayers, we can 
achieve different shape changes as shown in  
Figure 2. Upon reaching the activation temperature, 
the disk-shaped samples deform into the following 
shapes: fold (a), cup (b), saddle (c), left twist (d) and 
right twist (e). Blue and red lines denote the bottom 
and top layer nematic director orientation, 
respectively. We thus demonstrated that the lowered 
degree of strain (even though this can be altered by 
changing LCE particle concentration and/or using 
other LCE inclusions) is still high enough to achieve 
practical deformations. The configurations listed in 
Figure 2 have been specifically made to act as five 
basic voxels in 3D printing technology, the 
combination of which can produce customized 
morphing materials with arbitrary shape change. 

 
 

Fig. 1: PDLCE preparation procedure. 
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Development and Experimental Characterization of 

a DE Membrane Actuated Valve 
  
M. Hill, G. Rizzello, S. Seelecke 
Universität des Saarlandes, Saarbrücken, Germany  
 
Abstract: 
Dielectric Elastomer (DE) membrane actuators are lightweight, high energy density systems which show 
promise for improving the performance of pumps and valve control units. Particularly, the use of DE’s as valve 
control units offers advantages over traditionally used solenoid valves. Unlike solenoids which draw current 
continuously when activated, the DE-system draws current only during its initial motion, aside from some very 
small leakage currents. This means that the DE will use significantly less energy for holding a valve in position 
than a solenoid would performing the same action. The DE also generates very low heat and runs virtually silent. 
This work presents a valve which is driven by a DE-system consisting of a diaphragm, or circular, DE and a 
linear spring. The valve is designed for pressured air and allows a similar volume flow at various pressure drops 
to industrial valves. An experimental investigation of the performance of the DE valve is conducted, 
demonstrating an improvement with respect to a solenoid valve with similar characteristics.  
[1][2] [3] [4][5] 
Keywords: DE, DEAP, EAP, Dielectric Elastomer, Dielectric Elastomer Actuator, Valve. 
 
Introduction 

Dielectric Elastomers (DE’s), also known as 
Dielectric Electro-Active Polymers (DEAP’s), show 
high potential for research and industry due to their 
multifunctional applicability [1] .  DE’s can be used 
as actuators as well as sensors, whereby both tasks 
could be done simultaneous thanks to the self-sensing 
feature of the material, as shown, e.g., by Rizzello et 
al. in [2]. Some advantages of DE’s are large 
deformations, high power density, high energy 
efficiency, low weight, fast response time, and silent 
operations. Promising applications of DE’s include 
pumps and valve controls [3]-[5]. In particular, the 
low power consumption makes DE-controlled valves 
particularly attractive for industrial applications. 
Giousouf et al. [6] shown the potential of DE-stack 
actuators to control pneumatic valves and achieved 
good results in pneumatic performance and energy 
efficiency. Jhong et al. [7] used a combination of two 
cone DE-membrane actuators to control the airflow in 
a flow channel and has shown that a proportional 
control of the airflow is possible. 
This work has a similar approach to Jhong’s work, and 
presents a valve system driven by a DE membrane 
actuator. The direct comparison between a DE driven 
valve and a typical industrial solenoid valve is 
presented, and the demonstration of additional features 
of the DE, like proportional airflow control and lower 
energy consumption, is also provided. 

Dielectric Elastomer Actuator Description  

The basic configuration of a DE Actuator (DEA) 
consists of a parallel plate capacitor made of a thin 
dielectric elastomer foil which is sandwiched between 
compliant electrodes. Fig. 1 shows the structure of the 
DE membrane investigated in this paper, namely a 
circular membrane DE. The electrodes consists of 

graphite compound, manufactured by screen printing, 
and the DE-membrane is silicone polymer.  
 

 
Fig. 1: Circular membrane DE non-deflected (left) 
and deflected (right) 

The working principle of DE is based on an 
electromechanical pressure, arising as a consequence 
of an electric field, which squeezes the membrane, 
the so called Maxwell-stress (1). A voltage U applied 
to the electrodes results in an electric field which 
squeezes the DE membrane, resulting in a lateral 
expansion that can be used for actuation. The stress 
compressing the membrane, i.e., the Maxwell-stress, 
can be computed as follows 

 
σMaxwell = ε0εR

U
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#
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2
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where 𝜀𝜀𝜀𝜀 , 𝜀𝜀𝜀𝜀  are the vacuum and DE permittivity, 
respectively, U is the voltage, and z the thickness of 
the DE membrane. 
The working principle of the membrane DEA requires 
a biasing force, such as the one provided by a mass or a 
spring, to generate an out-of-plane stroke. An example 
of biasing is shown in Fig. 2(left), where the center of 
the DE is pre-deflected by compression of a linear 
spring. The inner frame is initially deformed to a point 
where the DE membrane and spring reach an initial 
equilibrium position. The application of a voltage 
causes a lateral expansion of the diaphragm, which 
results in a decrease in the DE membrane reaction 
force in the out-of-plane direction. The spring extends 
with the inner frame of the DE, as both of them move 
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Design and Control Strategies for a Novel  

Actuator System with Dielectric Electroactive 

Polymer and Spring 
 
X. Zhang, A. Verhagen 
Robert Bosch GmbH, Renningen, Germany 
Q. Zhu, Karlsruher Institut für Technologie, Karlsruhe, Germany 
S. Hau, S. Seelecke 
Universität des Saarlandes, Saarbrücken, Germany 
 
Abstract: 
A novel actuator, which is made from dielectric electroactive polymer and a spring system, has been developed 
and produced at the University of Saarland in cooperation with the Robert Bosch GmbH. In our research work 
the control concepts for this actuator are elaborated and investigated. The main problem to use such a novel 
actuator system is the instability, which means that the actuator cannot be stabilized at some given position. 
Goal of this research work is to develop and evaluate control concepts, which make the nonlinear actuator 
system stretch to a desired position on one side and stabilize at this given position at the other side. 
 
At first a physical model of the whole actuator system including the dielectric elastomer (DE), linear and 
nonlinear spring is built within the scope of this work. The hyperelastic behavior of the DE material is 
approximated by the Ogden model. The model was validated with data from real measurement. The biased 
linear spring and nonlinear spring are described by characteristic curves which are derived from measurement 
data. Secondly the instability problem is investigated and solved through a nonlinear control concept which uses 
the gain-scheduling method and is based on the physical model developed before. With help of the gain-
scheduling method different linear controller are designed and compared, e.g. the PID-controller with Ziegler-
Nichols design, compensator with root locus design and robust controller with H∞-method. At the end the 
robustness of different controller designs are discussed and several conclusions are made. 
 
Keywords: Electroactive Polymers, Dielectric Elastomer, Actuator, Control 
 
Introduction 

Electroactive Polymers, particularly dielectric 
electroactive polymers (DEAP), show a large 
deformation under electric actuation signal. Many 
research works have been conducted in the last 
years to investigate, how actuators with dielectric 
elastomer can reach a large deformation while 
working against an external load.  In [1] the working 
principle of a stack actuator has been introduced to 
enhance the total deformation of the actuator (see 
Fig. 1). The total deformation of the actuator can 
theoretically reach N times of the single layer 
actuator if N layers are stacked together. In the 
practice the total deformation is about 70% because 
of the nonelastic end cap. While the stroke of such 
stack actuator is improved, the output force which 
the stack actuator can generate is limited. A novel 
way to maintain the large stroke under higher 
external loads is to add a non-linear spring to the 
stack actuator. In [2] such a prototype was 
introduced based on a circular out-of-plane DE 
actuator and linear as well as nonlinear springs (see 
Fig. 2).  
 

 
 
Fig. 1: Actuation of a stack DE actuator 
 
 

  
 
Fig. 2: Actuation of a circular DE actuator  
with linear and nonlinear spring system 
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Results 

A test sequence of variable displacement was used 
to verify the controllers developed before. The test 
results are shown as below: 
 

 
Fig. 8: Control results of the pi-controller designed 
by Ziegler-Nicols method  
 

 
Fig. 9: Control results of the pi-controller  
designed by root locus method  
 

 
Fig. 10: Control results of the H∞ controller 

 
 
 

The controlled results show that the pi-controller 
designed by Ziegler-Nicols method can reach the 
desired displacement at different levels but the 
actuation has aroused a large oscillation of the 
controlled signal. The pi-controller designed by root 
locus method and the H∞ controller didn’t show this 
problem.  
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Industry 4.0 Using Shape Memory Actuators – 

Opportunities and Challenges 
 
R. Theiß, A. Czechowicz, P. Dültgen 
Forschungsgemeinschaft Werkzeuge und Werkstoffe e.V., Remscheid, Germany 
 
Abstract: 
Industry 4.0 is characterized by a significant increase in digitalisation and networking of products, value chains 
and business models. This is boosted by the use of ubiquitous sensors, data collection and sophisticated methods 
to analyse massive amounts of data. Therefore, the necessity for integrated sensor-actuator components and their 
integration into networks as so called cyber-physical systems increases. Shape Memory Alloys are multi-
functional materials which allow the integration of actuator and sensor functions in a single component. Shape 
Memory Actuators have seen an increase in use recently but mid to long term experience especially required for 
product and service development is still limited. Therefore, a joint application of Industry 4.0 methods and 
Shape Memory Actuators is reasonable. This paper provides an overview on challenges in the use of Shape 
Memory Actuators in context of Industry 4.0. 
 
Keywords: Shape Memory Actuators, Sensors, Sensor - Actuator integration, Industry 4.0 
 
1 Introduction 

The fourth industrial revolution is characterized by a 
significant increase of digitalization and networking 
of products, value chains and business models. 
Advances in information- and sensor-technology 
lead to the ubiquitous availability of computing- and 
sensing capabilities in every day products as well as 
industrial processes. So more and more information 
from all phases of a product life cycle is available.  
On the one hand side, this information is the basis 
for the improvement of products and processes and 
in particular services. Production industry depends 
on fast, inexpensive but sophisticated solutions to 
react to new developments and competition. On the 
other hand, this can also be used to find visible and 
invisible issues in an industrial factory environment. 
For example, the detection of machine degradation 
or component wear. [1] 
A new paradigm of so called cyber-physical systems 
(CPS) as network integrated actuators and sensors 
allows to connect, monitor and control a wide variety 
of components, products and processes. A 
consequence of this is the arising trend which is 
known today as Deep Learning in connection with 
Big Data and Cloud Computing. They are considered 
as essential models to increase productivity, quality 
and flexibility of manufacturing industries. [2] 
Six principles can be found in the design of Industry 
4.0 products and processes. [3] These principles are 
useful for developers and manufactures for finding 
Industry 4.0 applications. First to mention is 
interoperability between different CPS. This allows 
the connection and communication on basis of the 
Internet of Things and the Internet of Services. The 
second principle is virtualisation of the Industry 4.0 
components by uploading real sensor data to a 
simulation model. As third principle decentralisation 
becomes relevant as the CPS receive increasing 

functionality and intelligence. This results in CPS 
with the capability to make decisions on a local 
scale. 
Therefore, methods of self-optimization, self-
configuration, self-diagnosis, cognition as well as 
support of well trained workers become relevant. 
The combination of sophisticated communication 
networks and intelligence CPS exhibit real time 
capability for the collection, analysis of data as well 
as for decision making.  
In contrast, Industry 4.0 also has challenges which 
have to be overcome. In highly connected systems 
relaying on software IT security issues as well as 
reliability and stability become relevant. Especially 
critical machine-to-machine communication (M2M) 
with short latency times. Furthermore, knowledge 
has to be protected and measures against industrial 
spying has to be considered in highly connected 
networks. 
On a more abstract level the principles of service 
orientation and modularity receive more attention. A 
characteristic trait for industrial production in an 
Industry 4.0 context is the advanced customization 
of products and services. The application of the 
afore mentioned principles provide the potential for 
sophisticated and granular service, tailored for 
customer needs. Modularity is a basis for using this 
potential and allows the adaption of CPS on 
changing requirements by dynamic interchanging or 
modification of components. Especially highly 
modular and dynamic industrial product service 
systems become more feasible with the development 
of the internet of things and the internet of service. 
Besides the development of new algorithm for data 
analysis or networking it is still necessary to 
develop new approaches for CPS as the fundamental 
basis of industry 4.0. [4] An innovative approach for 
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Reconfigurable SMA End-Effector for Material 

Handling 
 
P. Motzki1, 2, Y. Goergen1, 2, A. York2, S. Seelecke1, 2  
1 ZeMA – Zentrum für Mechatronik und Automatisierungstechnik gGmbH, Saarbrücken, Germany 
2 Universität des Saarlandes, Saarbrücken, Germany 
 
Abstract: 
A first prototype of an SMA-based reconfigurable end-effector was already presented at the SMA network 
exhibition booth at the Actuator14. In this paper, the next generation of the first SMA end-effector prototype is 
presented. The end-effector has four independent gripping arms, which can be positioned within a 90° rotation 
radius. The main part of this functionality is the use of the “self-sensing” ability of the SMA wires. The 
resistance feedback of the SMA wires is used for position control of the gripping arms. Also, each gripping arm 
has a second degree of freedom, which allows it to tilt perpendicular to the rotation plane. The designs of the 
actuator constructions are presented and a prototype is produced via rapid-prototyping. In conclusion, different 
application scenarios are presented and discussed. 
 
Keywords: SMA, Shape Memory Alloy, Reconfigurable, End-Effector, Material Handling, Assembly 
 
Motivation 

Material handling is a crucial part of manufacturing 
and assembly in industry. In state-of-the-art 
handling systems, robots use special end-effectors to 
grip and transport work pieces. These end-effectors 
contain grippers that are fitted to the special 
geometry of the workpiece that is to be handled in 
the process (Fig. 1). If the same robot is used for the 
handling of different shaped work pieces, the end-
effector is replaced with a new end-effector that, 
once again, is custom fitted to the new workpiece 
geometry. During the exchange process, all 
manufacturing or assembly processes are paused. 
This down time can be very costly. Therefore, there 
is an inherent benefit to creating a reconfigurable 
end-effector that is able to adjust automatically to 
different workpiece shapes and geometries [1-3]. To 
make an end-effector automatically reconfigurable, 
a suitable actuation method is needed. The actuators 
in the end-effector have to be strong enough to carry 
the loads of the workpiece, but at the same time they 
have to be light-weight to avoid adding big 
moments of inertia in the robot or the kinematic unit. 
High inertial forces require bigger and stronger 
robot actuators and thus higher energy consumption 
and costs. Because of their high energy density, 
Shape Memory Alloys (SMA’s) are a well suited 
actuation method for this application [4, 5]. SMA 
actuator wires will contract when heated, typically 
via an applied current, resulting from a phase 
transformation between martensite (cooled wire) 
and austenite (heated wire) [6, 7]. The use of SMA-
wires as actuators allows for the construction of 
very light weight and energy-efficient systems. 

 

 
 
Fig. 1: Examples of different end-effectors [8] 
 
Fundamentals 

Shape memory alloy wires are known for their 
superior energy density. The most popular alloy for 
actuation wires is nickel-titanium (NiTi). The 
energy density of NiTi wires is in the range of 107 
J/m3 [9], the power density has a magnitude of 50 
kW/kg [6].  
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Energy-Efficient SMA Vacuum Gripper System 
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1 ZeMA – Zentrum für Mechatronik und Automatisierungstechnik gGmbH, Saarbrücken, Germany 
2 Universität des Saarlandes, Saarbrücken, Germany 
 
Abstract: 
Shape Memory Alloy (SMA) wires are a promising actuation technology for industrial applications due to their 
high energy density. These wires contract when heated, typically via an applied current, as a consequence of a 
phase transformation between martensite (cooled wire) and austenite (heated wire). The first prototype of an 
SMA-actuated vacuum gripper was presented at the Actuator14 conference. The focus of this paper is on the 
development of a second generation prototype of an SMA-actuated vacuum gripper that does not require 
continuous activation during gripping. For evaluation and validation of the gripper system, a test rig is used to 
measure the created vacuum with a pressure sensor and the deflected membrane with a laser displacement 
sensor during operation. Different experiments take a look at the vacuum quality over time, lifting forces and 
repeatability. The paper ends with an outlook on future work and a discussion of possible application scenarios. 
 
Keywords: Shape Memory Alloys, SMA, Vacuum Gripper, Suction Cup, Self-Sensing 
 
Motivation

In material handling and assembly industry, vacuum 
grippers are widely used for the handling of plane 
work pieces [1]. State-of-the-art vacuum gripper 
systems use the Venturi effect for vacuum 
generation, so they need a continuous supply of 
energy from a central compressed air system [2]. At 
Actuator14, we first presented a vacuum gripper 
prototype actuated by SMA wires [3-5]. With this 
prototype we were able to demonstrate advantages 
of the SMA technology including lowered noise 
level, unaffected air quality and lowered system 
costs, weight and dimensions. The SMA wires in 
this prototype had to be constantly heated during 
gripping. To be more energy-efficient in processes 
with longer gripping phases, a new prototype is 
constructed with a different design scheme, in which 
the SMA wires are only activated with a short pulse 
when gripping or releasing a work piece. 
 
Fundamentals 

Thermal shape memory alloys have the highest 
energy density compared to other electromechanical 
transducers [6-8]. The most popular alloy for 
actuator wires is nickel-titanium (NiTi). NiTi wires 
can reach energy densities in the range of 107 J/m3 
[9] and power densities with a magnitude of 50 
kW/kg [10]. A change of temperature induces a 
transformation of the crystalline structure in the 
micro-scale which can be observed as a large macro-
scale deformation. For NiTi wires, this deformation 
is visible by a change of length of 3-4 % of its 
original length [11]. At low temperatures, the alloy 
is in a mix of two martensite phases (M+ and M-). 
Mechanical stress causes a transformation into a 
uniform martensite phase and quasiplastic 
deformation of the material. The application of heat 
causes a transformation to the high temperature 

austenite phase and a return to its original length. 
With a constant mechanical stress, heating and 
cooling of the material leads to a direct 
transformation between martensite (M+) and 
austenite. In the case of the vacuum gripper, a 
mechanical spring is used for applying a constant 
force. 
 
Design 

The design scheme of the new vacuum gripper 
prototype is shown in Fig. 1. The SMA wires (1) are 
connected to the casing (2) and a piston (3). The coil 
spring (4) is compressed between the casing and the 
piston. The elastic membrane (5) is also connected 
to the casing and the piston.  

 
 
Fig. 1: Schematic prototype design (SMA wires 
actived) 
 
In Fig. 1, the SMA wires are activated and 
contracted. They work against the spring force and 
pull the piston down. In Fig. 2 the deactivated state 
is shown. The SMA wires are cooled down and the 
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Passive Speed Control Using a Functional Clutch 

Driven Reversely 
 
K. Koyanagi, Toyama Prefectural University, Imizu-shi, Japan 
Y. Kimura, Osaka University Hospital, Suita-shi, Japan 
M. Koyanagi, Osaka Electro-Communication University, Shijonawate-shi, Japan 
A. Inoue, ER-tec Co., Minoh-shi, Japan 
T. Motoyoshi, H. Masuta, T. Oshima 
Toyama Prefectural University, Imizu-shi, Japan 
 
Abstract: 
In a previous study, we constructed a passive speed control system using a functional brake for systems that are 
driven by an external force, such as that exerted by a person, water, or wind. Such systems vary widely and are 
difficult to predict. The functional brake employed an electrorheological fluid, was controllable and had a quick 
response. However, it was difficult to reduce the vibration of the response adequately. We thus used a functional 
clutch instead of the brake, and attached a motor to the driving shaft. The motor rotates constantly but in the 
direction reverse to the driving direction of the external force. We then constructed the speed control system by 
controlling the functional clutch and achieved lower vibration than when using a system having a brake. The 
present paper finally reports on isokinetic exercise equipment for a target system, which requires a speed control 
function when driven by the trainee. 
 
Keywords: Passive Control, Speed Control, Clutch, Functional Materials 
 
Introduction 

Systems that are driven by an external force, such as 
that exerted by a person, water or wind, vary widely 
and are difficult to predict. Examples of such 
systems are the wheel system of a car moving under 
the effect of an inertial force and a windmill, as 
shown in Fig. 1. In the case of the wheel system of a 
car, a resistive torque τb acting against the rotation 
of the wheel can be manipulated actively by the 
driver of the car applying the brake. However, the 
brake-assist systems of modern cars intervene in the 
braking process. The realization of smooth speed 
control via the resistive torque is expected to 
improve the ride quality. During the operation of an 
anti-lock brake system, general controllers observe 
the rate of slip between the tire and road and control 
the rotational speed of the wheel with ON/OFF 
braking. If proper speed control using the brake is 
automatically executed, it may be possible to brake 
more quickly or to prevent a slip. A problem 
affecting wind power plants is a variation in the 
production of electricity according to the wind 
power. Proper speed control with a resistive torque 
is thus needed for the constant production of 
electricity, which will reduce the cost of the electric 
power system and increase the efficiency of the 
power plant.  

In previous studies, we constructed a passive speed 
control system using a functional brake for such 
systems [1][2]. The functional brake used an 
electrorheological (ER) fluid and was controllable 
and had a quick response. We presented results for 
isokinetic exercise equipment, which required a 

speed control function when it was driven by the 
trainee.  

It was however difficult to reduce the vibration of 
the response adequately. We thus used a functional 
clutch instead of a brake, and attached the motor to 
the driving shaft as shown in Fig. 2. The motor 
rotated constantly but in reverse to the direction 
driven by the external force. The resistive torque 
was controlled by adjusting the torque transmitted 
from the motor with transmissibility of the 
functional clutch. Because this was a semi-passive 
system generating an active torque only in the 
direction opposing the motion, we expected the 
system had controllability better than that of a 
purely passive system.  

In the present study, we constructed a speed control 
system that controls the functional ER clutch and 
observed vibration weaker than that in the case of 
the system using the brake [3]~[7].  

 

 
Fig. 1: Examples of systems driven by a disturbance 
force and controlled by a brake 
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Noise-Robust Online Parameter Identification of 

BLAC Machines Using Sliding Mode Differentiator 
 
N. König, E. Grasso, D. Merl, M. Nienhaus 
Universität des Saarlandes, Saarbrücken, Germany 
 
Abstract: 
Parameter identification algorithms are needed to successfully control electrical machines, as well as for final 
inspection stages of motor production. Nevertheless, such algorithms make use of current sensors, which 
typically introduce noise. Moreover, the needed time derivative of the current measurements represents a major 
limitation in parameter identification. In this work a sliding mode differentiator is combined to a LMS algorithm 
for improving noise robustness of the parameter identification technique. Experimental results performed on a 
BLAC motor will be shown and discussed. 
 
Keywords: BLAC Machine, Parameter Identification, Sliding Mode, Derivative Estimation 
 
I. Introduction 

Parameter identification algorithms are needed to 
successfully control electrical machines as well as 
for final inspection stages of motor production. In 
the field of electrical machine control, an online 
estimation of the parameters is desirable to 
implement adaptive control algorithms which are 
capable of tracking parameter changes due to 
temperature variation as well as to external factors. 
 
A lot of different algorithms are used for system 
identification. In particular, the Least-Mean-Square 
(LMS), Normalized LMS (NLMS) and the 
Recursive Least-Squares (RLS) algorithms are 
among the most adopted techniques due to their 
simplicity of implementation [4, 5]. These 
algorithms have been used for parameter estimation 
of electrical actuators like DC-motors in [2], 
induction machines in [6] and unconventional 
dielectric polymer actuators in [1]. 
  
In reality noise is present on all sensor 
measurements. In particular, current sensors are 
usually characterized by low signal to noise ratios as 
well as limited bandwidth. It is well known that the 
time derivative of a noisy signal results into an even 
noisier signal. Therefore, the noise resulting in the 
time derivative can be so high that the signal is no 
longer recognizable. This leads to a bad 
convergence of the LMS and/or RLS algorithms 
and, therefore, to a wrong determination of the 
parameters, in particular of the inductance of the 
machine, which is associated to the derivative of the 
current. Nevertheless, the identification of the motor 
inductances is crucial for reaching high control 
performance. 
 
In this work both NLMS and RLS algorithms are 
used to determine the electrical parameters of a 
BLAC motor such as the flux constant, the stator 

resistance and the inductance in the d- and q- axis. 
The basics about BLAC machines and parameter 
identification with NLMS and RLS are presented in 
section II. The implemented algorithms are derived 
from the typical mathematical model of BLAC 
motors. The derivatives of the currents in the d- and 
q-axis are obtained by means of a sliding mode 
differentiator, which is an established technique in 
control theory and differentiation estimation [3]. 
The sliding mode differentiator is accurately tuned 
based on the knowledge of the time dynamics of the 
motor currents. Finally, the phase shift of this 
differentiator has to be considered in order to get a 
good estimation of the parameters. The 
implementation will be described in section III. 
 
These techniques have been implemented both in 
simulation and in an experimental set-up. In 
particular, the parameter identification algorithms 
were implemented in Matlab-Simulink where a 
BLAC motor and noise sources have been modeled. 
Persistently exciting voltages have been designed in 
order to optimize convergence of the algorithms. 
Afterwards, an electronic circuit based on an 
inverter stage and current sensors was designed and 
connected to a dSPACE DS1103 system in order to 
experimentally test these algorithms. Finally, this 
work will present and discuss the obtained results in 
section IV and V. 
 
II. Basics 

a) Model of a BLAC machine 
The system equations for a BLAC machine in d-q-
coordinates are [7]: 
 

  
(2.1) 

 
(2.2) 
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A Direct Flux Observer for Robust to Noise 

Sensorless Control of PMSMs 
 
E. Grasso, M. Nienhaus 
Universität des Saarlandes, Saarbrücken, Germany 
 
Abstract: 
Sensorless control for PMSMs represents one of the main aspects of embedded systems because it allows the 
removal of sensors at the advantage of dimensions’ reduction and diminished maintenance. The Direct Flux 
Observer technique allows obtaining a measurement of the flux linkages of the motor phases, which are function 
of the electrical rotor position needed for motor driving, without the usage of current sensors. However, the 
measured signals are affected by noise. Therefore, a Sliding Mode Differentiator is used in order to perform 
reliable and robust to noise control of PMSMs. Simulation and experimental results are shown and discussed. 
 
Keywords: BLAC Machine, Sliding Mode, Derivative Estimation, DFO 
 
I. Introduction 

In recent developments of low-power electro-
magnetic actuators there is an increasing demand of 
space saving solutions while preserving high quality 
and performance. Thus there is the need of realizing 
embedded motion control systems, where actuating, 
sensing and control capabilities are joined in one 
single unit. Sensorless control for PMSMs 
(permanent magnet synchronous motors) represents 
one of the main aspects of such systems because it 
allows the removal of sensors at the advantage of 
dimension reduction and diminished maintenance.  
 
Among the techniques for sensorless control of 
PMSMs [1], the ones that exploit the magnetic 
anisotropies of the machine are capable of operating 
at all speed ranges, included stand still conditions. 
Within this category of techniques, it is important to 
recall the vastly adopted high frequency current 
injection [2] as well as INFORM [3]. Nevertheless, 
such techniques require current sensors in order to 
retrieve the rotor position of the machine. A novel 
technique called Direct Flux Observer (DFO) [4 – 6] 
has been recently introduced, which requires 
exclusively the measurement of the star point 
voltage of the machine by means of a particular 
PWM pattern, thus reducing further space 
requirement and cost. Moreover, the simplicity of 
this technique makes it suitable for implementation 
even on low performance microcontrollers. 
 
The DFO technique allows obtaining a measurement 
of the machine flux linked with the motor phases, 
which is dependent on the electrical rotor position 
needed for motor driving. However, due to the 
presence of switching electronics, the measured 
signals are affected by noise. Therefore, obtaining a 
speed measurement suitable to control purposes can 
become burdensome, since the noisy position signal 
needs to be differentiated therefore enhancing the 

noise content. Using typical linear filters might 
result in a decrease of control performance, as the 
controller bandwidth will have to be reduced 
accordingly. Therefore, advanced filtering tech-
niques need to be implemented. 
 
In this work a Sliding Mode Differentiator (SMD) 
[7] is used in order to obtain the rotor position and 
speed needed for performing speed and torque 
control of a PMSM. SMDs are robust and exact 
differentiators based on sliding mode technique, and 
they are easily tuned based on the knowledge of the 
Lipschitz’s constant of the signal derivative. 
Moreover, among other robust to noise 
differentiators, SMDs are characterized by a low 
computational effort, which is a key aspect for 
embedded systems, where low performance 
microcontrollers are typically used. 
 
At the purpose of testing the technique, a simulation 
has been designed and conducted in the 
Matlab/Simulink environment. Simulation results 
have proven the capability of the SMD to 
significantly reduce undesirable results coming from 
noise flux linkage signals at the advantage of a more 
stable closed loop control of PMSMs. 
 
II. Basics 

a) DFC Method 

Let us consider the equation of a generic phase p of 
a three phase motor: 

Vp = I pRp +
dΨ p

dt
, (1) 

where Ψ is the resultant flux linkage of phase p, 
which can also be expressed as: 

*
p p pL IσΨ = +Ψ , (2) 

P  38



ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016 539

ACTUATOR 2016, MESSE BREMEN   2/4 
E. Grasso*, M. Nienhaus – A Direct Flux Observer for Robust to Noise Sensorless Control of PMSMs 

https://www.xinxii.com/actuator-2016-manuscript-38-p-371185.html


ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016540

ACTUATOR 2016, MESSE BREMEN   3/4 
E. Grasso*, M. Nienhaus – A Direct Flux Observer for Robust to Noise Sensorless Control of PMSMs 

ACTUATOR 2016, MESSE BREMEN   4/4 
E. Grasso*, M. Nienhaus – A Direct Flux Observer for Robust to Noise Sensorless Control of PMSMs 

Moreover, due to noisy flux linkages, the DFO 
angle will not result into a smooth position signal, as 
shown in the zoomed view of Figure 8. 

 
Fig. 8: Zoom of the DFO angle compared to real 
electrical angle 
For these reason, a SMD has been tuned with para-
meters adapting to the speed of the motor. Since the 
three flux linkages are converted in a two compo-
nents vector (13), the SMD has been applied to the 
α and β components. Application of the adaptive 
SMD to the α component is shown in Figure 9 
(similar results can be obtained for the β  
component). 

 
Fig. 9: Flux Linkage α component with and 
without SMD action 
The obtained DFO angle is therefore shown in 
Figure 10, while Figure 11 shows a zoom in the 
same time interval of Figure 8, demonstrating the 
efficiency of the method in obtaining clean electrical 
position signals. 

 
Fig. 10: Simulated DFO angle after applying SMD 
to noisy flux linkages compared to the real electrical 
angle 

 
Fig. 11: Zoom of the DFO angle after application of 
SMD compared to real electrical angle 
The speed signal obtained by time differentiating the 
electrical DFO position is shown in Figure 12. The 
presence of the second harmonic is still considerable 
and must be solved by the motor speed controller. 

 
Fig. 12: Simulated time derivative of the DFO angle 
after application of SMD 
 
V. Conclusions 

In this work a Sliding Mode Differentiator (SMD) 
has been used in order to deal with the noise present 
on the measurement of the flux linkage signals 
obtained by the Direct Flux Observer (DFO) 
method. Since the SMD is based on the Lipschitz 
constant of the first time derivative of the flux 
linkages, the SMD has been tuned adaptively to the 
motor speed. This method has proven to be efficient 
at the aim of obtaining clean position and speed 
signals needed for driving and control of a PMSM. 
Moreover, SMDs require low computational effort 
and therefore are suitable for implementation on 
microcontrollers. 
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Abstract: 
The objective of this paper is to provide results of an experimental and analytical investigation of Amplified 
Piezoelectric Actuators (APA) as vibrational isolator in a configuration of a mechanical Single Degree of 
Freedom system. The investigation is aimed at assessment of the mechanical properties modification ability via 
shunting techniques. The investigation consist of a phenomenological modelling of the APAs considered as 
generators and experimental verification of the vibrational energy dissipation ability in frequency domain. 
The results obtained during this investigation reveal that it is feasible to receive more than 20 dB reduction of 
the displacement amplification in the resonant range. Moreover, three tested examples of APA reveal up to 9 % 
of resonant frequency shift due to proper adjustment of the electronic shunting circuit, which is an 
encouragement for further analyses towards application of the APAs in semi-passive vibration control 
applications. 
 
Keywords: Vibration, Dissipation, Adaptive, Piezoelectric 
 
Introduction

Mechanical structures dedicated to aeronautic or 
space applications need to be developed with regard 
to strict weight limitations. These requirements lead 
to development of slender structures with limited 
internal stiffness and therefore being susceptible to 
externally excited vibrations. These require dedi-
cated engineering solutions. Since the beginning of 
1980s, there is a technique developed with utiliza-
tion of shunted piezoelectric patches adhered on the 
structural elements which increases the damping 
properties of structures in a controlled way [1]. The 
tested applications reveal the efficiency of that 
method [2] but a significant drawback of that 
technique is that it should be introduced on an early 
design stage and embedded in the structural 
material. 
In the engineering practice, there is often a necessity 
of application of a vibration control treatment in an 
advanced phase of the design process, when each 
modification of the principle structure generates 
high costs and therefore it is difficult to introduce 
any embedded system. In such situations vibration 
energy absorbers like Tuned Mass Dampers (TMD) 
[3] are often utilized in order to meet the technical 
specification of the design. 
However, the classical TMDs [4] are narrow-band 
devices that need to be tuned for a particular 
operational frequency. This is not well fitted to the 
requirements of the aeronautic structures where it 
often happens that the dominant excitation 
frequency changes in reference to the flight stage. 
The bandwidth of the passive TMD may be widen 
by increasing the mass of the device but this 

solution stays in contradiction to the weight 
limitations of the aeronautic or space applications. 
Therefore, a solution is required which would 
provide an ability of adaptation of the mechanical 
properties of the vibration attenuation device to the 
recognized frequency of the vibrational excitation. 
There are known results of investigations dedicated 
to analysis of modification of the mechanical 
stiffness and damping of piezoelectric ceramics via 
shunting methods [2]. Most of them are focused on 
piezoelectric patches or piezoelectric stacks. 
However, the first group of the solutions is strictly 
dedicated to the applications embedded in the 
structural elements and the second group of 
materials reveals high values of stiffness which 
eliminates them from the prospects of practical 
application due to high quality factor. 
The mentioned limitations drive us to an idea of 
utilization of Amplified Piezoelectric Actuators 
(APA) [5] as mechanical fuses of modifiable 
stiffness and damping properties by means of the 
shunting technique. Due to utilization of a geometric 
lever in the APA design, the effective stiffness of 
the element with the piezoelectric stack can be 
reduced. Therefore, the operational frequency range 
can be adjusted and suited to the requirements of an 
application in the aeronautical or space industry. 
The objective of this paper is to provide results of a 
preliminary experimental and analytical 
investigation of the APAs as vibrational isolator in a 
configuration of a mechanical SDOF system. The 
investigation is aimed at analysis of the APAs 
mechanical properties with ability of modification 
via shunting techniques. The investigation consists 
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Potentialities of APA Composite Shell Actuators 

and SA75D Amplifier for New Dynamic Applications 
 
M. Ragonet, J.-L. Petiniot, ONERA, Lille, France 
M. Fournier, T. Porchez, O. Sosnicki, C. Bouchet 
Cedrat Technologies SA, Meylan, France 
 
Abstract: 
The piloting of APA's composite shell by SA75D power amplifier offers new opportunities for dynamic new 
applications. Two in particular were received and are being studied: the design of a compact table tensile micro 
machine for characterizing stress-strain laws at high strain rate of wires, fibers, strands and textile samples that 
will usefully complete the fleet of dynamic testing machines available, the generation of synthetic jets of air 
pulsed also studied at ONERA. The energy capacity (displacement, force) without or with an external linear 
load were modeled versus the rise time using the Simulink code and experimentally measured using a very light 
device. Other identified improvements remain to be implemented both at the APA's actuators as the Amplifier 
SA75D to get some gains. 
 
Introduction 

ONERA activity on Amplified Piezo Actuators 
APA® from CEDRAT Technologies was initiated 
by the opportunity to apply them to the flap motion 
of active blades of helicopters. The main handicap 
was their weight and the idea of a composite shell 
came at once to the mind. Other equally interesting 
properties were also perceived quickly for appli-
cations in fast dynamics in other areas of activity. 
Different works on the design of various other 
geometries [1], the manufacture [2], the opti-
mization [3] and the repeatability of the production 
[4] have been done. 
  
APA500L with Carbon/Epoxy shell 
 

 
Fig. 1:  APA500L with steel shell 

 

Fig. 2:  APA500L with carbon composite shell 

The two actuators (figures 1 and 2) are very similar in 
appropriate comparison purposes. Internal profiles are 
identical. The thickness more or less constant since 
the manufacturing method is adjusted for stiffness 
comparable to the steel shell. Only hooking zones 
differ, the dishes have not been reproduced. 
In the case of the composite shell, the stack supports 
bases are reported. They are of B4C ceramic, EDM 
machinable and ensure a good transmission of forces. 
A specific study was conducted to optimize the 
geometry of these bases and increase energy capacity 
W = F.d and limit the risk of damage to the shell by 
punching. 
For a shell geometry, identical stacks and a preload of 
20 MPa the main properties obtained for the two 
actuators are shown in Table 1. 
Table 1: Comparison of  the actuators properties 
 

 
The electrical capacitance of the stacks is 34 uF.  
A 630 µm stroke, a blocking force of 750N and a 
Ky stiffness along the minor axis of 1.20 N/µm, 
identical for the two actuators were obtained with 
the advantage of the actuator to composite shell: 
-  A weight gain of 35%; 
- A free-free resonant frequency multiplied by 2; 
-  A blocked-free resonant frequency multiplied by 
   1.1; 
-  A 15% lower crushing; 
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Embedded and Redundant Heater for Controlling of 

SMA-Based Rotary Actuator for Space Applications 
 

F. Stortiero, V. Visentin, S. Gualandris 
Technosprings Italia srl, Besnate, Italy 
 
Abstract:  
Embedded and redundant heater has been developed for controlling of a shape memory alloy rotary actuator for 
space applications. The development of the heater has been carried out to solve some issues related to the design 
of the Hold Down Release Mechanisms (HDRM) as power cut-off device and issues related to temperature and 
position control for synchronized actuation. The electrical and thermo-mechanical properties have been 
characterized in order to underline the self-regulating behavior useful to avoid a power cut-off device in HDRM 
and underline the control of the temperature and the angular position. The control of the rotary actuator either on 
the point of view of temperature and angular position has been exploited to demonstrate the feasibility of 
synchronized actuation in case of installation of multiple actuators. Some details on the application of the rotary 
actuator in no space fields have been illustrated and some figures of merit has been described. 
 
Keywords: Rotaty Actuator, Position Control, SMA, HDRM 
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Hydraulic Expansion Actuators for Ball Screws – 

Towards Applicable Preload Adaption 
 
B. Denkena, P. Schreiber 
Leibniz Universität Hannover, Garbsen, Germany 
 
Abstract: 

Machine tool feed drives are commonly driven by preloaded ball screws. The amount of preload is an important 
parameter of a ball screw drive. While the preload is required for gaining rigidity and eliminating backlash, it 
causes friction and heating of the ball screw. The feed drive’s thermal behaviour and lifetime can be improved 
by adapting the preload to the required level. This work presents a novel hydraulic expansion actuator that is 
capable of adapting a ball screw’s preload during operation. Experiments on a prototype evaluate its static and 
dynamic characteristics. The results provide proof for the feasibility of the novel actuator concept.  
 
Keywords: Ball Screw, Preload Adaption, Hydraulic Actuator, Feed Drives 
 
1 Introduction 
Machine tool feed drives are subjected to demanding 
requirements regarding rigidity, operational life, 
efficiency, and cost. Preloaded ball screws satisfy 
these requirements to a great extent. Hence, ball 
screws are still the most frequently used drive of 
machine tool feed drives [1].  
In ball screws, preload determines the rigidity and 
eliminates backlash. However, friction and wear also 
increase with higher preload. Consequently, preload 
is a crucial parameter of a ball screw and its value is 
a result of a trade-off between the said parameters. A 
constraint in this trade-off is the minimum preload 
according to DIN ISO 3408-4: The preload value is 
to be set at least to such extent that axial loads on the 
ball screw do not exceed the preload by a factor of 
2.83. At this point, the balls on one side may be 
unloaded, which leads to undefined ball kinematics 
and increased wear [2].  
Additionally, setting the initial preload is even more 
complicated by the fact that the preload value does 
not remain constant over a ball screw’s lifetime. 
Initial preload has to compensate preload loss due to 
abrasive wear and equalizing of roughness peaks: 
Brecher et al. found a loss in ball nut rigidity of 
more than 20 % after 2000 km mileage [3]. 
Analogously, operational life calculation according 
to DIN ISO 3408-5 assumes an average preload of 
60 % of the initial preload over a ball screw’s 
lifetime [4].  
In addition to the described slowly progressing 
preload loss, preload can also vary on short term 
depending on a number of causes such as pitch error, 
radial run-outs of the shaft [5], feed velocity [6], and 
thermal expansion of shaft and nut [7].  
In practice, initial preload is often set to a level of 
10 % of the ball screw’s dynamic load rating [8]. 
This value is usually preset ex-factory and cannot be 
adjusted by the user, although there is one ball screw 
with adjustable preload commercially available [9].  

In order to attenuate the described trade-off, 
researchers have attempted to adapt preload during 
operation: Pritschow et al. [8] present a lever 
mechanism that exerts a torsional moment onto one 
nut in a double nut arrangement, thereby adjusting 
preload. Verl et al. integrate a spring mechanism 
between two ball nuts in order to avoid unloading 
and thus allowing for lower preloads [10]. In other 
concepts, various actuator types are directly 
integrated into a double nut’s force of flux: Piezo-
electric actuators have been integrated by [11]. 
Shape memory alloys were used for compensating 
wear [12] as well as for compensating preload loss 
caused by thermal expansion [7]. In addition, a 
hydraulic piston actuator is shown by [13].  
Those approaches were not established in practice. 
This is due to multiple reasons, including insufficient 
rigidity, cost, and practicability. In the case of 
hydraulic preloading, insufficient rigidity is assumed 
[14].  
However, hydraulic actuators offer substantial 
advantages for ball screw preloading because of 
their high force density and the fact that most 
machine tools already have a hydraulic system. 
Therefore, we aim to reconsider hydraulic preload 
adaption with a novel actuator based on a hydraulic 
expansion principle.  
 
2 Hydraulic Expansion Actuator for Ball Screw 
Preloading 

The proposed hydraulic expansion actuator’s (HEA) 
working principle, as shown in Fig. 1, is similar to 
that of hydraulic expansion chucks. The ring-shaped 
actuator is mounted between the two ball nuts of a 
double nut ball screw. The actuator comprises a 
cavity, which is covered by a thin diaphragm. By 
setting hydraulic fluid in the cavity under pressure, 
the actuator expands and exerts a preload force 
between the nuts.  
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Proof of Concept 
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Abstract: 
This paper presents a novel multifunctional pneumatic artificial muscle (PAM) with bi-directional force and 
motion capabilities. PAM's are generally preferred due to their high power to weight ratio, light weight, ease of 
installation, hazard free use and inherent compliance To demonstrate the concept, a prototype of the bi-
directional artificial muscle has been designed and developed. The prototype was characterized using a universal 
testing machine with an actuation pressure of 1 bar. Isometric and Isobaric experiments conducted on the 
prototype show good force capacity and the unique bi-directional capability. 
 
Keywords: Double Acting Pneumatic Muscles, Mc-Kibben Actuators, Soft Actuators. 
 
Introduction 

Pneumatic artificial muscles (PAM), more commonly 
known as fluidic or Mc-Kibben muscles have been 
around for quite some time now.  They are generally 
preferred thanks to their high power to weight ratio, 
light weight, ease of installation, hazard free use and 
inherent compliance. These properties make them an 
ideal choice for industrial/ robotic applications where 
human-machine interaction is involved. Recent and 
comprehensive  surveys on their applications can be 
found in [1] [2]. PAM usually consist of a hollow 
cylindrical elastomeric chamber covered by an outer 
braided sleeve, consisting of fibers made of un-
stretchable material and arranged in an anti-symmetric 
helical configuration. The hollow internal chamber 
and the braided sleeve are tightly sealed and attached 
to rigid end fittings, usually a passage is provided 
through one of these end fittings for pressurizing the 
elastic chamber with air or another fluid. The 
mechanical work done is transferred to an external 
system through these end fittings. When the inner 
elastic tube is pressurized the muscle either expands or 
contracts or stiffens depending on the initial angle of 
the braid fibers with the longitudinal axis of the 
muscle. The existing/traditional PAMs has a fixed 
initial braid fiber angle and are usually designed to 
produce a contractile force upon actuation, hence they 
are able to produce uni-directional force and motion 
[3]. This single acting nature of traditional PAMs 
poses a drawback when utilized for robotic 
applications, i.e. for bi-directional actuation of a 
robotic joint; two actuators are required in antagonistic 
configuration. This increases the overall size and 
complexity of the actuation mechanism [4]. 
In order to overcome this challenge previous attempts 
have been made to develop a bi-directional PAM. In 
[5] a spring over muscle (SOM) actuator is reported.  

 
Fig. 1: Actuator design schematics. Physical 
prototype and sectioned CAD rendering. 
The SOM utilizes a passive compression spring in 
parallel with a PAM for producing bi-directional 
forces.  Zheng & Shen developed a double acting 
sleeve muscle actuator [6], which is able to produce 
bi-directional force and motion. The muscle 
incorporates a unique insert at the center, inside the 
hollow elastic chamber. This design results in a 
significant decrease in the air consumption during 
operation and an increase of force capacity over the 
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entire range of contraction. Furthermore the insert 
consists of an additional chamber, which can 
produce extension, when pressurized. Although the 
fluidic muscle is able to produce bi-directional force 
and motion but it has some disadvantages. First the 
insert increases the weight of the actuator, secondly 
the extension force and motion is comparatively low 
as compared to contraction force and motion of the 
fluidic muscle. The patent [7] discloses a pneumatic 
actuator, which is able to achieve 2 actuation states, 
that is able to contract and expand upon actuation 
but it achieves this by circulating the working fluid 
between two expandable fluid-containing cells. 
In this paper we present the working concept and 
experimental characterization of a novel pneumatic 
artificial muscle which is able to contract, expand 
and stiffen. The paper is organized as follows: in the 
next sections the concept and design of the actuator 
are explained followed by the experimental 
characterization and discussion of results. A brief 
section explains the future work and its application 
in robotics. In the end the conclusion is presented. 
 
Concept 

In PAM's, when the inner elastic chamber is 
pressurized, it tends to expand, also expanding the 
braided sleeve with it. It is known from literature 
that when the braided sleeve expands, its individual 
fibers reorient themselves in such a manner that it 
tends to attain an angle of around 54o, with the 
longitudinal axis. At this particular angle the muscle 
tends to stiffen only and there is no more lateral 
deformation. If the braid fiber angle θ is less than 
54o, upon pressurization there is an increase in the 
radial direction and the muscle contracts. If the braid 
fiber angle θ is greater than 54o, upon actuation 
there is reduction in radial direction and the muscle 
tends to expand [8]. 

 
Fig. 2: Actuator working concept. A single braid 
fiber is shown instead of the whole outer braided 
sleeve for clarity. State A (extension state) , State C 
(contraction state) 

The working concept of the multi functional muscle 
is based on the traditional Mc-Kibben muscles but  
some fundamental changes to the design, enables 
the user to change the initial braid fiber angle θ 
independently, hence achieving bi-directional 
motion and forces upon actuation as shown in Fig. 2. 
The ability to change the initial braid fiber angle 
enables the actuator to achieve variable stiffness at 
each point along the total stroke of the actuator, 
whereas the traditional PAMs lack this ability. 
 
Design 

Fig. 1 shows the physical prototype and its sectioned 
CAD rendering. The different parts of the muscle 
were manufactured in house by utilizing rapid 
prototyping technology. Commercially available 
PET thread sleeving was used for the braid structure. 
It consists of 72 fibers arranged in an anti-
symmetrical helical configuration. The inner elastic 
chamber is made of Latex with an approximate 
thickness of 0.2mm. The diameter of each end 
fitting is 22mm and the active length of the actuator 
ranges from 52mm to 120mm, depending on the 
position of the movable end fitting. The movable 
end fitting can slide over the stem, hence enabling 
the user to change the braid fiber angle θ. For the 
expansion state the fiber angle is equal to 71o while 
for the contraction state it is equal to 33o. O-rings 
are used to provide a sealing medium between the 
matting surfaces of the movable end fitting and the 
stem.  
 
Experimental characterization 

The experiments were conducted to characterize the 
bi-directional force output capacity, displacement 
and the axial stiffness of the actuator, under a range 
of internal pressure. The experimental setup 
consisted of an Instron machine (4464), air com-
pressor and a pressure valve. An arduino® uno 
board is used to control the proportional valve, 
while a PC is used to collect data from the Instron 
machine. Three different kinds of experiments were 
performed. 

 
Fig. 3: Schematic diagram of the experimental setup. 
First the maximum force output was measured by 
keeping both ends of the actuator fixed and 
pressurizing it in 0-1bar range, in increments of 
0.1bar at each stage (Isometric testing). Secondly 
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Pneumatic Actuator Using Polyimide Film  

for Liquid Nitrogen Temperature 
 
D. Yamaguchi, T. Hanaki, R. Kamimura, Y. Ishino, M. Hara, M. Takasaki, T. Mizuno 
Saitama University, Saitama-shi, Japan 
 
Abstract: 
A purpose of our research is development of soft robotics called Filmotics. Filmotics is a synthesized term of 
Film and Robotics. In this study, we introduce our soft film actuator. The actuator can be driven in liquid 
nitrogen temperature. The actuator is made from two different-size polyimide films. Lager film is folded in 
pleats, and the pleats is expanded by applying driving gas. From the expanding, the actuator generates a bending 
motion. We have succeeded in driving the actuator at 78 K. The generated force was 84 mN when the applied 
gas pressure was 26.1 kPa. However, there was a problem with a leakage from a joint between a pneumatic pipe 
and the actuator. Thus, we fabricated and evaluated new connecting method using heat shrink tube. From 
evaluation, the leakage was decreased by using new method. 
 
Keywords: Pneumatic Actuator, Filmotics, Ultralow Temperature, Soft Actuator, Liquid Nitrogen 
 
Introduction 

Liquid nitrogen temperature provide some benefit in 
the fields of a medical treatment, a food industry, 
and an advanced scientific research [1]-[3]. For 
example, an ultralow temperature environment is to 
enable a long-term storage of organs, blood, and 
foods. In particular, a low-temperature environment 
generated by using liquid nitrogen (LN2) was called 
LN2 temperature environment, the temperature is 
about 77K. As an application example, a rapid 
freezing cooled by LN2 reduces a freezing damage 
of biological samples.  
Most of material has low temperature brittleness at 
ultralow temperature. From this reason, previous 
actuators, which can be driven in LN2 temperature 
or lower temperature condition, were made of 
metallic materials. These actuators have high 
mechanical stiffness because of hardness from 
metals. However, if a handling device has high 
stiffness, operating a frozen sample is difficult 
because operation object has low temperature 
brittleness. From this problem, softness and 
flexibility is required for an actuator for ultralow 
temperature. 
A soft actuator is a typical mechanical component 
for gripping brittleness objects because the actuator 
made of rubber materials [4]-[7]. Rubber material 
has low mechanical stiffness, and rubber-molding 
process is easy and economical. However, it is 
difficult to apply the previous soft actuator to low 
temperature environment because rubber has low 
temperature brittleness. 
A purpose of our research is development of soft 
robotics called Filmotics. Filmotics is a synthesized 
term of Film and Robotics. In particular, we have 
focused on a soft operating device for LN2 
temperature environment. In our previous study, we 
have already succeeded in a soft film actuator for 

LN2 temperature [8]-[9]. The actuators were made 
of super engineering plastics and driven by gas 
pressure. However, the actuator had a problem with 
gas leakage from connection between tube and air 
chamber. 
In this paper, we introduce our previous film 
actuator and evaluation system for LN2 temperature. 
Additionally, to solve the problem, we evaluate new 
piping. 
 
Structure of actuator 

The structure of our soft actuator is shown in Fig. 1. 
The actuator consists of a balloon unit, a metal wire, 
and a tube. The tube is inserted in the balloon unit. 
The balloon unit and the tube are tied all round 
many times with the metal wire. Gas is supplied 
through the tube and the balloon unit is expanded. 
The air chamber is composed of two different-size 
films. A larger film is folded in pleats. When driving 
gas is supplied to the chamber, the pleated film is 
expanded and the actuator is generated a bending 
motion. The diagram of the bending motion is 
shown in Fig. 2.  
In this research, we fabricated two size actuators 
that have a different width according to evaluations. 
The width for evaluation bending angle is 10mm, 
and the other for evaluation force is 12mm. 
As mentioned previously, typical plastics material, 
e.g. rubber, has low temperature brittleness. In this 
research, polyimide (PI) which is a kind of super 
engineering plastics is used as film material because 
PI has low temperature antibrittleness.  
Furthermore, typical adhesive has low temperature 
brittleness. Thus, two films are heat-welded each 
side without adhesives, and the balloon shape is 
fabricated. However, welding condition of PI films 
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Surveying and Closed-Loop Control Study of Highly 

Elastic Bending Actuator for Biomimetic Gripping 
 
J. Isermann, S. Ulrich, R. Bruns 
Helmut Schmidt Universität, Hamburg, Germany 
 
Abstract: 
This paper concern with the mechanical behavior and the closed-loop control for a new elastic bending actuator. 
First, the behaviour of the actuator is characterized with basic preliminary experiments at different load 
situations. This is followed by advanced experiments to characterize the actuator behavior. Finally, the 
behaviour of the actuator under using a controller is presented and evaluated. 
 
Keywords: Elastomer, Bionic Gripper, Flexible Actuator, Joint-Free Bending, Soft Gripping, Picking Cell 
 
Introduction 

In distribution logistics picking plays a crucial role. 
Picking aims to compile from a total amount of 
goods or an assortment subsets due to contracts [1]. 
The degree of automation in order picking process is 
still low compared to other areas of the company 
such as manufacturing. Due to economic purchasing 
conditions for hardware components and the 
technical development of sensor technology, image 
analysis software and corresponding algorithms, 
there is a wealth of new solutions for automation 
processes [2]. 
Our contribution to this problem is to provide a flexi-
ble and universal gripping system for robot-based 
picking for the example of drugstore products.  
The gripper has no classical mechanical engineering 
joints. It is equipped with nine highly elastic 
actuators, which have a resilient joint. The other 
structure and the specially textured gripping surfaces 
are produced by 3D printing process. The gripping 
system is thus equally well suited for man-machine 
applications because of this design, the risk of injury 
is reduced. The constructive development process of 
the gripper with a focus on the development of the 
pneumatic drive system, and the related basic 
research has already been presented [3, 4]. The latest 
status of the engineered gripper model can be seen in 
the figure below: 

 
Fig. 1: Complete CAD model of the slightly closed 
gripper 
In the following, the physical properties and the 
control of the movement of the gripper drive system 
are presented and evaluated.  

Measuring technology tests to characterize the 
actuator 

In preparation for the measurement a closed 
pneumatic measuring and control circuit was 
constructed. To control the inner pressure of the 
actuator, a proportional valve is used. The valve 
control characteristics for the output pressure with 
three different versions can be set. The optimum 
setting for the application has been determined in 
advance by evaluating hysteresis. 
To measure the actuator an own test environment was 
developed. The test bench can be seen in below figure 
forming: 
 

 
Fig. 2: 3D-CAD drawing of the actuator test bench 
In preliminary experiments it was determined that 
the gripping forces for the planned application with 
the actuator material with shore A hardness 60 
presented in [3] are too low. In the following 
experiments, therefore, a shore hardness of A 75 
was used. With the higher pressure and force level, 
the material has a reduced elongation at break. This 
amounts to only 60% of the value of the A 60 
material. 
The measurement of actuator angle is realized both 
at the test bench as well as the gripper in use by a 
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Dtact: A Tactile Device Which Changes  

How a Surface Is Perceived 
 
F. Giraud, Université de Lille, Villeneuve d'Ascq, France 
C. Giraud-Audine, Arts et Métiers Paris Tech, Lille, France 
M. Amberg, B. Lemaire-Semail  
Université de Lille, Villeneuve d'Ascq, France 
 
Abstract: 
Among human senses, touch is much less understood than hearing or sight. However, today, new emerging 
technologies are placing tactile interaction at the heart of the communication with smart devices (smartphones, 
tablets, …). Hence, studying the sense of touch is now very important, in order to better understand the 
mechanisms induced from the mechanical excitation of skin to the feeling experienced by a user. Also, being 
able to detect and measure tactile disabilities, and to propose rehabilitation is a challenge; otherwise, numerous 
people can drift away from these objects as they can't be used easily by them. 
In the paper, we present Dtact, a device which stimulates the finger pulp with a calibrated stimulation. It is 
designed to be used during experimental studies aiming at recording nerves and brain activity of a user touching 
its surface. It will be used to detect tactile disabilities, and perhaps some exercises could be programmed for the 
purpose of rehabilitation. 
 
Keywords: Piezoelectricity, Tactile, Power Electronics 
 
Introduction 

Among human senses, touch is much less 
understood than hearing or sight. However, today, 
new emerging technologies are placing the tactile 
interaction at the heart of the communication with 
smart devices. Tablets, smartphones are now 
commonly used by people all around the world, and 
many human to computer interfaces use flat tactile 
display made of glass to the detriment of knobs and 
buttons which produce a physical interaction much 
more contrasted. Hence, studying the sense of touch 
is now very important, in order to better understand 
the mechanisms induced from the mechanical 
excitation of skin to the feeling experienced by a 
user. Also, being able to detect and measure tactile 
disabilities[1], and to propose rehabilitation is a 
challenge; otherwise, numerous people can drift 
away from these objects as they can't be used easily 
by them. 
One can find many examples of tactile devices in 
the literature. For example, Variable Friction 
Devices use electrostatic forces [2] or Ultrasonic 
Vibrations [3] to modify friction between the 
fingertip and the touched surface. If the fingertip's 
position is measured, it is possible to modulate the 
friction in order to create the same lateral forces as 
those created when the finger touches a real rough 
surface [4]. These devices are now widely studied, 
and the contact mechanisms were finely 
described [5]. However, the tactile stimulation is 
very dependant with regards to the user and some 
external factors like the cleanness of the surface, the 
property of the user's skin,...[6] If a tactile 
stimulation can actually be provided to the users, the 

stimulation is not calibrated, and this alter the 
reliability of the studies.  
In the paper, we present Dtact, a device which 
stimulates the finger pulp with a calibrated 
stimulation. It is designed to be used during 
experimental studies aiming at recording nerves and 
brain activity of a user touching its surface. It will be 
used to detect tactile disabilities, and perhaps some 
exercises could be programmed for the purpose of 
rehabilitation. To be efficient, the device needs to 
accurately present a calibrated stimulus to the user. 
Hence, the paper is organized as follows: first, we 
present Dtact, and the principle of the tactile 
stimulation, then we present the system and the 
control achieved to obtain a same stimulation from 
one user to the other. A conclusion is finally given. 
 
Presentation of the Device 

When a surface vibrates, the perception of its 
roughness is altered by vibrations. This phenomenon 
was firstly introduces by [7], and has been attributed 
to the squeeze film effect: the air trapped between 
the finger and the plate compresses and depresses at 
high frequency according to a non-linear polytropic 
transformation. Friction reduction results from this 
process. The authors have confirmed through a 
psychophysical study that their surfaces made of 
sand paper could be perceived more or less rough as 
the vibration amplitude increase. The device is built 
up with a plate actuated by two langevin transducers 
at its edges. Because the plate shows nodes of 
vibration, the feeling is not equal all over the device. 
To operate, the plate has to vibrate at a frequency 
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above 25kHz, with a vibration amplitude within the 
range of 1 µm. This effect is confirmed by [8]; in 
this paper, the authors measured the vibration 
produced by the contact with a real rough surface. 
they demonstrate that with vibration, the vibrations 
are reduced. This result is confirmed by an 
experimental study. 
In [8], The vibrating plate is directly mounted on a 
Langevin transducer. The plate uses its first bending 
mode, and shows antinodes of vibration arranged on 
a circle. In the middle of the plate, the vibration is 
equal, but the exploration area is limited. Figure 1 
presents the perception of a rough surface according 
to the vibration amplitude of the plate. 

 
Fig. 1: perceived roughness as a function  
of the vibration amplitude 
In order to obtain a same vibration amplitude all 
over the vibration area, Dtact uses a large area 
piezoelectric Langevin transducer. The 
FBL28502HA from Fuji Ceramics has a φ50mm 
diameter, a resonant frequency of 28kHz. The tests 
have shown that it could vibrate at more than 3µm 
with a supply voltage of less than 30V. Figure 2 
shows the one Dtact. 

 
Fig. 2: Dtact when touched by a user 
In use, a rough surface is glued at the top of the 
Langevin transducer. The operator of Dtact needs to 
change the surface, to present several initial 
roughnesses, as depicted in figure 3. 
In order to facilitate the work of the operator, 
several transducers receive a different rough surface. 
In order to calibrate the vibration amplitude, it is 
necessary to implement a control, so that the 
experimental tests can be achieved with the same 
operating conditions. The next section presents the 

control developed for Dtact. In the paper, a head 
designate the langevin transducer and the rough 
surface mounted on top. 

 
Fig. 3: The rough surface glued at  the top  
of the Langevin transducer 
For the experiments, it is necessary to measure the 
forces of the contact between Dtact and and user's 
fingertip. For that purpose, the head is mounted on a 
mounting piece. This piece has two functions. First, 
it has to easily couple the head to the force sensor. 
Second, it has to firmly attach the transducer 
without damping the vibration. The head is then 
maintained in position by a claw which is closed at 
the position of the vibration node of the transducer. 
 
Design of the vibration amplitude controller 

To operate efficiently, the Langevin transducer has 
to be supplied with a sinusoidal voltage at the 
device's frequency. However, from one head to the 
other,  the resonance frequency may change due to 
geometry or materials 'properties variations. In use, 
the temperature also affect its value, and its tracking 
is then necessary. 
Moreover, the voltage amplitude has to be adjusted 
to compensate for the electromechanical conversion 
factor's variations from one head to the other, and 
also because the finger damps differently the 
vibration from one user to the other. For example, 
figure 4 shows how the vibration amplitude w(t) is 
modified when the voltage amplitude and frequency 
supplied to the transducer is maintained constant, 
and when a user press more or less on the surface. 
As it can be seen, the vibration amplitude vary, 
depending on how the user touches the surface, 
which is not acceptable in our application. 

 
Fig. 4: vibration amplitude w(t) of the transducer 
(top) when the voltage's amplitude and frequency 
are maintained constant (bottom) when a user 
modifies his pressure on the head's surface 
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Fig. 8: The control scheme as embedded into 
a microcontroller 
constant vibration amplitude during touch. It is 
achieved by choosing a large area Ultrasonic 
transducer to produce the vibration. A closed loop 
control has been implemented in order to 
compensate for the discrepancies from one to the 
other, and also, for the damping added when the 
user presses on the head's surface. 
In future work, Dtact will be used as a tool to study 
how rough surfaces are perceived. 
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Abstract: 
A new magnetically switchable locking actuator based on magnetoactive polymers (MAP) is introduced. It 
contains two MAP rings between an inner shaft and an outer housing, rotatable with respect to each other, and a 
coil which generates the magnetic field. In the non-activated state without magnetic field, free rotation between 
the inner and outer components is possible. However, when the magnetic field is activated by a current in the 
coil, the MAP rings expand radially and clamp the inner and outer components of the actuator to each other. A 
demonstrator of the radial locking device was designed, the magnetic circuit was simulated and the device was 
manufactured and tested. The maximum locking torque in the activated state was measured as nearly 3 Nm and 
the minimum torque in the non-activated state was found to be negligible. Due to the radial expansion of the 
MAP rings and the corresponding uniform attachment to the inner shaft of the actuator, the clamping process is 
very smooth. 

Keywords: Magnetorheological Elastomer (MRE), Magnetoactive Polymer (MAP), Radial Locking Actuator 

Introduction 

In many technical systems, a rotatable shaft has to 
be temporarily locked and unlocked for ongoing 
rotation. This can be achieved by mechanical means, 
where a bolt is pressed against the shaft, thereby 
blocking its rotation. If the locking has to be 
electrically controlled, an actuator pushes the bolt to 
the shaft or to a disk connected with the shaft. 
Usually, an electromagnetic actuator is used for this 
purpose. This linear actuator is rigid and the applied 
force acts from one side on the shaft. For the 
application of balanced forces from different 
directions on the shaft, several actuators around the 
shaft are necessary or the force from one actuator 
has to be distributed on the shaft by a sophisticated 
mechanical transmission mechanism, which requires 
much space. 
An alternative would be a radial locking mechanism, 
where an actuator clamps the shaft uniformly around 
its circumference. Such clamping mechanism can be 
principally achieved with magnetically driven soft 
materials, which are known as magnetorheological 
elastomers (MRE). MRE are a class of relatively 
soft smart materials [1]. They consist of magnetic 
particles which are embedded in an elastomeric 
matrix [2, 3]. By applying a magnetic field, the 
composite material reversibly changes its 
mechanical properties, i. e. the Young’s and the 
shear modulus. This magnetorheological effect is 
reversible and occurs within milliseconds in analogy 
to the behaviour of magnetorheological fluids 
(MRF). 
If the elastomer matrix of the composite is 
sufficiently soft and the applied magnetic field is 
strong enough and inhomogeneous, the MRE 
material shows also an actuation effect [4]. In an 

inhomogeneous magnetic field the material is 
deformed or stretched and changes its shape or 
geometrical dimensions. In the following, MRE 
composites which reveal such an actuation effect are 
called magnetoactive polymers (MAP). This 
signification is analogous to electroactive polymers 
(EAP) which actuate in electric fields. A MAP body 
can be strongly deformed in the magnetic field. It 
was already demonstrated that deformations of 
about 10 % can be achieved [4]. 
Like EAP, flexible magnetoactive polymers are 
capable to perform more complex motions in a 
magnetic field than it is possible with rigid bodies. 
In contrast to a voice coil, in which a magnetic body 
moves linearly with respect to the coil, driven by a 
magnetic force, a ring-shaped MAP body can 
radially be deformed by a magnetic field, which is 
applied between concentrically arranged inner and 
outer yokes. 
This radial deformation of MAP materials has 
already been shown to be useful for various 
applications. In [5] a valve mechanism was 
introduced, where the radial deformation of a MAP 
ring in a magnetic field controls the flow rate of an 
air flow. Moreover, the clamping effect of MAP 
rings can be used to realize an inchworm actuator 
which drives a rod over a principally unlimited 
distance [6] 
The objective of this work is to present a switchable 
locking device which exploits the outstanding 
actuation capability of MAP materials for a radial 
clamping mechanism. After a short explanation of 
the locking mechanism, the magnetic circuit with the 
radial magnetic field distribution is described, 
followed by the actuator design, the construction 
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Multistable Pneumatic Valve Based on Magnetic 

Shape Memory Alloys 
 
T. Schiepp, L. Riccardi, R. Schnetzler, M. Laufenberg 
ETO MAGNETIC GmbH, Stockach, Germany 
 
Abstract: 
Magnetic Shape Memory (MSM) actuators represent a new type of smart electromagnetic actuators where an 
active material elongates and contracts under the application of a magnetic field or an external stress. The MSM 
material has the ability to change its size or shape very fast and many million times repeatedly. Based the 
internal friction, recognisable from the strain-stress hysteresis, this new material technology allows the design of 
mono-, bi-, and multistable actuators that offer energy efficient solutions. In this paper, we present an overview 
of the current state of the MAGNETOSHAPE® technology and its future impact on fluidic applications. 
 
Keywords: MSM, Magnetic Shape Memory, Smart Materials, Pneumatics, Valve, Proportional, Control, Energy 
Efficiency, Multistability 
 
Introduction 
 

 

Typically, the Magnetic Shape Memory (MSM) 
material is a monocrystalline Ni-Mn-Ga alloy, 
which has the ability to change its size or shape very 
fast [1] and many million times repeatedly [2, 3]. 
Some alloys are known, which are able to achieve 
an outstanding magnetic field induced strain (MFIS) 
up to 12% [4]. Actuators based on such materials 
can be designed as multistable actuators with near-
zero current consumption in any stable position. The 
phase transition temperature of the MSM material 
between the low temperature martensite and the 
high temperature austenite limits the application 
temperature in current alloys to about 60°C, but 
future improvements are expected [5]. So far, MSM 
alloys have not been tested for the production of 
proportional valves within pneumatic systems, 
despite their potential [6,7]. 
In this paper we introduce a prototype valve for 
airflow control based on MSM alloys. The 
electrically controllable deformation of the alloy is 
used to control the aperture of the valve and the 
airflow. 
 
Multistable valve for airflow control 

Briefly speaking, commercially available MSM 
alloys can produce deformation up to 6% and stress 
up to 3 MPa when excited by a magnetic field 
perpendicular to the direction of motion [6]. 
Fig. 1 shows a family of typical input-output curves 
of a magnetic shape memory alloy under different 
pre-stresses. The curves are measured by increasing 
the magnetic field perpendicular to the strain while 
keeping a constant stress parallel to the strain, acting 
against the magnetically induced stress (MFIS). At 
σ = 0.1 MPa (black) the external load is not 
sufficient to compress the MSM element after 
elongation. It is visible that the deformation remains 
at 6% even if the field is reduced to zero. When the 

external load is increased (red), the MSM is 
compressed to the initial state. The experiments 
emphasise that both stress and field have to 
overcome some threshold in order to start 
contraction or elongation. This threshold is due to 
the inner friction of the alloy, called twinning stress, 
which tends to stabilise the current deformation of 
the MSM element. The deformation is self-
supporting as long as the external load or the MFIS 
does not exceed the twinning stress of the material. 
The self-supporting leads to the multistability of the 
MSM element, i.e. the capability of holding any 
deformation without magnetic excitation. 
 

 
Fig. 1: Typical strain-field curves at different stress 
levels  
 
An MSM-based valve that uses the multistability 
was designed by finite element analysis with state of 
the art MSM models [8]. The valve allows 
controlling the airflow between an inlet and an 
outlet. The basic idea is to exploit the elongation of 
the MSM element to open the valve and set the 
airflow, and the multistability to keep it open with 
low electrical power. The valve concept is sketched 
in Fig. 2, which shows the valve in the closed state, 
where the MSM element is compressed. The 
pressure pL at the inlet works against the movement 
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the airflow by a flow sensor, respectively. The 
characterisation experiment is reported in Fig. 5. 
The voltage signal is a logical signal: by definition, 
the positive values are supplied to the MSM actuator 
while negative values are inverted and supplied to 
the restoring actuator. All signals are normalised 
with respect to the factors 10 V for voltage, 305 µm 
for displacement, and 111 Nl/min for the airflow. At 
the end a pulse of -24 V (i.e., +24 V supplied to the 
restoring actuator) closes the valve completely. 
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Voltage
Flow
Displacement - 24 V

(1) 7 V
     18 μm
     2.22 Nl/min

(2) 9 V
     197 μm
     100 Nl/min

(3) 10 V
      305 μm
     111 Nl/min

 
Fig. 5: Test of the MSM valve with inlet pressure 
equal to 2 bar 
 
The experiment emphasises three important points. 
First of all, it can be seen that an input voltage 
smaller than 7 V does not produce any displacement 
and flow, see mark (1). This is due to the hysteresis 
of MSM, i.e. to the twinning stress, together with 
the initial force of the inlet pressure, which hinder 
the valve opening. Furthermore, closing the valve 
requires between 12 and 15 V to the restoring 
actuator when the displacement of the MSM alloy is 
about 0.3 mm. Finally, the voltage steps produce 
displacement and flow steps which do not return to 
zero as the voltage goes to zero (multistability). On 
the other hand, the displacement and flow deviate 
from the initial value as the voltage is reduced. This 
is due to a magneto-elasticity of the MSM alloy, 
which is deformation elastically coupled with 
magnetic field, as well as to possible 
underestimation of the forces acting on the MSM 
alloy when the valve is open. 
Fig. 6 shows another experiment where the input is 
a decreasing sinus with initial amplitude of 14.8 V. 
The multistability of the MSM alloy can be seen: the 
airflow remains almost constant during the complete 
experiment, independent of the voltage. This 
experiment emphasises that the multistability is also 
dependent on the displacement range where the 
MSM alloy works during operation of the valve. 
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(1) 14.8 V
     480 μm
     112 Nl/min

(3) 11.2 V
     460 μm
     112 Nl/min

(2) -13 V
370 μm
111 Nl/min

 
Fig. 6: Decreasing sinus input at 2 bar 
 
Both experiments show the highly nonlinear 
behaviour of the MSM valve, including the 
hysteresis, the asymmetry between opening and 
closing due to two different actuators, and the 
multistability. The airflow responds to a positive 
+15 V step of the voltage input with a time-constant 
of about 0.06 s and a settling time of about 0.3 s. 
 
Energy-efficient airflow control 

The input voltage to the MSM valve allows the 
electrical control of the airflow through the control 
of the elongation of the MSM alloy. The valve 
exhibits a number of nonlinear behaviours which 
ask for advanced nonlinear techniques [9]. 
Moreover, the exploitation of the multistability of 
the MSM alloy, which potentially allows the input 
voltage to be reduced with little influence on the 
airflow, is a desired feature to be considered in the 
control strategy [9]. 
In the following, we briefly compare the control 
results obtained by a standard PI controller, denoted 
by C1, and a modified version of C1 which 
improves the energy efficiency, denoted by C1e. 
Both controllers share the same proportional and 
integral gains, respectively 0.05 V min/Nl and 
0.5 V min/(Nl s). As main difference, the energy-
efficient controller C1e entails a different 
formulation of the integral term, which lets the 
integral state tend towards zero when the tracking 
error is within a defined tolerance [9]. This 
formulation is essential in order to exploit the 
multistability of the valve, due to the presence of the 
MSM element. 
Fig. 7 shows a tracking experiment with step-wise 
reference airflow. For clarity, C1e and C1 are 
compared only in the error plot of Fig. 7. It can be 
noted that different airflow ranges imply a different 
dynamic behaviour of the valve, as it is expected 
due to the nonlinearities of the system. A tolerance 
band of ± 5 Nl/min about the reference value is 
reached always within 2-3 seconds. The behaviour 
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of the push-rod, and the air is confined in the central 
chamber of the valve. The airflow between inlet and 
outlet is thus zero. 
 

 
Fig. 2: Schema of the closed MSM valve 
 
The valve opens when a magnetic field is generated 
by the current in the coils. The open valve is 
sketched in Fig. 3. The MSM alloy elongates and 
moves the push-rod towards positive x. Airflow 
between inlet and outlet is produced. The amount of 
airflow depends on the valve opening, which in turn 
depends on the elongation of the alloy. 

 
Fig. 3: Schema of the open MSM valve 
 
The realisation of the valve concept described above 
needs the design of three parts shown in Fig. 4: the 
valve core (Fig. 4a) with the air chamber, the 
opening system, the insulation, the inlet, the outlet 
and the push-rod; the MSM electromagnet (Fig. 4b), 
which provides the magnetic field to the MSM alloy 
located in the middle of the magnetic core, 
composed of flux-guide, coils and air gaps; the 
restoring mechanism (Fig. 4c) which compresses the 
MSM element after elongation. 
 

 

 
Fig. 4: 3D drawings of the units composing the 
MSM-based valve, (a) valve core, (b) electro magnet 
for MSM element (c) electromagnetic reset actuator 
 
The valve core is designed to minimise the forces 
acting on the MSM element when the valve is open, 
to ensure that the twinning stress is not exceeded. 
More specifically (see Fig. 3), the top surface A0 of 
the push-rod is equal to the bottom surface A2; 
furthermore, the sum of A0 and A2 equals the 
aperture surface A1 of the push rod. When the valve 
is closed, the inlet pressure pL acts on the surface A2 
to keep it closed. When the valve is open, the inlet 
pressure acts at the same time on the surfaces A2 
and A0 to close the valve, but on the surface A1 to 
open it. Since the sum of A2 and A0 equals A1, the 
overall force on the push-rod and on MSM alloy due 
to the inlet pressure is approximately zero. 
The design of the MSM electromagnet in Fig. 4b is 
accomplished by means of the characteristic curve 
of the MSM alloy. The coils and the flux guide are 
dimensioned to achieve a flux density of about 0.8 T 
through the MSM alloy by a current of 3 A. The 
resulting coils have a resistance of 3.3 Ω. The force 
produced by the alloy is conservatively designed to 
overcome the twinning stress, the initial force due to 
the inlet pressure pL = 2 bar acting on A2, and 
possible friction forces acting against the movement 
of the push-rod. The restoring electromagnet Fig. 4c 
is designed to produce enough force to compress the 
MSM element and to overcome possible friction 
forces. 
To characterise the MSM valve, we supply a voltage 
input made of increasing steps from 0 to 10 V, 
followed by negative decreasing steps from 0 to -
24 V, and measure the displacement of the MSM 
element by means of a triangulation laser sensor and 
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of the restoring actuator is critical for the dynamic 
performance: at time t = 140 s, Fig. 7 shows a peak 
in the airflow due to the abrupt action of the 
restoring actuator. A further increase of the integral 
gain of the controller leads to critical oscillations of 
the airflow. Fig. 8 shows the voltages demanded by 
the two controllers C1 and C1e as control actions for 
the tracking in Fig. 7. The integral of the squared 
voltage (ISV) over the duration of the experiment 
can quantify the amount of energy consumption of a 
specific controller. The energy efficient controller 
reduces the energy consumption by 54%, with little 
influence on the tracking error. 
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Fig. 7: Tracking experiment with energy efficient 
controller C1e, and comparison of the tracking 
errors of C1 and C1e 
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Fig. 8: Control actions of C1 and C1e for the same 
reference tracking experiment in Fig. 7 
 
Conclusion: 

A MSM-based valve is presented with the objective 
to control the airflow between inlet and outlet. The 
basic idea is to exploit the elongation of the MSM 
element to open the valve and set the airflow, and 
the multistability to keep it open with low electrical 
power. A control strategy is presented that 
demonstrate precise positioning and air flow control, 
and further allows the control voltage to be reduced 
once at steady-state. The specific design of the valve, 
the multistability of the MSM element and the 
specific control strategy lead to a multistable valve 
which can be used in fluidic applications requiring 
energy efficient actuators. 
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Internal Stress Effects on Magnetostrictive 

Properties of Sputtered Giant Magnetostrictive Thin 

Films 
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Tokai University, Hiratsuka-shi, Japan 
 
Abstract: 
Internal stress of the Sm-Fe thin films was investigated considering ion bombardment. The Sm-Fe thin films 
were deposited by DC magnetron sputtering process with various substrate bias voltage. The effect of ion 
bombardment on internal stress of Sm-Fe thin films was estimated by the ion bombardment parameter Pi. The 
ion bombardment parameter Pi increased with increasing negative substrate voltage. Internal stress of Sm-Fe 
thin films showed a larger compressive stress with increasing amount of the ion bombardment parameter Pi. The 
magnetostrictive susceptibility of Sm-Fe thin films was improved by increasing compressive stress. The 
magnetostrictive susceptibility of the Sm-Fe thin film was dependent on the Pi. 
 
Keywords: Sputtering, Ion Bombardment, Internal Stress, Magnetostrictive Thin Film 
 
Introduction 

Magnetostrictive properties of sputtered thin films 
are affected by a processing such as deposition 
conditions and an ion bombardment during sputter 
deposition. The influence of internal stress on the 
magnetostriction was investigated in sputtered films 
[1]. In previous study, Hoffman et al. reported that 
an impingement ratio (i/a); incident of ion and vapor 
particles on substrate was key factor on the internal 
stress of thin films [2]. On the other hand, 
Windischmann’s reported the internal stress of a 
sputtered thin film depend on an ion energy [3]. In 
previously, we proposed an ion bombardment 
parameter Pi based on a magnitude of an ion 
momentum pG

+ and an impingement ratio of gas 
ions to metal particles iG

+/ aM. And we reported that 
internal stress and magnetostrictive properties of Ni 
thin films can be controlled with the ion 
bombardment parameter Pi [4, 5]. Up till now 
relatively few studies have been reported on effects 
of the internal stress caused by the ion bombardment 
on giant magnetostrictive thin films. In this study, 
effects of internal stress on magnetostrictive 
properties of giant magnetostrictive thin films were 
discussed. 
 
Experiment  

Film preparation 
Sm-Fe thin films were prepared on n-type single-
crystal silicon (5mm 25mm) by a dc magnetron 
sputtering process. The target to substrate distance 
was 60 mm. A chamber was evacuated below 3.0 x 
10-4 Pa. Sputtering gases were using argon (Ar). A 
sputtering power was set at 60 W and the substrate 
temperature was kept at 373 ± 5 K. A substrate bias 
voltage was set at 0 to 120 V. The schematic 

diagram of the set-up for the Langmuir probe is 
shown in Fig.1.	  

Fig. 1: Schematic diagram of the dc magnetron 
sputtering system with a single Langmuir probe. 
 
Sample analysis 
The thickness of films was measured by stylus 
profilometer. Plasma diagnostics were carried out by 
using a single Langmuir probe during the sputtering.  
A plasma potential and a saturated ion current was 
measured by a single Langmuir probe.  
The internal stress, σ was estimated by stoney's 
equation as follows [6].  

σ = sE s
2t 3 ft R 1− sv( )                    (1) 

Subscript s and f mean substrate and film, E is 
Young's modulus, t is thickness, v is Poisson's ratio 
and R is radius of the curvature. 
The magnetostriction of the film sample was 
measured by using a cantilever method under 
applied magnetic fieldsand calculated by following 
formula. [7, 8] 
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 λ = d sE s
2t 1− fν( ) 3 1− sν( ) fE ft 2l      (2) 

Where, subscript s and f  mean substrate and film,d 
is a displacement of  the film sample, t is thickness, 
E is Young's modulus and v is Poisson's ratio, l is a 
distance from clamp to free edge. In this study, 
Young's modulus and  Poisson's ratio of Sm-Fe thin 
films are 39 GPa and 0.4.	  [9, 10] 

 
Plasma diagnostics and ion bombardment 
parameter Pi 
A single langmuir probe was placed upward the 
sputtering target. The saturated ion current density 
and a plasma potential were estimated from the 
current–voltage characteristic. The Pi was defined 
as the magnitude of the momentum of the 
incident ion per one deposited particle of metal.  
The ion bombardment parameter Pi may be 
written as: 

iP = +Gi Ma( ) +Gp                (3) 

Where, iG
+ is the incident frequency of the sput-

tering gas ions. aM is the incidence frequency of  
deposited particle of metal.  pG

+
 is the magnitude of 

the momentum of the sputtering gas ion.  
The incident frequency of the sputtering gas ions 
was used  saturated ion current density. The incident 
frequency of  deposited particle of metal was 
estimated as follows. 

a = depor fρ AN fM( )            (4) 

rdepo is deposition rate of metal, ρf is density of 
metal, and NA is Avogadro number, Mf is define 
as molecular mas of metal.  
The magnitude of the momentum of the sputtering 
gas ion was given by following equation: 

+Gp = 2 ime sV − subV( )            (5) 

Where, mi is mass of the the sputtering gas ion, e is 
elementary charge, Vs is the plasma potential, Vsub is 
the substrate bias voltage. 
 
Results and Discussion 

The internal stress of the Sm-Fe thin films as a 
function of the Pi 
In this study, all of the Sm-Fe thin films showed a 
large compressive stress. Fig.2 shows the internal 
stress of the Sm-Fe thin films as a function of the Pi. 
The internal stress of the Sm-Fe thin films was 
increased compressive stress with increasing the Pi. 
The changing compressive stress of the Sm-Fe thin 
films was caused by peening effect by bombardment 
of the accelerated sputtering gas ion. 
      
 
 
 

The magnetostrictive susceptibility of the Sm-Fe 
thin film as a function of the Pi 
Fig.3 shows the magnetostrictive susceptibility of 
the Sm-Fe thin films as a function of the Pi. The 
magnetostrictive susceptibility of the Sm-Fe thin 
films improved with increasing the Pi. Tsunashima 
et al reported that internal stress of giant magneto-
strictive thin film will affect the magnetostrictive 
susceptibility [11]. The magnetostrictive suscep-
tibility of the Sm-Fe thin films increased with 
decreasing magnetic anisotropy energy due to 
increasing the compressive stress of the Sm-Fe thin 
films [12]. In large Pi, magnetostrictive suscep-
tibility showed a large value.  

Fig. 2: The internal stress of the Sm-Fe thin films as 
a function of the Pi.  

Fig. 3: The magnetostrictive susceptibility of the 
Sm-Fe thin films as a function of the Pi. 
 
Conclusion 
The internal stress of the Sm-Fe thin films showed 
large compressive stress with increasing the ion 
bombardment parameter Pi. The magnetostrictive 
susceptibility of the Sm-Fe thin film was also 
dependent on the Pi. The magnetostrictive suscep-
tibility of the Sm-Fe thin films improved with 
increasing the Pi. The internal stress and the 
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Optimization of Cutting Processes for Magnetic 

Shape Memory Actuator Elements 
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ETO MAGNETIC GmbH, Stockach, Germany 
 
Abstract: 
For the production of Ni-Mn-Ga single crystalline actuator elements dicing technology was applied. In the paper 
results are presented for the optimized fabrication of Ni-Mn-Ga single crystalline actuator elements using dicing 
temperature of 80°C. The surface of the single crystalline Ni-Mn-Ga actuator elements after the dicing process 
was investigated. A relation was found between processing parameters and quality of cutting edges. The results 
are discussed with respect to surface roughness, deformation layer and twinning behavior and will help to better 
understand the microstructure-property relationship of this new class of smart materials.  
 
Keywords: Ni-Mn-Ga, Cutting, Actuator Elements, Surface Roughness, Microstructure 
 
Introduction 

The intermetallic compound Ni-Mn-Ga close to the 
stoichiometric composition Ni2-Mn-Ga has drawn 
special attention due to the magnetic-field induced 
strain (MFIS) resulting from the easy twin boundary 
motion under the influence of a magnetic field. The 
magnetic shape memory alloys (MSM) are suitable 
for a large number of technological applications, 
including actuators or sensors [1-3]. Single 
crystalline rods can be fabricated with diameters 
between 20 to 60 mm and lengths of 110 to 200 mm 
by ETO MAGNETIC GmbH [4].  
The basis for the processing sequence is the number 
of cutting steps for producing the actuator elements. 
For large cutting depths, which are typically 
between 20 and 60 mm, the technologies diamond 
wire cutting and water jet cutting were investigated 
[5]. The resulting roughness values have shown that 
generally rougher surfaces must be expected with 
higher cutting depths. On the other hand, dicing is 
suited for lower cutting depths between 1 and 5 mm 
[6]. Because of its high cutting speed the technology 
is suitable to produce very good surface qualities, 
but the magneto-mechanical properties are affected. 
Locally, a crack initiation was found along the 
cutting edge due to high cutting speed. The 
measured MFIS values are somewhat lower but of 
the same order of magnitude, compared to the wire 
electro-discharge machining (EDM) processing 
route [7]. EDM is the standard process to cut the 
single crystalline Ni-Mn-Ga material into actuator 
elements. Afterwards, Ni-Mn-Ga actuator elements 
are mechanically grinded and electro-polished. The 
benefit of EDM is the limited surface deformation. 
However, a disadvantage of this technology is the 
relatively low machining rate. So there is a high 
requirement to investigate alternative and cost-
effective cutting processes for a large number of 
pieces. 

 

In this paper, results will be presented for the 
optimized fabrication of Ni-Mn-Ga single crystalline 
actuator elements using flexible dicing machine at a 
temperature of 80°C. The results are discussed with 
respect to surface roughness, deformation layer and 
twinning behavior and will help to better understand 
the microstructure-property relationship of magnetic 
shape memory materials. 
 
Experimental 

The single crystalline Ni-Mn-Ga rods were produced 
using a Bridgman-type oven. The experimental 
details are described e.g. in [8] and [9]. 
The EDM technology is applied as a reference 
process to cut the single crystalline Ni-Mn-Ga 
material into actuator elements. A wire with a 
diameter of 250 µm was used for the tests. 
A high-precision 5-axis micro machining center with 
small dicing-blade widths (200 µm and 600 µm) with 
a diameter of 58 mm was utilized for the dicing 
experiments. The quantitative determination of the 
surface roughness was performed by means of 
confocal microscopy.  
Systematic investigations of the microstructure were 
carried out and the information on the twin 
morphology was obtained using optical microscopy. 
The grinding and polishing tests were realized with a 
system for the preparation of metallographic samples. 
 
Results and Discussion 

Dicing technology 
In the first cutting step the single crystalline Ni-Mn-
Ga rod is divided into appropriate slices. For the 
large cutting depth of 20 mm the EDM technology 
was used. In the second step actuator elements 
(sticks) are separated from the slice using dicing 
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technology. Dicing belongs to the separation 
processes with geometrically undefined cut.  

First investigations were performed on a 
commercial dicing system by Disco with axis 
accuracies of 2 µm and maximum spindle rpm of 
60.000 U/min [6]. Because of high cutting speed in 
combination with the fine grain of the dicing blades 
the technology is suitable to produce very good 
surface qualities. The results show a surface 
roughness of Ra = 0.2 µm. As a reference, wire 
eroded, mechanically grinded and electro-polished 
Ni-Mn-Ga actuator elements were fabricated. These 
samples have shown roughness values of Ra = 
0.5 µm and Rz = 2.0 µm [5].  

 

Fig. 1: Dicing machine for cutting of Ni-Mn-Ga 
actuator elements at Fraunhofer IWU 

For optimizing the process and for studying cutting 
in the high-temperature austenite phase of the 
material, this dicing system is less suitable. That 
process was transferred to a micro machining center 
(see Fig. 1). A specific tool holder was developed 
and produced to modify the clamping conditions of 
the workpiece and the coolant supply according to 
the requirements. Then the previous technological 
knowledge was transferred to the micro machining 
center and dicing tests were successfully carried out. 
Using saw blades with low widths (200 µm and 
600 µm) and the resulting small cutting depths this 
process can be used to cut actuator elements from 
slices with up to 5 mm thickness. 

In every series of tests 6 to 7 cuts were realized per 
Ni-Mn-Ga slice, followed by an evaluation. When 
allocating the cuts, it is essential to consider that a 
maximum number of actuator sticks is to be 
manufactured from the 2 mm or 3 mm thick circular 
blanks/slices, aiming for maximum material 
exploitation (see Fig. 2). In addition to realizing a 
small cutting gap, the crystal orientation within the 
semi-finished product needs to be considered as well.  

 

 
 

Fig. 2: Ni-Mn-Ga actuator elements after dicing  

Furthermore, investigations were carried out on 
reducing the wear of the dicing blades in order to 
optimize the process. Alternative tools were used 
with harder bonds of the grinding particles; CBN 
cutting tool materials were also employed. No 
relevant improvements were achieved regarding tool 
wear. However, the quality of the cutting surfaces 
was further optimized and homogenized in using 
blades with harder bonds (see Fig. 3). 
  

 
 

Fig. 3: Ni-Mn-Ga actuator elements after 
optimization using various dicing blades (left: 
diamond blade; middle: diamond blade with harder 
bonds; right: CBN blade) 
 
Table 1 compares the final experimental results with 
the required profile: 
 
Table 1: Required profile vs. results 

 Required profile Dicing 
 

Roughness   < Rz 3 µm << Rz 3 µm 
Maximum 
cutting gap 

0.6 mm 0.2 mm 

Feed >> 1 mm/min 
(EDM) 

30 mm/min 

Tolerance ± 0.03 mm ± 0.03 mm 
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Fig. 5: Figures of Ni-Mn-Ga actuator surface after 
dicing at T = 80°C  

Summary 

The development of an efficient and functional 
cutting technology is highly important when 
manufacturing magnetic shape memory materials 
and actuators for the mass market. It was 
demonstrated that dicing – also in the austenite 
phase of the Ni-Mn-Ga material –, as a technology 
generally established for large volume production, 
can be used for low cutting depths between 1 and 5 
mm. This technology shows an increased efficiency 
compared to wire erosion because it uses 
considerably higher cutting speeds. Further tests 
using dicing have to be adapted more specifically to 
the Ni-Mn-Ga crystal and to the cutting task in order 
to receive high-quality actuator elements with 
optimum properties. 
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Dicing at temperature of 80°C  
The Ni-Mn-Ga crystal rod has an austenite phase 
with a face-centered-cubic structure above a certain 
transformation temperature. Below the trans-
formation temperature (approx. 40 - 60°C), in the 
martensitic phase the crystal has a tetragonal or in 
special cases an orthorhombic structure with various 
twin variants. When applying the magnetic field, it 
is energetically preferred that the short – and 
magnetically soft – axis of the tetragonal lattice is 
aligned in the direction of the field. This process can 
also be initiated in the martensitic phase by 
mechanical pressure. If the material is cut in the 
martensitic phase, the resulting workpiece (“stick”) 
is accurate to size as far as the applied cutting 
process allows. If the sticks are subsequently trained 
magneto-mechanically, so that all but one 
martensitic variants are eliminated, the stick is either 
in a fully compressed or a in a fully strained state 
and, thus, in a so-called single variant state. The 
dimensions of these trained sticks, however, 
generally fluctuate strongly. A possible solution 
could be cutting in the austenitic phase where the 
described problem should not occur due to a cubic 
crystal structure.  

For this reason the experimental setup was designed 
for dicing under temperature conditions. Here, 
actuator sticks (4 or 6 sides) were realized in the 
required quality by dicing at a temperature of 80°C. 
The tool wear was similar to dicing at room 
temperature. Surface roughness Rz of 0.17 µm to 
0.23 µm was achieved on the respective cutting 
surfaces. 

When machining single crystalline MSM material it 
is generally important to consider that this material 
can be relative brittle when not properly heat treated. 
Furthermore, it should be avoided to subject the 
material to strong temperature fluctuations or 
mechanical stress during machining. In particular, 
machining may cause two main problems: (1) Crack 
formation due to a thermally induced local 
martensite-austenite transformation and (2) 
formation of a deformation layer which influences 
the twin structure, and may pin twin boundary 
motion.  
 
Evaluation of the actuator sticks 
Microscopic investigations of the single crystalline 
Ni-Mn-Ga actuator sticks were conducted after the 
cutting in order to investigate the damaged surface 
layers. The Ni-Mn-Ga actuator elements were 
mechanically grinded and polished. Etching could 
be avoided to visualize the microstructure by using 
the differential interference contrast in the optical 
microscope.  

 

 
a) 

 
b)  

c) 

Fig. 4: Figures of diced Ni-Mn-Ga actuator element 
with stick dimensions of 15 mm x 2 mm x 3 mm, 
positions 1.1, 1.2 and 1.3 

a), b) Sample after dicing, directly 
c) Cutting edges after metallographic 

preparation 

The result of the metallographic processing is 
presented before (see Fig. 4 a, b) and after 
preparation of the Ni-Mn-Ga sticks (see Fig. 4 c). 
The selected images – after extensive investigations 
– confirm the high quality of the surface condition 
due to a minimum amount of material fractures at 
low burr formation of the actuator stick after dicing 
at room temperature. The sticks exhibit only a 
slightly damaged surface area (here: no “continuity” 
of the twins in the Ni-Mn-Ga samples up to the 
peripheral area). Superposition with possible edge 
rounding effects due to metallographic sample 
preparation makes it harder to evaluate the 
peripheral zone. A damaged peripheral area 
(deformation layer) with a depth of up to approx. 20 
to 25 µm was measured.  

Further microscopic investigations (here:  
“continuity” of the twins in the Ni-Mn-Ga samples 
up to the peripheral area) of a selected actuator stick 
cut from an orientated slice at T = 80°C shows the 
very high surface quality due to the very low overall 
depth of the deformation layer (surface roughness 
and deformation depth) after the tempered dicing 
cutting process (see Fig. 5).   
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Internal Stress Control for Magnetostrictive Thin 

Films by Substrate Bias 
 
S. Miyata, R. Toyoda, M. Hashimoto, S. Sakano, T. Iijima, A. Tonegawa, Y. Matsumura 

Tokai University, Hiratsuka-shi, Japan 
 
Abstract: 
Internal stress control is an important requirement for the magnetostrictive thin film used as thin film actuator. 
In this study, the ion bombardment parameter Pi was evaluated by substrate bias change during sputter 
deposition in order to control internal stress of the films. The Pi was determined by plasma diagnostics using 
Langmuir probe and ion energy analyzer. In the result, the compressive stress and magnetostrictive 
susceptibility of sputtered thin films were increased with the increasing of Pi. In conclusion, these results can be 
suggested that the evaluation of Pi could be highly advantage in designing thin film properties for actuator. 
  
Keywords: Sputtering, Ion Bombardment, Internal Stress, Substrate Bias, Magnetostrictive, Multi Grid Electro 
Static Analyzer, Langmuir Probe, Argon, Plasma 
 
Introduction

Characteristics of magnetostrictive thin films used in 
the thin film actuator change substantially depending 
on an internal stress of the films. Internal stress of 
films affected by deposition conditions and ion 
bombardment during sputter deposition. So internal 
stress control is an important requirement for 
magnetostrictive thin films used as the thin film 
actuator. In the existing studies, Hoffman et al. 
reported that the effect of ion bombardment on 
internal stress was influenced by the impingement 
ratio (i/a); incident of ion and vapor particles on 
substrate [1]. In addition, Windishmann reported 
internal stress of sputtered thin films depend on ion 
energy [2]. In previous research, it is clear that the 
internal stress of the thin film actuator could be 
estimate with ion bombardment parameter Pi [3]. In 
this study, we discuss about the ion bombardment 
parameter Pi which was evaluated by substrate bias 
change during sputter deposition in order to control 
internal stress and demonstrate the magnetostrictive 
susceptibility change in the thin films. In this study, 
the Pi was determined by plasma diagnostics using a 
Langmuir probe and an ion energy analyser. For 
controlling internal stress of magnetostrictive thin 
films, evaluating the ion bombardment parameter Pi 
with a substrate bias change during the sputter 
deposition was discussed. 
  
Experiment  

Film preparation 
Thin film actuators were prepared by a D.C. 
magnetron sputtering process as shown in figure 1. A 
substrate was placed upward a sputtering target at a 
distance of 80 mm. The sputtering target was a Ni 
disc (99.9 mass%, diameter at 3”). A vacuum 
chamber was evacuated below 1.0 x 10-4 Pa. Ar gas 
(99.999% of purity) was introducing at 5.5x10-2 Pa. 
Substrate temperature was kept at 380 ± 15 K and the 

substrate bias of a ground potential had been applied 
for an experimental condition from −60 V to –120 V. 
An n-type single-crystal silicon (5mm 25mm-

0.28mm) was used as the substrate. 

 
Fig.1: Schematic diagram of the dc magnetron 
sputtering system.  
 
Sample analysis 
A thickness of film samples was measured by a 
stylus profilometer. Internal stress of thin films and 
magnetostrictive characteristics of magnetostrictive 
thin films were measured by optical lever method 
with a curvature of substrate [4]. Internal stress of 
films were estimated by a stoney's equation [5] as 
tollows and was also based on results of a substrate 
curvature measurement.  

 = RtvtE fs
2

ss )1(6/ −                    (1) 
Subscript s and f represent substrate and film, t is 
thickness, E is Young's modulus, v is a Poisson's 
ratio and R is a radius of ecurvature on the film 
sample, where R=l2/2d. 
The magnetostriction of the film sample was 
calculated by following formula based on measure-
ment of curvature of the film samples under applied 
magnetic fields by using a cantilever method[6]. 

  = )1(3/)1( sf
2

ffs
2

s vEltvEDt −+      (2) 
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Here, l is a distance from clamp to free edge, D is 
the radius of curvature on the film sample, subscript 
s and f  represent substrate and film, t is thickness, E 
is Young's modulus and v is the Poisson's ratio 

 
Plasma diagnostics and ion bombardment 
parameter Pi 
Plasma diagnostics during sputter deposition were 
performed with a combined measurement system 
consisting of the single Langmuir probe and a multi-
grid analyzer. Figure 2a shows schematic diagram 
of the Langmuir probe. And figure 2b shows a 
schematic diagram of a Multi-Grid Analyzer (MGA) 
as an ion energy analyzer. A current versus voltage 
(I-V) characteristics of plasma was measured by 
varying a applied voltage of the Langmuir probe and 
the multi-grid analyzer. Saturated electron current 
density, electron temperature and space potential 
were estimated from the I-V characteristic of the 
Langmuir probe. The ion temperature of Ar ions 
was estimated from the I-V characteristic of the ion 
energy analyzer. It is referred to as the ion energy 
analyzer, the retarding field analyzer or multi-grid 
energy analyzer [7,8], also calledthe Multi-Grid 
Analyzer (MGA) in this study, 
 

 
Fig. 2a: Schematic diagram of Langmuir probe. 

 

 
Fig. 2b: Schematic diagram of Multi Grid Analyzer 
(MGA) 
 
The ion bombardment parameter Pi is defined as the 
magnitude of the momentum of the incident ion to a 
metal particle was deposited on the substrate [9-12]. 
The ion bombardment parameter Pi may be written 
as: 

( ) paiP ⋅= /i                (3) 

Where, i is  incidence frequency of the sputtering Ar 
gas ions. a is the incidence frequency of Ni vapor 
particle. p  is the magnitude of the momentum of the 
ions sputtering Ar gas. 
 
Results and Discussion 

Figure 3 shows the relation between the ion 
bombardment parameter Pi and the substrate voltage. 
The incident frequency of the deposited particles 
was constant value at a constant sputtering power. 
The ion bombardment parameter Pi was increased 
with increasing of substrate bias voltage. This result 
shows the incident ion velocity and incident ratio 
were increased with increasing negative bias voltage 
(-V). To achieve deeper substrate bias, Ar ions were 
accelerated by the potential difference between 
plasma potential and substrate potential, the incident 
frequency and velocity of the Ar ions were 
increased. Also, momentum of Ar ions with 
acceleration of ions was increased. 
 

 
Fig. 3: Ion bombardment parameter Pi as a function 
of the substrate voltage. 
 
Figure 4 shows the relation between the internal 
stress and the ion bombardment parameter Pi. When 
the substrate bias voltage at −60V, the internal stress 
of Ni thin film showed tensile stress. the tensile 
internal stress of Ni thin film was decreased as more 
deep negative substrate bias voltage(-V). However, 
as substrate bias voltage varies from −90V to -120V, 
the internal stress of thin Ni film showed comp-
ressive stress. The compressive stress of Ni thin 
films was increased as more deep negative substrate 
bias voltage, which is induced by ion bombardment. 
The internal stress of Ni thin film changed linearly 
with the ion bombardment parameter Pi. 
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Fig. 4: Internal stress as a function of the Pi 
 
Figure 5 shows the relation between the magneto-
strictive susceptibility and the ion bombardment 
parameter Pi. The magnetostrictive susceptibility of 
Ni films was increased with the decreasing of 
internal stress of the Ni film. In-plane magnetization 
of the Ni thin film as negative magnetostrictive 
materials became easier with the reduction of the 
tensile internal stress on the film. Therefore, 
magnetostrictive characteristics of Ni thin films as 
magnetostrictive susceptibility at low-magnetic-field 
was improved  [13,14]. 
 

 
Fig. 5: Magnetostrictive susceptibility as a function 
of  Internal stress σ. 
 
Conclusion 
The internal stress of the thin film actuator become 
larger depend on the increase of Pi. It was showed 
from tensile to compressive stress. The 
magnetostrictive susceptibility of Ni thin films was 
increased with increasing in Pi. These results show 
the incident ion velocity and incident ratio were 
increasing with more deep negative substrate bias 
voltage. In conclusion, it can be suggested that the 
evaluation of Pi could be highly advantage in 
designing thin film properties for actuator. 
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Development of a Hand Rehabilitation Robot 

System for Range of Motion Exercises with 

Pneumatic Soft Actuators 
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Abstract: 
This paper presents a hand rehabilitation robot system for range of motion (ROM) exercises. Many researchers 
have developed mechanical finger rehabilitation devices to improve movement disabilities. However, these 
devices are able to exercise only range of finger joint motion. We therefore have developed the finger 
rehabilitation robot system which provides not only the several ROM exercises such as flexion and extension 
movements but also to execute a massage therapy for the muscles of the hand and fingers. Firstly, we have 
developed a pneumatic soft actuator as the drive source of the device. This actuator has many advantages such 
as lightweight, flexibility, safety and with a high affinity for people. Basically, the finger rehabilitation is carried 
out for the thumb through to the little finger. Therefore, we have produced two types of hand rehabilitation robot 
systems for the index to little fingers and the thumb. In the experimental test, we measured the max ROM 
needed for finger joints. As the results, we confirmed that the robot is able to provide several ROM exercises. 
 
Keywords: Pneumatic Soft Actuator, Rehabilitation Robot, ROM Exercises 
 
Introduction 

In Japan, there were 1.18 million patients from the 
cerebral vascular disease in 2014 [1]. The onset of a 
brain disease often causes impaired motor functions 
like partial paralysis. If the condition does not 
improve, contractures may occur in some joints and 
muscles. The contracture causes restricted range of 
motion in the joint. For example, contract around 
the joints of the finger makes a difficult to grip an 
object by oneself. Therefore, it is very important to 
start the rehabilitation therapy before developing the 
contracture. Normally, range of motion (ROM) 
exercise for finger joints is prescribed by an 
occupational therapist (OT) to prevent the joints 
contracture and improve the patient's symptoms. 
However, the patients cannot receive enough 
rehabilitation, because the time of therapy from the 
therapist is limited. In addition, the therapists will be 
generally less numerous than the patients; they will 
expect to increase workloads. 
Over the past few years, many researchers have 
shown an interest in developing mechanical finger 
joints rehabilitation devices [2-5]. However, these 
devices are able to exercise only range of finger joint 
motion. In addition, they are complex in structure. 
Therefore, we have produced the several prototypes 
of hand rehabilitation robot with functions for 
multiple degrees of freedom ROM exercises [6,7]. 
Firstly, we proposed novel pneumatic soft actuator as 
the drive source of the robot system. This actuator has 
many advantages such as lightweight, flexibility, 
safety and with a high affinity for people. The system 
is more likely to be popular with users since safety is 
essential for them.  
 

ROM Exercises and Muscle Stretching Exercise 

The aim of this study is to propose a hand 
rehabilitation robot system to prevent contractures 
for finger joints. In general, an OT treats medically 
by ROM exercises. ROM exercises have several 
motions such as flexion, extension, abduction and 
adduction of the thumb and fingers. Flexion for 
fingers is divided into different types of motion as 
shown in Fig. 1[8]. “Claw” means that PIP and DIP 
joints are flexed and “Tabletop” means that only MP 
joint is flexed too. In addition, spreading fingers and 
arching a hand which move thumb closer to a little 
finger are included in ROM exercises. 
 

 
      (a)               (b)               (c)                     (d) 
 
Fig. 1: Hand exercises which are (a) Arrow, (b) 
Claw, (c) Tabletop and (d) Fist motions.  
 
Before beginning these ROM exercises, an OT 
treats muscle stretching exercises such as kneading 
massage of the patient's muscles and compressing 
the hand to remove swelling. The purpose of muscle 
stretching is to remove patient tension and to 
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average measurements in the palmar abduction, its 
achievement ratio was about 65%. 
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research participant No. 2 has tight joints of fingers. 
Therefore, it is difficult for him to extend the finger 
joints. The target value of both PIP and DIP joint for 
extension movement is 180 degrees. It means that 
the fingers stretch. The results in both Fig. 11 and 
12, the average values of all participants were 
reached more than 95% of target values. 
 

 
Fig. 10: The measurement results of the maximum 
ROM for MP joint in extension motion. 

 

  
Fig. 11: The measurement results of the maximum 
ROM for PIP joint in extension motion. 

 

 
Fig. 12: The measurement results of the maximum 
ROM for DIP joint in extension motion. 
 

Fig. 13 shows the motion of radial abduction for 
thumb. The measurement values of all participants 
were achieved the target values of radial abduction 
and ulnar adduction. However, it was well below the 
average measurements in the palmar abduction, its 
achievement ratio was about 65%. The arching 
movement of hand is shown as Fig. 14. We 
confirmed that the movement can be achieved by 
performing this motion the actuators under the hand. 
However, as the effects of the motion have not yet 
been verified, future studies are required. 
 

 
 

Fig. 13: The motion of radial abduction for thumb. 
 

 
 

Fig. 14: The arching movement of hand. 
 
Conclusions 

In this paper, we proposed a hand rehabilitation 
robot system for range of motion (ROM) exercises. 
The finger rehabilitation robot system provides not 
only the several ROM exercises such as flexion and 
extension movements but also to execute a massage 
therapy for the muscles of the hand and fingers. The 
finger rehabilitation is carried out for the thumb 
through to the little finger. Therefore, we have 
produced two types of hand rehabilitation robot 
systems for the index to little fingers and the thumb.  
In the experimental test of flexion and extension 
joint ROM exercises, we measured the max ROM 
needed for finger joints. Our results revealed that for 
the flexion motion, MP and DIP joints achieved 
approximately 90% of the target values, whereas the 
PIP joint only achieved 75%. For the extension 
motion, both the PIP and DIP joints can be moved to 
180 degrees, which was the limit of the joint ROM. 
However, the MP joint only reached about 70% of 
the target value. 
In the experimental test of thumb joint ROM 
exercises, the measurement values of all participants 
were achieved the target values of radial abduction 
and ulnar adduction. However, it was well below the 
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Design of a Balancing Device for Small High Speed 
Rotors 
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Abstract: 
An unbalance in high speed rotating machines leads to unwanted noise and vibration and thus to increased wear 
in bearings and higher friction losses. Therefore, it is desired to reduce the unbalance of the rotor to a well-
defined amount, at which the radial forces and moments do not peril the intended life-time of the whole system. 
Taking an air-driven small-scale turbine as an exemplary application, a balancing device for small high speed 
rotors has been designed and characterized. The device is designed to allow rotational speeds up to 65 000 rpm. 
Based on dynamic force measurement using piezo-electric PZT stacks and digital lock-in-amplifiers, unbalance 
can be measured down to less than 1 mg·mm. In an iterative process, manual correction of the unbalance using a 
hand-operated rotary tool is verified and, if necessary, repeated. A key experiment shows, that an initial unbal-
ance of 300 mg·mm can be reduced by a factor of more than 100, using the balancing device outlined above. 
 
Keywords: Balancing, High Speed Rotor, Piezo-Stack, Unbalance, Lock-In-Amplifier 

Introduction 

A large variety of technical devices, particularly but 
not exclusively in medical applications, rely on 
high-speed rotating motors. It is desired to minimize 
the unbalance of the spinning rotors for the sake of 
efficiency and long life-time of all parts subject to 
wear and noise. The exemplary application of a 
centimetre-scale boundary layer turbine driven by 
pressurized air-flow was chosen as the basis for the 
layout of the presented balancing device. 
Regarding small and fast rotating parts, that can be 
considered as rigid while rotating, a balancing de-
vice was set up to measure the amount of dynamic 
unbalance with respect to two freely definable geo-
metric planes. The operating range is from 0 to 
65 000 rpm for rotors with a maximum length of up 
to 50 mm and a diameter of up to 20 mm. 

Methods 

The following paragraphs will give a brief overview 
of the basics of balancing and the balancing situa-
tion of the exemplary application. Afterwards, the 
design of the balancing device is accurately de-
scribed, followed by an operation breakdown of the 
balancing procedure. 
 
Basics of Balancing  Every mass element 𝑢𝑢𝑢𝑢 on 
a radial position  on a rotor, spinning at angular 
velocity , causes a centrifugal force  [1, 2]: 

= 𝑈𝑈𝑈𝑈 ⋅   
    𝑈𝑈𝑈𝑈 = 𝑢𝑢𝑢𝑢 ⋅  

(1) 

The resultant static unbalance of the rotor is then 
defined as 

𝑈𝑈𝑈𝑈 = 𝑈𝑈𝑈𝑈 . (2) 

When a rotor is perfectly statically balanced, 𝑈𝑈𝑈𝑈  is 
equal to 0   . In case the rotor with its mass 𝑚𝑚𝑚𝑚 
exhibits unbalance, the centre of gravity concentrici-
ty 𝑒𝑒𝑒𝑒 can be written as 

𝑒𝑒𝑒𝑒 =
𝑈𝑈𝑈𝑈
𝑚𝑚𝑚𝑚
. (3) 

Besides the static unbalance, a resultant moment 
unbalance can occur, which can be written as a pair 
of unbalances 𝑈𝑈𝑈𝑈 with opposite angular positions and 
an axial distance . Its resulting static unbalance is 
0   , while the moment unbalance is 

𝑈𝑈𝑈𝑈m =    ×  𝑈𝑈𝑈𝑈. (4) 
It causes a rotary moment 

=    ⋅ 𝑈𝑈𝑈𝑈 ⋅ . (5) 
In DIN ISO 1940-1 [1] a generalized balancing 
quality  is defined from the related unbalance 𝑒𝑒𝑒𝑒  
and the permissible residual unbalance 𝑈𝑈𝑈𝑈 : 

=   
𝑈𝑈𝑈𝑈
𝑚𝑚𝑚𝑚

⋅ = 𝑒𝑒𝑒𝑒 ⋅ . (6) 

There are several balancing classes defined, regard-
ing different applications [1]. For turbines, a class 
equal or lower than G2.5 is advised, meaning a 
trajectory velocity of the centre of gravity concen-
tricity equal to or below 2.5   . 
 
Analysis of the Rotor In the exemplary applica-
tion, the rotating system consists of two main com-
ponents, i.e. an EC13 BLDC motor/generator (Max-
on Motor AG, Sachseln, CH) [3] providing a 3 mm 
diameter shaft and an assembled turbine rotor with a 
collet chuck, that attaches to the motor shaft (fig. 1). 
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There are several balancing classes defined, regard-
ing different applications [1]. For turbines, a class 
equal or lower than G2.5 is advised, meaning a 
trajectory velocity of the centre of gravity concen-
tricity equal to or below 2.5   . 
 
Analysis of the Rotor In the exemplary applica-
tion, the rotating system consists of two main com-
ponents, i.e. an EC13 BLDC motor/generator (Max-
on Motor AG, Sachseln, CH) [3] providing a 3 mm 
diameter shaft and an assembled turbine rotor with a 
collet chuck, that attaches to the motor shaft (fig. 1). 
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tional range with respect to speed of rotation (fig. 4). 
Assuming, that the displacement-based approach 
utilizes the measurement of acceleration, the simula-
tion shows a distinct resonance at about 30 000 rpm. 
Especially for lower speeds, the response in acceler-
ation is very small yet increasing with the speed. 
Beyond the resonance point, an even region of the 
transfer function can be identified. This region can 
be a suitable operational range, as an almost linear 
relation between the centrifugal forces and accelera-
tion exist (fig. 5). 

 
Fig. 4: Transfer function of the force-based model 
with an excitation of 1 N from centrifugal force. It 
shows the force through the sensors vs. rotational 
speed. The operational area is highlighted. 

 
Fig. 5: Transfer function of the displacement-based 
approach with an excitation of 1 N from centrifugal 
force. It shows the amplitude of acceleration of the 
platform vs. rotational speed. The operational area 
is highlighted. 

The force-based method was chosen for the balanc-
ing device as it shows wide linear operating range 
with respect to the rotational speed below the first 
mechanical resonance at about 200 000 rpm (see 
fig 6).  
For the measurement of the force in the two paths 
leading from the platform to the base plate, two 
piezo-stacks (type PSt 150/7x7/7, Piezomechanik 
GmbH, Munich, DE) were mounted in between the 

stiff pillars and preloaded against the platform sup-
ports using tensioning screws.  

 
Fig. 6: Photo of the balancing device. 

The output of the piezo-stacks is amplified using 
two series 5001 charge-amplifiers (Kistler, Winter-
thur, CH). The outputs as well as the phase-correct 
rotational speed signal are acquired by a USB-6212 
DAQ-system (National Instruments, Austin, TX, 
USA) and finally processed using a LabView pro-
gram. Within this program, a digital lock-in-
amplifier is set to the same frequency as the rota-
tional speed and applied to the force-signals. 
Through this, both amplitude and phase of the force-
signals are obtained.  
 
Measurement procedure The balancing procedure 
is divided into three steps. At first, the measurement 
setup is calibrated using well-defined test-mass, i.e. 
a 11 mg grub screw is successively placed in both 
balancing planes, i.e. the covering discs. This yields 
two measurements of two unbalance vectors in each 
case for a given rotational speed. In combination 
with a measurement without test-mass, the calibra-
tion factor is obtained. During the second step, the 
unbalance of the rotor is measured applying the 
calibration factor. From the calculated unbalance 
vector, a countermeasure in terms of suggested 
mass-reduction for each balancing plane at a given 
angle is shown in the user-interface. The third step 
comprises the manual countermeasure by manually 
grinding the covering discs as advised, using a hand-
operated rotary tool. Both the second and third step 
are iterated until the desired balancing quality is 
achieved. 

Results 

The following passage describes an exemplary bal-
ancing of a turbine rotor at 20 000 rpm. After initial 
calibration, the measured initial unbalance in plane 
A and B is 425 mg·mm and 99 mg·mm, respectively 
– leading to a total unbalance 𝑈𝑈𝑈𝑈 =

    (fig. 7). 
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Abstract: 
The MRI employs an extreme static magnetic field (1-7 Tesla), gradient magnetic fields and electromagnetic 
radio frequency pulses. In this particular environment, classical electromagnetic actuators, generally based on 
ferromagnetic and conductor, cannot work correctly. The work is started with a numerical simulation. The MRI 
environment is presented using a finite element approach. Different piezoelectric materials and structures are 
then introduced into this environment to determine the optimal configuration. This work is completed with an 
experimental validation using a standard hospital MRI (static field of 1.5 T and radio frequency field of 63.9 
MHz). Finally, the simulation and experiment results are used to give some recommendations in the design of 
MRI-compatible piezoelectric actuator. 
 
Keywords: MRI, Piezoelectric, Actuator, Electromagnetic Compatibility. 
 
I. Introduction 

Piezoelectric devices are or will be widely used in 
Magnetic resonance imaging (MRI) devices. The 
first reason is that those piezoelectric devices can be 
embedded in human body [1], the second is that the 
piezoelectric devices are compatible with this MRI 
environment and can be used for surgical robots or 
manipulators. Hence, they can be used to perform 
mechatronics systems for image-guided 
interventions and rehabilitation [2]. 
 
In the case of using piezoelectric devices in MRI 
environment, many aspects have to be controlled. 
The device introduced in MRI equipment can be 
accelerated by magnetic forces, or be damaged by 
magnetic field but also the device can reduce the 
image performances. 
Usually, when verifying MRI, authors compare a 
phantom image with and without piezomotor [3]. In 
this case, the information is how far has to be the 
motor from the field of view (FOV) that the volume 
observed by MRI. 
 
In this study, we developed a finite element 
modelling (FEM) to predict the effect of piezo 
material presence in MRI environment (part. II). 
The model has been experimentally validated. Then, 
we used this model to give some recommendations 
on how to use such material with the lower impact 
on image performances (part III). Finally, validating 
these design orientations, we observed a new effect 
of piezo material that has to be taken into account. 
 
 
 
 
 
 

II. MRI Environment  

Principle description 

The MRI equipment used for this study is a 1.5T one 
(fig. 1). This static field is used to align the 
magnetization vectors of hydrogen atoms constituting 
the volume that has to be observed (phantom). Once 
aligned, the atoms are excited by a radio frequency 
(RF) field to switch them from there equilibrium 
position. The signal measured (giving information on 
the homogeneity of the phantom) is the magnetic 
field emitted while they go back to initial position [4]. 

 
Fig. 1: MRI device used

As the frequencies of both magnetic fields used are 
far one from the other, it is possible to consider each 
separately from a modelling point of view. 
 
Modelling 

The simulation is realized using the commercial 
software Comsol Multiphysics. The static field B0 is 
calculated and it is verified that in a specific place 
(field of view) this field is homogeneous (fig. 2). 
Once done, the antenna used to create and to receive 
the RF field B1 is modelled.  
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To confirm the approach and validate known results, 
a measure of field modification when aluminium 
(paramagnetic and conductive material) is 
introduced near the phantom has been done (fig. 8). 

 
Fig. 8: Aluminium of the main vibration mode 

By simulation (not shown here) and experimentally, 
it is clear that B0 is affected by the permeability of 
the sample [5] (fig. 9) while B1 is affected by eddy 
currents. 

Fig. 9: B0 with aluminium on the phantom 

 

 
Fig. 10: B1 with aluminium on the phantom 

Hence, the modelling can be used to give 
recommendations on piezoelectric material use in 
MRI environment. 
 
III. Piezo material in MRI 

Piezo material is viewed has a dielectric material 
sandwiched between two electrodes. Hence the 
effect over MRI image expected is due to eddy 
currents occurring in electrodes. This effect will be 
studied using the FEM model. The material used is a 
NCE41 from Noliac company [6]. Depending on the 
orientation of the sample the effect over B1 is 
negligible if the electrodes are parallel to B1 (fig. 
11) or not if perpendicular (fig. 12). 

 

  

Fig. 11: B1 with electrodes parallel to B1 

 

Fig. 12: B1 with electrodes perpendicular to B1 

It has to be specified that this has been tested as well 
with multilayers samples and the same result is 
observed. On the contrary, when eddy currents 
follow a closed circuit around the sample (as it is the 
case with rings), the positioning of the sample does 
not ameliorate the homogeneity of B1. 

 
We made an experimental validation of such 
consideration. The piezo element has the same 
characteristics but is 20*10*10 (fig. 12) and it is 
polarised. 
As seen previously, the B1 homogeneity is not 
really affected if the sample is presented with 
electrodes parallel to B1 (fig. 13). 
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List of Exhibitors

attocube systems AG
Königinstraße 11A, 80539 München, Germany
Tel.: +49 (0)89 2877809 - 0 Fax: +49 (0)89 2877809 - 19
www.attocube.com info@attocube.com

attocube is a leading supplier for nano precise motion and highly accurate interferometric sensor solutions. The portfolio 
includes linear, goniometric and rotational piezo stages, hexapods, and ultrasonic drives, all working with nanometer 
accuracy. The positioners are available for various environmental conditions, always optimized for the specific field of 
application. The fiber-based displacement sensor is the product of choice for challenging OEM and synchrotron applica-
tions. It offers sub-nanometer resolution and can be applied for highest precision measurements, vibration analysis and 
displacement detection.

CEDRAT TECHNOLOGIES SA
59, Chemin du Vieux Chêne, 38246 Meylan Cedex, France
Tel.: +33 (0)456 58 04 00  Fax: +33 (0)456 58 04 01
www.cedrat-technologies.com actuator@cedrat-tec.com

Cedrat Technologies is an internationally recognized mechatronics specialist and manufacturer of piezo and magnetic 
actuators offering a wide range of standard products: amplified (APA®), pre-stressed piezo actuators, XY piezo stages, 
stepping motors, shutters, magnetic actuators, the associated electronics and also customised products. The company 
has a strong experience in developing compact, precise and dynamic solutions for demanding applications (air & space, 
optronics, biomed, instrumentation, production machine...).

CeramTec GmbH
Multifunctional Ceramics Division
Luitpoldstraße 15, 91207 Lauf, Germany
Tel.: +49 (0)9123 77 - 0
Fax: +49 (0)9123 77 - 515
www.ceramtec.com/actuators
multifunctional_ceramics@ceramtec.de

CeramTec GmbH is one of the largest international manufacturers of ceramics for technically demanding applications and 
amongst others also a specialist in piezoceramics. Piezoceramic actuators utilize the piezoelectric effect: A piezoceramic 
PZT material expands in the direction of the electrical field when voltage is applied to it. Thus, the piezoceramic actuator 
provides precise movement up to about 200µm, while exerting high forces for applications such as valve control and 
micro-positioning.

ETO MAGNETIC GMBH
Hardtring 8, 78333 Stockach, Germany
Tel.: +49 (0)7771 809 - 0 Fax: +49 (0)7771 809 - 100
www.etogroup.com magnetoshape@etogroup.com

The ETO GRUPPE with its more than 1.800 employees at 8 locations in Europe, America, and Asia develops and produces 
customer specific electromagnetic actuators and sensors in highest quality for fluidic and mechanical applications in the 
automotive and machine building industry. 
As a highlight, we present our MAGNETOSHAPE® technology with actuator solutions based on proprietary magnetic 
shape memory materials. These are single crystalline alloys of Nickel, Manganese and Gallium, which are able to produce 
6% strain under more than 2 N/mm² external load with moderate magnetic fields.



ACTUATOR 2016, 15th International Conference on New Actuators, Bremen, Germany, 13–15 June 2016614

FGL-Netzwerk
Nöthnitzer Straße 44, 01187 Dresden, Germany
Andrea Böhm
Tel.: +49 (0)351 4772 - 2320  Fax: +49 (0)351 4772-2303
www.fgl-netzwerk.de andrea.boehm@iwu.fraunhofer.de

Today shape memory alloys (SMAs) are not that well established in technical applications as for instance conventional 
structural materials. Therefore the network -Efficient added value in the manufacturing and application of shape memory 
alloys- was founded. Experts for material production, research and development as well as users of the SMA technology 
participate. Thus the network establishes a platform for companies which apply SMAs or are generally interested in this 
technology. Hence the main objective is the spacious establishment of the multi-functional material SMA with its out-
standing properties and benefits. It is further aimed to connect the currently separated process steps in manufacturing, 
processing and adapting SMA-components. The network offers innovative proceedings, consulting services and new 
products using SMA to interested users of all sectors.

Fraunhofer-Allianz Adaptronik (FAA)
Marketing
Bartningstraße 47, 64289 Darmstadt, Germany
Anika Seifert
Tel.: +49 (0)6151 705 - 236  Fax: +49 (0)6151 705 - 308
www.adaptronik.fraunhofer.de info@adaptronik.fraunhofer.de

6 Fraunhofer institutes, being engaged in complementary research areas, cooperate within the Fraunhofer Adaptronics 
Alliance.
These partners work together in scientific as well as in industrial research projects, according to demand. Thus, interdisci-
plinary solutions can be found from one source. The partners‘ competencies cover the following areas:
• Materials and components
• Experimental system analysis
• Numerical and experimental simulation
• Electronics and control engineering
• Production and processing
• System design, evaluation and application

hivolt.de GmbH & Co. KG
Oehleckerring 40, 22419 Hamburg, Germany
Tel.: +49 (0)40 537122 - 0 Fax: +49 (0)40 537122 - 99
www.hivolt.de info@hivolt.de

hivolt.de is an internationally operating specialist for professional High Voltage Components: HV-Power Supplies, HV-
Amplifiers, HV-Cables & Connectors and customized solutions. Products which are delivered by hivolt.de are being used 
in a variety of applications, both in industry as well as in research. Due to our inhouse design capabilities and our close co-
operation with several leading manufacturers we are able to offer custom-made HV-Products, that match our customer‘s 
specific applications, including variations of standard products or full custom designs.

Johnson Matthey Catalysts (Germany) GmbH
Piezoproducts
Bahnhofstraße 43, 96257 Redwitz, Germany
Tel.: +49 (0)9574 81 - 466  Fax: +49 (0)9574 81 - 98466
www.piezoproducts.com piezoproducts@matthey.com

Johnson Matthey Piezo Products is a specialist for piezo bending actuators. We focus on development, production and 
sales of piezoceramic actuators, sensors, energy harvesting generators and ultrasonic atomizers as well as engineered 
piezoelectric systems and modules with electronics and mechanics for industry applications, textile machines, medical 
devices, automotive and other markets.
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Sensor Magazin/ Laser Magazin 
c/o Magazin Verlag Hightech Publications KG
Winklerstraße 4, 31542 Bad Nenndorf, Germany
Tel.: +49 (0)5723 5534  Fax: +49 (0)5723 76212
www.magazin-verlag.de kontakt@magazin-verlag.de

SENSOR MAGAZIN provides information to engineers and scientists who develop, manufacture and use sensors and actu-
ators. The trade journal reports on the application of sensor and actuator technology in all branches of industry as well as 
in institutes and laboratories. The industry`s latest technological developments are highlighted in the MAIN TOPIC of each 
issue. The journal focuses on practice-oriented articles under the headings of Practice, Market and Trade Fair Reports as 
well as Products. Future trends are reflected under the headings of Research, Innovations, Patents and Micro-Nano Inte-
gration. Exclusive interviews with key people from research and industry round off the spectrum of articles. The content, 
design and service meet the high requirements placed on a high-tech journal worth reading and promoting sales. www.
sensormagazin.de

Mechatronik / I.G.T. Informationsgesellschaft Technik GmbH
Oskar-Maria-Graf-Ring 23, 81737 München, Germany
Tel.: +49 (0) 89 673697 - 0  Fax: +49 (0)89 673697 - 19
www.mechatronik.info mechatronik@igt-verlag.d

MECHATRONIK is an intersectoral journal for development processes and system integration. MECHATRONIK is concer-
ned with the synergy of mechanics, electronics and software/information technology. Technical and application-related 
contributions, news, product trends, interviews and opinions relating to current research guide the readers from product 
idea to system integration via development and systems engineering. Engineering trends are discussed in detail, new 
research is presented in step with actual practice and new products are introduced in an appealing way. 
MECHATRONIK is linked to the web portal www.mechatronik.info.
MECHATRONIK is published 8 times a year.

Mikroproduktion / MIKROvent GmbH
Salvatorberg 2, 84048 Mainburg, Germany
Tel.: +49 (0)8441 797611 - 0  Fax: +49 (0)8441 79711-4
www.mikroproduktion.de info@mikroproduktion.de

Mikroproduktion is the German speaking special interest magazine for applied micro technology such as lithography, mi-
cro milling, micro laser processing, micro injection moulding, EDM, micro assembly and micro robotics, Nanotechnology, 
clean room technology and micro metrology. Mikroproduktion describes the whole process chain for the manufacturing 
of micro components, functional micro structures and micro systems. Main application fields can be found in micro optics, 
micro sensors and MEMS, micro fluidics and micro mechanics.

MSM Net
c/o ETO MAGNETIC GMBH
Hardtring 8, 78333 Stockach, Germany
Tel.: +49 (0)7771 809 - 452
www.themsmnet.net

Magnetic Shape Memory (MSM) alloys are ferromagnetic materials that produce motion and force under moderate mag-
netic fields. The MSM Net is an international R&D alliance whose goal is to strengthen relationships between the partners 
and to promote and divulge the magnetic shape memory technology in the scientific and in the industrial realm and to 
enable its commercialization. The network currently consists of 7 members from Germany, Finland, and the US, including 
2 companies and 5 research institutions.
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Noliac A/S
Hejreskovvej 18, 3490 Kvistgaard, Denmark
Tel.: +45 (0)49 12 50 30  Fax: +45 (0)49 12 50 31
www.noliac.com info@noliac.com

Noliac presents a unique proficiency in the field of piezoelectric technology. We design, develop and manufacture the 
total range of piezoelectric products from powders to mono- and multilayer components and all the way to finished plug-
and-play applications. 
At Actuator 2016, we will present two new piezoelectric actuators: Fuse actuator stacks and high temperature actuator 
stacks. The fuse actuator stacks are a unique solution for critical applications. The high temperature actuator stacks are 
ideal for high temperature applications, where you also need a high operating frequency.

Physik Instrumente (PI) GmbH & Co. KG
Auf der Roemerstrasse 1, 76228 Karlsruhe, Germany
Tel.: +49 (0)721 4846 - 0  Fax: +49 (0)721 4846 - 1409
www.pi.ws info@pi.ws

Well-known for the high quality of its products, PI (Physik Instrumente) is one of the leading players in the global mar-
ket for precision positioning technology for many years. PI has been developing and manufacturing standard and OEM 
products with piezo or motor drives for 40 years. In addition to four locations in Germany, the PI Group is represented 
internationally by fifteen sales and service subsidiaries.

PI Ceramic GmbH 
Lindenstrasse, 07589 Lederhose, Germany
Tel.: +49 (0)36604 882 - 0  Fax: +49 (0)36604 882 - 4109
www.piceramic.de info@piceramic.de

PI Ceramic is one of the global leaders for actuator and sensor piezo products. A broad range of expertise in the complex 
development and manufacturing process of functional ceramic components combined with state-of-the-art equipment 
ensure high quality, flexibility and adherence to supply deadlines. The company supplies piezoceramic solutions for all im-
portant high-tech markets from industrial automation and the semiconductor industry, medical engineering, mechanical 
engineering and high-precision engineering through to the aeronautics industry and the automotive sector.

G.Rau Gmbh & Co. KG
Kaiser-Friedrich-Straße 7, 75172 Pforzheim, Germany
Tel.: +49 (0)7231 208 - 0  Fax: +49 (0)7231 208 - 7599
www.g-rau.de info@g-rau.de

METALS ARE OUR WORLD
G.RAU is a globally active supplier of metal engineering and has become an established preferred supplier to several dis-
tinguished enterprises of automotive supply, electrical engineering, measurement and control technology and medical en-
gineering. Founded in 1877, today G.RAU is an expert in manufacturing strips, tubes and wires made of precision metals, 
special alloys and composite materials. Furthermore G.RAU also uses these prematerials to manufacture precision parts 
and complex assemblies. G.RAU has three production sites in Germany, one in Costa Rica and a subsidiary in the USA.
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SmarAct GmbH
Schütte-Lanz-Straße 9, 26135 Oldenburg, Germany
Tel.: +49 (0)441 800879 - 0  Fax: +49 (0)441 800879 - 21
www.smaract.de info@smaract.de

SmarAct develops, produces and distributes piezo-based micro- and nanopositioners, advanced control systems and tools 
for the nanoworld. In addition, SmarAct offers complete micro- and nanomanipulation systems, ranging from XY tables 
to multi-manipulator systems. The compact positioning systems combine sub-nm resolution with a high stiffness and cm-
sized travels. They can be applied in normal pressure as well as in vacuum conditions. 
SmarAct also presents PicoScale - an interferometer-based displacement sensor. It features three channels and extremely 
miniaturized opto-mechanical sensor heads.

The Smart Actuator Company
2 Assarts Lane, WR14 4JR Malvern, United Kingdom
Tel.: +44 (0)1684 565709 Fax: +44 (0)1684 560977
www.smartact.co.uk tony@smartact.co.uk

The Smart Actuator Company (SACO) was formed in 2011 to develop a new electric valve actuator by incorporating up 
to date computer and electronics technology in to the designs.
The first medium size actuator, delivering 40 to 100 Nm of programmable torque output was launched at the British Valve 
& Actuator Association (BVAA) Spring Conference in May 2014 and cost approximately £1 Million to Research, Develop, 
and Test. It incorporated many of the features only previously seen in actuators costing thousands of pounds more; such 
as failsafe, modulation and speed control.
In 2015 SACO won a €2.4 Million Horizon 2020 European Union Grant for a project to develop smaller and larger versions 
of the first medium product. They will deliver 0-40 Nm and 100-400 Nm of programmable torque output respectively. 
The large product will also be available as a ‘Subsea’ version which has already been tested down to 80 metres depth.

Thorlabs GmbH
Hans-Böckler-Str. 6, 85221 Dachau / München, Germany
Tel.: +49 (0)8131 5956 - 0  Fax: +49 (0)8131 5956 - 99
www.thorlabs.com/actuators europe@thorlabs.com

Thorlabs, a vertically integrated photonics products manufacturer, was founded in 1989 to serve the laser and electro-
optics research market. As that market has spawned a multitude of technical innovations, Thorlabs has extended its core 
competencies in an effort to play an ever increasing role serving the Photonics Industry at the research end, as well as the 
industrial, life science, medical, and defense segments. The organization’s highly integrated and diverse manufacturing 
assets include semiconductor fabrication of Fabry-Perot, DFB, and VCSEL lasers, fiber towers for drawing glass optical 
fibers (silica and fluoride), MBE/MOCVD epitaxial wafer growth reactors, extensive glass and metal fabrication facilities, 
advanced thin film deposition capabilities, and optomechanical and optoelectronic shops.

Xeryon bvba
Interleuvenlaan 62, 3001 Leuven, Belgium
Tel.: +32 (0)16 394824 Fax: +32 (0)16 394701
www.xeryon.be steven.cappa@xeryon.be

Xeryon is specialised in the design, development and manufacture of piezo-electric actuation solutions. Our piezo motors 
are tailor-made to the needs of our clients who face the toughest challenges in precision applications. Xeryon‘s miniature 
XRT rotary stages position small samples with sub-micrometre error motion and very fine angular resolution. Our unique 
MultiDrive piezo motor technology combines the speed and unlimited stroke of a resonant motor with the extreme accu-
racy of a direct stroke actuator. Both modes of operation are simultaneously realised in a single motor, enabling coarse-
fine positioning with one motor.
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