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ABSTRACT 

This article presents the first study to integrate Electro-
Active Polymer (EAP) actuators into space mechanisms 
and to assess their compatibility with space environment. 
A demonstrator of a large-angle compliant thruster 
pointing mechanism for electric propulsion in small 
satellites produced by additive manufacturing has been 
designed, integrated and tested as a proof of concept for 
the use of EAP actuators. Due to their reduced force 
output and stiffness compared to traditional piezoelectric 
actuators, and thus profiting from the large intrinsic 
deformations of EAPs, a new stiffness reduction preload 
mechanism is proposed and validated, enabling the 
reduction of required input torque by a factor of 25. An 
extensive test campaign for both actuator and mechanism 
has been carried out proving the promising capabilities of 
such EAP actuators in compliant mechanisms, while 
identifying their mechanical limits, the effect of space 
environment, and validating its operation in these 
conditions. 
 
1 INTRODUCTION 

The continuous increase in performance, precision and 
efficiency requirements, and the need of reduction of the 
disturbances generated by actuators in space applications 
requires the prospection of new technologies that enable 
quantitative and qualitative improvements in all these 
domains. Newer materials with novel actuation 
principles open the opportunity of achieving promising 
capabilities for future space actuators. Smart materials, 
which exhibit a predictable change in physical properties 
when subjected to external stimuli, such as temperature, 
magnetic field, electric field, or radiation, represent an 
opportunity worthy of closer investigation, given the 
latest advances in their development. 
 
From these newer materials, electro-active polymers 
(EAP) are promising materials in the field of actuation, 
which inherently exhibit very low stiffness (0.1 – 1 MPa) 
and yield very large deformation (>5%), compared to 
usual piezoelectric ceramics, that typically exhibit 
maximal strains of 0.1% and significantly higher stiffness 
(>10 GPa). In addition, EAPs are advantageous owing to 
their low weight, high energy density, noiseless 
operation, and capability of being miniaturized. 

 
In this article, the implications of employing EAP 
actuators in compliant mechanisms for space applications 
are investigated. As a proof of concept, a large-angle one-
degree-of-freedom compliant thruster pointing 
mechanism produced by additive manufacturing is 
designed, integrated and tested. 
 
The present article is structured as follows: firstly, the 
actuator principles are described and its design detailed; 
secondly, the design and particularities of the compliant 
mechanism design, such as the introduction of a stiffness 
reduction mechanism, required for guaranteeing its 
compatibility with the EAP actuation characteristics are 
described; followed by a presentation of the 
manufacturing and integration of the proof of concept, 
and by the results of an extensive test campaign targeting 
the first ever validation of the compatibility of EAP 
actuators with space environment, as well as functional 
and performance verifications for both the actuator and 
mechanism. To conclude, the lessons learnt from the 
design, integration and testing of EAP actuators for space 
compliant mechanisms are summarized, including the 
identified limitations and particularities of such 
technology. 
 
The work presented hereafter has been carried out as a 
collaboration between CSEM, Dätwyler AG and 
Almatech, in the frame of the ESA activity “Smart 
materials for space actuators.” CSEM has acted as 
mechanism designer and manufacturer, with its own 
additive manufacturing capabilities, Dätwyler as EAP 
actuator manufacturer, and Almatech as integrator of the 
thruster pointing mechanism and responsible for system-
level testing. 
 
2 EAP ACTUATOR 

Electroactive polymers are capacitive actuators which 
change shape or size when a voltage is applied across the 
electrodes sandwiching a dielectric layer or liquid/gel, 
thereby converting electrical energy into mechanical 
energy. Electroactive polymers are advantageous owing 
to their low weight, high energy density, noiseless 
operation, capability of being miniaturized, as well as 
their soft and compliant nature, which is not intrinsically 
present in conventional actuation technologies such as 



 

piezoelectric actuators. 
 
2.1 EAP Actuator Principles and Design 

Developed in 1999 by SRI International [1], dielectric 
elastomer actuators (or DEAPs) are based on the pressure 
exerted by the Coulombic electrostatic attraction between 
the opposite electrodes which sandwich a thin dielectric 
elastomer layer (typically of 10-50 um thickness) upon 
the application of a voltage [2]. EAPs typically need high 
voltage (> 0.5 kV), but no power is needed to maintain 
their deformation (only voltage) under DC actuation (i.e. 
leakage current across the dielectric layer is typically 
negligible). Typical dielectric elastomer materials used in 
dielectric EAPs are silicones, acrylics (VHB from 3M), 
and polyurethanes [3]. Because of its low hysteresis (i.e. 
low viscous losses), low Mullins effect, limited 
sensitivity to moisture, responsive electromechanical 
response over >100 Hz, and wide temperature range (-
40°C to 200°C) and stable mechanical properties for long 
periods of time, silicones are the preferred material for 
stable and reliable dielectric EAP actuators [4], being this 
material the one selected for the current application. 
 
Although being among the main advantages of EAPs, 
large strains are often correlated with lower reliability 
and lifetime, notably owing to the high electric fields 
required. To act as an actuator considering space 
applications, stacked EAP seem much more robust and 
able to give the large forces needed: the force of the 
dielectric EAP stack scales with the surface area of the 
actuator, while the magnitude of the actuation stroke 
scales with the actuator length [5]. large strains are often 
correlated with lower reliability and lifetime, notably 
owing to the high electric fields required. To act as an 
actuator considering space applications, stacked EAP 
like the one shown in Figure 1 seem much more robust 
and able to give the large forces needed: the force of the 
dielectric EAP stack scales with the surface area of the 
actuator, while the magnitude of the actuation stroke 
scales with the actuator length. The stacked electrodes 
between dielectric layers are compliant and carbon-
based. 

 
Figure 1. Design / shape of the electrodes and stacking of the 
layers (left), forming the final actuator (centre and right) [5].  

In order to meet the requirements regarding size and 
stroke for the thruster pointing mechanism application, 
an EAP stack of dimensions 15 × 15 × 50 mm has been 
selected, whereby the total length of the stack (including 
the endplates of 1 mm thick) is 50.3 ± 0.3 mm (maximal 
tolerance of the stack manufacturing achievable for such 
a stack height). In the latest manufacturing process 
developed by Dätwyler, a layer thickness of 15 μm can 
be achiever, resulting in an increased force and stroke. 
 
Additional consideration for the integration of EAP 
actuators in a mechanism is their potential encapsulation. 
For this application, no encapsulation covering the EAP 
stack is considered notably to avoid stiffening of the 
actuator and hence actuation stroke performance 
decrease at constant voltage, the outer parts of the EAP 
stack are conductive and a safety margin distance of  at 
least 2.5 mm on each side of the housing has been 
designed for the housing system, to allow slight 
differences in EAP stack alignment on the PCB end-
plates tolerances and to avoid any shortcut on the sides 
(dielectric breakdown strength of air is approximately 3 
V/µm, and even lower if the humidity is higher) notably 
when the stack is actuated, as the compression along the 
z-axis will induce an in-plane expansion which can 
reduce the gap between the actuator conductive parts and 
the aluminum housing. 
 
2.2 EAP Electronics Selection 

Numerous electronic topologies can be used to drive the 
EAP actuators up to 0.8kV. For the scope of this work, a 
simple topology is used with common electronic 
components which allows to have a compact form factor 
and comply to the requirements for a thruster pointing 
mechanism. 
 
The electronics selected electronics corresponds to 
Dätwyler’s ECU which was developed for applications 
which do not need stringent response times for the 
actuator, and its footprint is divided in two subsections: a 
high voltage part and a low voltage part, separated in the 
PCB by a DC-DC step-up flyback converter equipped 
with a planar transformer, which is designed to 
efficiently transform input voltages ranging from 3.7V to 
19V into high voltages up to 800V. 
 
This system incorporates a discharge circuit specifically 
developed for safely discharging the stack into HV-
compatible resistors, ensuring the system's safety and 
longevity. It also features sophisticated voltage and 
current feedback mechanisms, alongside an overvoltage 
protection circuit, to closely monitor and regulate the 
system's performance. 
 
At its core, an integrated microcontroller offers precise 
control over the output voltage, enabling adjustments to 
both the amplitude and slew rate according to specific 



 

requirements. This versatile setup allows for the use of 
various power sources, including a 3.7V input from a 
LiPo battery, a 5V input from a USB-C port, or a 19V 
input from an AC-DC power supply. 
 
3 COMPLIANT MECHANISM DESIGN 

Due to the specifications in terms of stroke and force 
output of EAP actuators, several considerations need to 
be taken into account in the design of a compliant 
mechanism for it to be compatible with the actuation 
principle. The main aspect is the stiffness inherent 
stiffness of a compliant mechanism, and the force 
required to generate a movement. 
 
3.1 Stiffness Challenge 

Actuators may be divided in 2 large families: those 
whose max power is limited by their volume, but whose 
stroke is potentially infinite, and therefore their energy 
infinite, such as rotary electromagnetic actuators. And 
those whose stroke is limited, and therefore whose cycle 
energy (from 0 to max stroke) is limited by their volume, 
such as piezoelectric actuators and EAP actuators. This 
means that in the present project, the energy available to 
rotate the thruster to the max angle is limited. 
 
The use of compliant mechanisms offers several 
advantages, such as the absence of lubricants, the absence 
of wear and the absence of play, all of which are 
invaluable for space applications. The drawback of such 
mechanisms is their stiffness: in the present case, a torque 
is needed to rotate the thruster up to the max angle, even 
at very low speed with no dynamic load. 
 
Combined with the limited energy available from EAP, 
this gives rise to a challenge. This challenge is even 
greater for a compliant mechanism produced by additive 
manufacturing, since the min thickness of blades is of the 
order of several tens of mm instead of several hundreds 
of mm for laminated sheets. As stiffness increases with 
the power 3 of thickness, this makes a huge difference. 
 
To meet this challenge, a well-known solution, though 
not very widespread in commercial applications, is to add 
a stiffness compensation mechanism. Such mechanisms 
are mainly used for translation guiding, such as [6]. 
Examples are also known for rotation guiding, but most 
often with very limited angular stroke, such as +/- 10° as 
in [7]. In this project, a wide angular range of +/- 15° is 
sought, which adds to the difficulty of the challenge. 
 
3.2 Stiffness Compensation Principle 

The basic principle of a stiffness compensation 
mechanism is to relax a prestressed spring while 
actuating the compliant mechanism. The prestressed 
spring which relaxes acts as a negative stiffness which 
compensates the positive stiffness of the guiding. 

The difficulty when applying this principle to rotation 
guiding is that one end of the spring is fixed, and the other 
end must rotate the same angle as the rotating part. A 
natural solution is to connect the prestress spring through 
a bending blade to the rotating part, as suggested in [8]. 
But with the configuration of this latter publication, it is 
hard to achieve large angular range. Thus, a slightly 
different configuration is used here: 

 
Figure 2. Stiffness compensation configuration from [8]. 

 
Figure 3. Stiffness compensation configuration from present 

project. 

In the present configuration, the transmission blade goes 
“through” the rotation axis and is fixed to the rotating part 
on the side opposite to the prestress spring. This has 2 
advantages: the bending of the transmission blade is more 
natural, even for large angular range; and the 
transmission blade is in traction, thus no risk of buckling. 
 
3.3 Rotation Guiding 

Depending on the direction of additive manufacturing, 
several solutions exist to have the transmission blade 
cross the rotation axis. In the present project, since a 
planar part was chosen to ease the printing of the crossed 
blades pivot, a rigid half-ring turning around the crossed 
blades was used to bypass the pivot. This led to the 
geometry shown in Figure 4. 
 

 
Figure 4. Rotation guiding with stiffness compensation 



 

mechanism. 

For the crossed blade pivots, a patented solution [9] was 
used, namely lattice blades, which allow easy printing of 
crossed blades without support, and already decrease the 
stiffness of the pivot. These crossed lattice blades are 
shown in Figure 5. 
 

 
Figure 5. Crossed lattice blades pivot. 

The first measurements of torque and angle show that 
with a prestress of the screw of about 2 mm, a very low 
torque over ±15° is obtained. Torque at ±15° is reduced 
by more than a factor of ×20 compared to no prestress. 
 

 
Figure 6. Torque / angle curves for several prestress distances 

of the screw. 

3.4 Actuator Guiding 

Since EAP actuators are mainly made of silicone, they 
are very soft and could be damaged if deformed out of 
their rectilinear compression. To avoid this, EAP 
actuators were integrated in a translation guiding 
protecting them. This guiding functionality is carried out 
by two parallel lattice blades in order to reduce their 
stiffness. 
 
It is important to mention that EAP actuators only work 

in compression and thus the actuator guiding mechanism, 
combined with the rotation guide and an additional 
weight is considered to preload the actuator in traction. 
 

 
Figure 7. Translation guiding of EAP actuator. 

3.5 Mechanism Integration 

Two rotation guiding plates are mounted on the 2 sides 
of the EAP actuator guiding. The actuator moving end is 
connected to the rotating part through a thin rod to 
transform a translation into a rotation. Several tests were 
carried out for the additive manufacturing of such a rod 
but without success, and thus an external rod is simply 
integrated into a slit and fixed with glue in an additional 
assembly step, as shown in Figure 8. 
 

 
Figure 8. Transmission rod for linear to rotational movement 

transformation. 

Considering the complete mechanism, multiple FEA 
estimations are carried out to extract the expected forces 
required to perform the complete movement of ±15° of 
the output stage for a given prestress (2.5 mm) of the 
stiffness compensation mechanism. The resulting forces 
are expressed as a percentage of the expected usable force 
of the actuator (~5 N) and summarised in Table 2. There 
is thus not much security to reach the 15°, but increasing 
the prestress of the rotation guiding can help compensate 
the first 2 contributions. 
 
The final assembled mechanism including both rotating 



 

stages, the linear guiding stage, the EAP actuator, its 
electronics and the dummy thruster mass is depicted in 
Figure 9. 
 

Contribution Force / EAP Usable Force 
Actuator guiding 20 % 
Transmission 50 % 
Rotation guiding 8 % 
TOTAL 78 % 

Table 1: Force/torque contributions for each mechanism stage 
as a percentage of the EAP usable force with a prestress of 2.5 

mm. 

 
Figure 9. Complete thruster pointing mechanism demonstrator 

with integrated EAP actuator and electronics. 

4 TESTING 

In the following section, the testing of both actuator only 
and complete mechanism is summarised, which assesses 
the basic functionality of the system as well as the 
compatibility of such actuators with the space 
environment. 
 
4.1 EAP Actuator Testing 

Firstly, before integration in the mechanism, the key 
characteristics of all 15 EAP actuators manufactured by 
Dätwyler have been measured, resulting in a stack length 
of 50.1 ± 0.2 mm, mass of 14.74 ± 0.05 g including end 
plates, strokes of 2.85 ± 0.11 mm and forces of 12.4 ± 0.7 
N at 800 V of actuation voltage. 
 
Additionally, one of the main concerns for using EAP 
actuators is their life expectancy, for that 5 EAP stacks 
have been actuated for 100 k cycles at 5 Hz, showing no 
failure. Dätwyler conducted the reliability test by 
monitoring the peak charge current and current offset 
behaviour over the number of cycles, as it provides a 
reliable metric for the health monitoring of the EAP 
sample over time. The results indicate stable behaviour 
over time, with an offset current constantly near 0 mA, 

indicating stable capacitive behaviour and no signs of 
degradation. 
 
To identify the mechanical limits of the actuators as 
commonly required for mechanism design and avoid 
damage of the actuator, a series of  destructive tests have 
been carried out, showing that the main failure point of 
all tests is the interface between the stack and the end 
plates, as shown in Figure 10 for shear and compression 
loads. The identified mechanical limits are 4.5 N for 
shear, 70 N for compression, and 35 N for traction. 
  

  
Figure 10. Destructive shear (left) and compression (right) 

test results. 

Furthermore, a set of environmental tests have been 
performed, including thermal and vacuum carried out at 
CSEM facilities, and radiation carried out at Co60 
ESA/ESTEC facilities, to assess the influence of these 
magnitudes to the functionality of the EAP actuators. 
 
A total of 5 EAP actuators have been subject to non-
operational temperatures of -40°C and +100°C, and 
operational temperatures from -20°C up to 80°C, 
showing no failure in the complete temperature range. A 
linear dependency of actuator height with temperature 
can be seen from the results. The change in height can be 
explained by the coefficient of thermal expansion of the 
employed silicone material within the EAPs with 
temperature.  
 
Regarding vacuum tests, 5 EAP actuators have been 
subject to <10-5 mbar for at least 24h, and its stroke has 
been measured, before, immediately after and 24h after 
vacuum, showing the influence of particle outgassing in 
the material, although most of it was recovered indicating 
regained humidity in the silicone.  Due to lack of testing 
capabilities, no precise outgassing test could be 
performed. 
 
Lastly, 10 EAP actuators have been radiated, 5 grounded 
and 5 biased (with constant 780 V) showing no 
statistically significant influence of the radiation dose to 
the resulting stroke of the actuators, as shown in Figure 
11. A Total Ionising Dose (water) of 1.114 kGy was 
applied at a Dose Rate (water) of approximately 13 Gy/h. 
 



 

 
Figure 11. EAP radiation test results at ESA/ESTEC Co60 

facility. 

4.2 Mechanism Testing 

For the assessment of the mechanism design, a test 
campaign of the system with the designed actuator and 
electronics has been carried out by Almatech. In order to 
focus the characterisation on the actuator behaviour, no 
sensor nor closed-loop control has been considered for 
the position, and only the electric voltage is actively 
monitored and controlled by Dätwyler’s ECU. For all 
mechanism tests, a LJ-V7080 laser profilometer pointed 
at the dummy thruster flat surface has been employed to 
continuously measure the tilting angle of the output 
stage, as depicted in Figure 12. 
 

 
Figure 12. Thruster pointing mechanism test setup. 

As basic angle range, with the minimum voltage of 0 V, 
an average of 13.0° is obtained with a minimum of 12.95° 
and a maximum of 13.03°, whereas when 800 V are 
applied, an average angle of -15.37° is obtained with a 
minimum of -15.53° and a maximum of -14.87°. When 
applying a force by hand to reach the end-stops, the 
maximum achievable angular range was [-15.72°, 
13.65°]. During these tests, the aggressive voltage PID 
control is clearly visible, generating an impact on the 
mechanism’s end-stops after every voltage change 
between the two extreme voltage values, as shown in 
Figure 13. 

 
Figure 13. Actuation of the mechanism from minimum (0 V) to 

maximum (800 V) voltage. 

Then, as angle accuracy, several voltage values were 
repeatedly and randomly applied, resulting in a 
repeatability of 0.41° without any position feedback loop. 
Additionally, 20 repetitions of alternating 400 V and 600 
V were carried out, selected to guarantee not touching the 
mechanism end-stops. In this case, a different variation 
between both voltage levels is identified, showing a drift 
of 0.51° for 600 V, and 0.1° for 400 V. 
 

 
Figure 14.Relative variations of the average value recorded 

for alternating 400 V and 600 V voltage inputs. 

Subsequently, the generated angle under 20 Nmm loads 
at the output were investigated. For the given 2.5 mm 
prestress on the stiffness reduction mechanism, the 
output angles at 0 V and 800 V were reduced to [-15.74°, 
-6.43°], showing a lack of output torque capabilities, 
which could be addressed by adjusting the given prestress 
or by mechanism redesign. 
 
Finally, some overload tests were performed to guarantee 
that the mechanism and actuator could withstand an 
external mass of approximately 1 kg without damage, 
being the results successful. 
 
5 CONCLUSIONS 

The results of the work presented in this article show the 
promising capabilities of EAP actuators for space 



 

applications, showing some unique advantages such as 
being lightweight, with low stiffness and featuring large 
deformations. The specificities and main challenges for 
its integration in compliant space mechanisms have been 
studied, most notably the actuator’s compatibility with 
space environment and the requirement of reduced 
stiffness for the mechanism, which has resulted in the 
development of a stiffness reduction solution and its 
effectiveness has been validated. 
 
Regarding the actuator testing, the first steps towards the 
assessment of the compatibility of EAP actuators to space 
has been carried out showing very promising results, and 
the influence of factors like temperature and vacuum 
have been identified. Regarding the mechanism test 
campaign, the functional and performance tests 
confirmed the effectiveness of the stiffness reduction 
mechanism, although reaching slightly less than the 
designed ±15° of stroke due to manufacturing tolerances 
of the end stops 3D printed within the mechanism itself. 
Additionally, a good repeatability (< 0.5°) even with an 
open-loop control, but with difficult to assess response 
time due to an overaggressive control from the 
electronics which led to strong oscillations, showing that 
special care on the development of the control electronics 
will be needed. 
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