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ABSTRACT 

 
Dielectric Elastomer Actuators (DEA) have demonstrated their potential as promising 

low-cost actuators. However, their commercial venue has, essentially, been limited by their 
reliability, which is affected by their manufacturing process. This paper investigates how a 
typical actuator fabrication process influences the life cycle reliability of cone-shaped 
actuators made of acrylic VHB 4905™. The proposed manufacturing process consists of: (1) 
film biaxial pre-stretching, using a manual 2-axis pre-stretching apparatus; (2) electrode 
deposition of conductive ink mixtures by airbrushing, and (3) film-defect detection and 
covering with Neoprene™ glue. 

The uniformity and precision of the film’s biaxial pre-stretch levels are studied through 
finite element analysis. The effects of electrode deposition techniques on reliability are 
optimized by measuring the breakdown voltage. The evolution of the film defects is observed 
through mechanical and electrical cycling tests. These tests are repeated with Neoprene™ 
glue covering the defects, as it is expected to limit defect propagation and thus increase the 
film’s life cycle.  

Results show that a properly designed multiple grip point pre-stretch jig can offer a 
uniform and accurate biaxial stretch for maximum actuator reliability and minimal film loss. 
The initial breakdown voltage is 30 % higher when a gap is present between the edge of the 
electrode and the side of the DEA than when a gap is not present. Mechanical cycling 
generates defects around the center frame that participate in long-term electrical cycling 
failure. NeopreneTM is an effective covering agent in high voltage applications but its high 
stiffness affects the long-term reliability under low electrical cycling. 

This paper intends to take a first glance at potential improvements of DEA reliability 
through its manufacturing techniques and sets the grounds for future in-depth work on the 
subject. 
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INTRODUCTION 
 
Dielectric Elastomer Actuators (DEAs) are an interesting alternative to conventional 

electromagnetic technologies in many robotic and mechatronic applications, particularly 
where high force-to-weight ratios and high strains are required at low cost.  

DEAs are governed by electrostatic attraction [1][2]. Oppositely-charged electrodes, 
created on each side of a soft polymer film, induce an equivalent Maxwell pressure that 
squeezes the polymer, which in turn, expands in its planar direction (Figure 1a). The two 
major polymer families used in DEAs are acrylics and silicone [3][4]. This research 
concentrates on the manufacturing process of DEAs made from two layer laminates of 
acrylic VHB 4905TM from 3M, since it is the most currently used material for its high energy 
density [5].  

 

 
Fig. 1 a) DEA’s working principle b) Cone-shaped actuator used in the experimental setup 

 
A typical cone-shaped DEA is shown in Figure 1b, where the polymer film is held 

between two rigid circular frames while the center frame is pushed outwards by a 
conservative force provided here by a suspended mass [6]. The mass moves down when the 
film expands in area under an equivalent Maxwell pressure produced by the electrostatic 
field (1) [2][7][8]: 

 
2

MAX rel die
Vp
t

ε ε ⎛ ⎞= ⎜ ⎟
⎝ ⎠

εrel : vacuum permittivity
εdie : polymer dielectric constant

V : voltage
t : thickness of the film  (1) 

 
DEA assembly has three major steps. First, the film is pre-stretched in its planar direction 

in order to avoid film buckling during electrostatic compression as well as to increase 
mechanical efficiency [9][10] and breakdown strength of the film [11][12]. Second, the film 
is fastened to rigid frames to maintain its initial pre-stretch state. Third, compliant electrodes 
are applied on each side of the polymer. A common low-cost electrode material used is 
carbon black powder, which is generally mixed with a solvent and applied by paintbrush or 
airbrushing technique. This type of electrode is one of the most compliant and low-cost 
amongst electrodes used in DEA [13]. 
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Three large-scale failure modes of DEAs have been proposed: pull-in instability (aka 
buckling), dielectric strength failure and material strength failure [12]. Pull-in instability is 
observable as wrinkles on the film surface [16][17]. Dielectric strength failure occurs when 
the applied electric voltage exceeds the dielectric strength of the material. Finally, the 
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material strength failure happens when the material is stretched beyond the unfolded 
material’s polymer chain length.  

Past experience has shown DEA reliability to be greatly affected by actuator 
manufacturing methods [14][15]. This is an important drawback, since fabricating reliable 
DEA layers is key to develop high force actuators using 10’s to 100’s of layers.  

Since VHB is a commercial adhesive and its quality is not controlled for DEA 
applications, defects are generally present in the film. One approach to improve reliability 
through manufacturing is the use of fault-tolerant electrodes [18][19]. NeopreneTM glue can 
also be used to improve dielectric breakdown strength by covering film imperfections [20].  

This paper takes a first look at a typical DEA fabrication process and investigates its 
impact on the short and long term reliability of acrylic VHB 4905™ actuators. Cone-shaped 
DEAs are built according to a typical manufacturing process consisting of: (1) film biaxial 
pre-stretching using a manual 2-axis pre-stretching apparatus, (2) electrode deposition 
techniques using different air-brushed conductive-ink mixtures and (3) film-defect detection 
and covering with Neoprene™ glue. A 12-point pre-stretching jig design is presented and 
validated with Finite Element Analysis. Microscope observations are performed to monitor 
film evolution during mechanical cycling, while breakdown tests are performed on different 
electrode configurations. Electrical cycling tests are carried out on DEAs to gather statistical 
data of actuator failure in normal operating conditions, both with and without NeopreneTM 
defect covering.  

Results show that pre-stretching equipment must be carefully designed to maximize film 
uniformity and usable film area as demonstrated with a 12-point jig example. Breakdown 
voltage tests revealed that leaving a gap between the electrode and frame improves 
breakdown voltages by as much as 30 %. Mechanical and electrical cycling at low voltages 
revealed that most failures occur in the film region where the stretches are the highest and 
where film buckling is observed. Moreover, these highly-loaded regions show defect-like 
grooves, nucleating from the film-frame interface, that propagate with cycling. Finally, 
covering the film defects with NeopreneTM glue potentially improves the average film life by 
up to a factor of 4 at high electric fields but its high stiffness has negative impacts in long 
term cyclic tests. 
 

OBJECTIVES AND METHODOLOGY 
 

This section describes the objectives and methodology of this research, targeting the 
impact of the proposed actuator fabrication process on reliability: 
 
Film pre-stretch 

Actuator reliability in regard to pre-stretch has already been investigated in past research 
and is deemed critical on actuator performance and efficiency [10][16]. Therefore, a good 
pre-stretching apparatus must be able to uniformly pre-stretch polymer films over a large 
area, regardless of the actuator’s configuration; whether the actuators require a symmetrical 
stretch (λxxλy = 3x3 for cone actuators [6]) or a non-symmetrical stretch (λxxλy = 4 x 2.5 for 
diamond shaped DEA [20]). 

Finite element analysis is used to design and compare two concepts: a 4-grip point 
machine versus a 12-grip point machine. Note that all films used in this paper where pre-
stretched with a 4-grip point machine using only the optimal area of the pre-stretched film. 
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Mechanical cycling 
A MTS 322 Test Frame Fatigue device is used to force DEAs into typical displacement 

cycles. The defects’ generation and evolution are observable throughout the actuator’s life 
cycle as no opaque electrode is present. Two imposed displacements are used to match 
typical displacements under low- and high-voltage operation as used later in electrical cyclic 
tests. Setup 1 is used to witness the effects of various manufacturing parameters on the 
reliability of a DEA used in a high-voltage application in a short life period. Setup 2 mimics 
the displacement of a DEA used in a low-voltage application, which is expected to withstand 
a long lifetime. Figure 2 illustrates the test parameters of these two setups. 

a) b)

Parameter Setup 1 Setup 2
Voltage 8.4 kV 6.4 kV

% of breakdown* 6<86 % 66 %
Pre-stretch 3x3 3x3

Mass 150 g 150 g
Equivalent pre-load 13 mm 13 mm

Generated displacement 6 mm 11 mm
Speed 1 Hz 1 Hz

*based on breakdown results (figure 13)

Parameter Setup 1 Setup 2
Voltage 8.4 kV 6.4 kV

% of breakdown* 86 % 66 %
Pre-stretch 3x3 3x3

Mass 150 g 150 g
Equivalent pre-load 13 mm 13 mm

Generated displacement 11 mm 6 mm
Speed 1 Hz 1 Hz

*based on breakdown results (figure 11)

 
Fig. 2 a) Dimensions of the cone-shaped actuators and b) test parameters 

 
Tests are paused during cycling for defect visualization and measurement with a 40X 

microscope equipped with a digital camera in the dust-free environment of a clean bench. 
Mechanical fatigue tests will oversee the effects of the use of different electrodes’ solvents 
(ethanol, toluene) and of the NeopreneTM glue.  

Dust particles, or contaminants, constitute the most common type of defects on DEA 
films. They are noticeable as dark and twisted lines, and are often visible to the naked eye 
under appropriate lighting (Figure 3a). The second known group of defects present in the 
film are bubble-like defects and scratches, either included in the film or induced by the 
laminating process [21]. The bubble-like defects are difficult to locate as they result in a faint 
color variation on the microscope images (Figure 3b). 

Dust

Air bubble

a) b)    
 Fig. 3 a) Dust – b) Bubble-like defects         

 
This work focuses on bubbles-like defects, as they are supposed to have the most 

damaging effects on the materials’ reliability as they cause a local reduction of the 
breakdown strength [21]. As well, only defects visible to the naked eye (60μm) will be 
observed, as they are the easiest to locate in a low-cost manufacturing process. 
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Electrode deposition 
This section compares the influence of two basic electrode mixtures as well as electrode 

geometry on breakdown voltage. 
Paint-brushing is not considered in this study because of its inability to generate smooth 

edge electrodes in a controllable and precise fashion. Research has shown that electric 
charges gather at the electrode edges and create unwanted electric field concentration that 
can cause DEA breakdown at lower voltages [22]. Also, paint-brushing requires a contact 
with the film, which can be detrimental and even destructive to the film. 

Air-brushing is the main technique studied in this work, as it is a fast, low-cost, contact-
free method that can be implemented for high-volume manufacturing. Mixtures of carbon-
black and ethanol are the main components of this study due to their high compliance and 
low cost. Toluene effect on breakdown strength is also investigated as it is a necessary 
chemical of an upcoming inkjet impression system currently in development. Masking of 
particular film regions will be proposed as a simple method to improve overall breakdown 
strength. Indeed, this avoids superimposing the maximal electrical field to the maximal stress 
field near the edges of the frame, where the material is thinner. 
 
Electrical cycling 

As an ultimate reliability test, electrical cycling tests are performed on cone-shaped 
DEAs, using the low- and high-voltage setups of Figure 2. Electrical cycling allows the 
collection of small statistical data of actuators, built with the simple low-cost production 
techniques proposed here. A USB-powered DAQ device, controlled by a Labview program, 
sends software-timed analog voltage updates to a Matsusada Power Supply, while 
monitoring the current directly from the current monitor output. When a DEA fails, the 
increase in current is detected and the voltage is rapidly shut, preserving the DEA for 
analysis of failure location.  

The parameters of Setup 1 (see Figure 2) were chosen to maximize the strain output, 
regardless of the occurrence of buckling. When the film buckles, it undergoes very large 
deformations to reach a stable state characterized by its wrinkled shape. The tests are done at 
~85 % of the experimental breakdown voltage. The purpose of Setup 1 is to witness the 
average improved life-cycle of the actuator used in high-voltage applications when the 
visible defects are covered with Neoprene TM. 

Setup 2 is used to obtain the actuator’s maximum displacement without buckling for a 
given mass and initial pre-stretch. This setup intends to evaluate the long-term life 
expectancy of the DEAs with and without NeopreneTM. Similar to Setup 1, the applied 
voltage represents ~65 % of the breakdown voltage.  

Note that in all mechanical and electrical cycling tests, reference DEAs were 
manufactured from VHB film with no visible defects, while DEAs with defects were 
manufactured where defects were visible but not overabundant. 
 

RESULTS AND DISCUSSION 
 

Film pre-stretch  
The pre-stretch sequence of a 4-point jig (see Figure 4a) was analyzed with Abaqus 

software, using a non-linear high-strain model for a nominal film pre-stretch of λxxλy = 4x4. 
The material parameters of the incompressible second order Ogden model were obtained 
from past researches [20]. As shown in Figure 5, the 4-point jig does not generate a large 
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uniform film region where the nominal pre-stretch values are precisely met. Only ~13 % of 
the total stretched film can be used. This study also shows that the 4-point jig has a high-tear 
risk near the corners of the grip, as stretches of up to 6.9 are encountered near the grips (see 
Figure 5b). Note that the stretch (λ) is defined as the ratio of the final length over the initial 
length.  

 
Fig. 4 Film stretching using a) a 4 points jig and b) a 12 points jig 

 

 
Fig. 5 FEA result of the stretches a) in the x direction b) in the y direction 

 
A uniform stretch can be obtained with a greater area of usable film with a well-designed 

pre-stretch jig equipped as the multiple mobile grips allows unconstrained displacements in 
the x direction. For example, a 12-point jig was designed and evaluated by FEA (see 
Figure 5b). In fact, for a desired stretch of λxxλy = 4x4, the jig can uniformly stretch the film 
in both directions on 75 % of the film’s area (Figure 6). Maximum stretches are also reduced 
(λ = 5.6) which significantly reduces tear risks during actuator manufacturing. 
 

 
Fig. 6 FEA result of the stretches a) in the x direction b) in the y direction 
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Mechanical cycling 
Microscopic observations revealed that the size and shape of film defects (in this case, air 

bubbles, see Figure 3b) that are initially present remain constant throughout the mechanical 
life cycle of the DEA. On the other hand, groove-like defects rapidly appear on the film 
edges around the center piece (Figure 7a); these grooves were also observed in previous work 
[20]. Experiments show that grooves appear near 1,000 cycles, and expand gradually as 
cycling continues. The evolution of the cracks is described in Figure 8 for both experimental 
setups. The groove length doubles when the mechanical displacements doubles, suggesting a 
linear behaviour between groove propagation and mechanical displacements. 

 

 
Fig. 7 a) Defects around the center frame, b) defects around the center frame, with 

NeopreneTM applied around it and c) defects around a glue drop, all after 10,000 cycles 
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Fig. 8 Length of the appearing cracks during mechanical cycling 

 
Mechanical DEA failure was always caused by tearing around the center frame 

(Figure 9). Note that mechanical cycling showed that the maximal life-cycle of a cone-
shaped actuator is over 65,000 cycles, using the parameters of Setup 1 and 22,000 with the 
parameters of Setup 2.  

 

 
Fig. 9 Failure mode of mechanically cycled DEA 

 
Observations tend to demonstrate that the grooves are caused by a film-slippage effect 

around the center piece of the actuator, induced by a high-stress concentration. As seen in 
Figure 8, to improve life cycle, a smaller preload displacement could be adapted for smaller 
strains, implying the usual trade-off between actuator performance and reliability. Note that 
the geometric ratio between the outer and inner frame can also be adapted to limit the strain 
of the polymer near the center of the cone-shaped actuator. When NeopreneTM is applied 
around the center frame of the DEA, grooves propagation is significantly reduced, and after 
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24,000 cycles, their length reached only ~ 0.09 mm (see Figure 8). However, an adequate 
glue deposition technique still needs to be developed for precise and repeatable results and no 
further tests were made with this technique. 

Just as the non-covered defects, the NeopreneTM covered defects did not move or grow 
when submitted to mechanical cycling. However, after ~ 10,000 cycles, small grooves began 
to appear around the NeopreneTM spots (Figure 7c). Those grooves are similar to the ones 
observed near the center frame, but are much smaller. They are most likely caused by the 
higher rigidity of NeopreneTM as opposed to VHB. The NeopreneTM induced grooves limit 
the long term reliability improvement as it will be shown later in electrical cycling tests of 
Setup 2. 

No obvious difference was recorded through the mechanical cycling of chemically-
stressed DEAs, as no defects generation was visible and no actuator failed during the first 
25,000 test cycles, for both ethanol and toluene.  

 
Electrode deposition 
Breakdown tests (Figure 10) have shown a 30 % increase in the maximum voltage when a 

~1mm gap is left between the electrode and frame. The gap separates the mechanical stress 
concentrations at the film edges from the higher electric fields at electrode edges [21]. Note 
that all breakdowns occurred at the edge of the electrode. 

With gap Without gap

 
Fig. 10 a) Breakdown test parameters b) Top view of the locations of the breakdowns and 

average values of voltage recorded 
 
In order to create this 1 mm gap, the mask must overlap the frame by at least ~3 mm, 

mainly because the mask cannot be set closer to the film without risk of damaging it. This 
distance can be problematic in the production of miniature actuators. Also, as dust is 
generated by this deposition technique, it is not optimal for precise manufacturing. 

As a potential alternative to airbrush, an inkjet printer is currently being studied. The 
main problem in the development of this technology is the mixture’s constituent’s polarity 
difference that causes the carbon power to agglomerate and clog the nozzles of the cartridge, 
making off-the-shelf inkjet printers unsuitable for printing this kind of ink. Toluene is a more 
compatible solvent that improves the clogging issues. Breakdown tests (Figure 11) and the 
mechanical cycling both indicate that the change in solvent does not significantly affect the 
breakdown and mechanical strength of the DEA.  
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Ethanol Toluene

 
Fig. 11 a) Breakdown test parameters b) Top view of the locations of the breakdowns and 

average values of voltage recorded 
 
Electrical cycling 
 
Setup 1 (short term – high voltage): With the parameters of this setup, buckling was severe, 
as shown by the large central spikes of Figure 12. At such high voltage, the average life cycle 
is as low as ~1,000 cycles for both reference and NeopreneTM-covered samples. The 
NeopreneTM-covered samples lasted slightly longer, while their variance was twice that of the 
reference sample. This is partially explained by inadequate glue deposition technique, as 2 of 
the 10 samples failed directly on the covered zone upon initial activation. 
 

+

‐

+

‐

+

‐

 
Fig. 12 Position and amount of failures for electric cycling test using Setup 1 for the a) 

reference test and b) the NeopreneTM-covered defects  
 

In these tests, it is also noted that the majority of the failures occurred on the edge of the 
buckling region, indicating that buckling is a major failure phenomenon that is yet to be fully 
understood. 

When compared to samples where defects were not covered, NeopreneTM proved to have a 
significant impact on average durability. In fact, the average life-cycle of DEA with non-
covered defects was 309, which is 4 times lower than the DEA with NeopreneTM-covered 
defects, with a standard deviation of 387. These results should be used with care, since 
failure locations were not identified with absolute certainty and failure may have been 
unrelated to film defects.  

 
Setup 2 (long term – low voltage): As seen in Figure 13, the average life cycle is higher when 
no NeopreneTM glue is applied. This suggests that the grooves induced by the NeopreneTM 
drops, which appeared during mechanical cycling, are a cause of long-term failure. This is 
not fully corroborated by Figure 13b, since only one failed where NeopreneTM was applied. 
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Nonetheless, 6 out of the 13 NeopreneTM-covered DEAs suffered severe film rupture making 
impossible the location of the initial failure. These particular DEAs were computed in the 
calculation of the average life-cycle, but are not shown in the following figure. 
 

+

‐

+

‐

 
Fig. 13 Position of failure for electric cycling test using Setup 2 for the a) reference test, b) 

the NeopreneTM covered defects 
 
For the reference tests of Setup 2, the majority of the failures occurred near the center 

frame (less than 2 mm thereof) as showed in Figure 13a. This corroborates the hypothesis 
that the defects induced by the mechanical stress (tearing near the center) are linked to the 
failure of the DEA. In addition, while buckling was thought to be avoided in this test, the 
center region showed slight buckling occurrences after about ~1,000 cycles (see the central 
spikes in Figure 13). The large deformations and stresses due to buckling certainly increase 
failure probability. The time delay in buckling occurrences is explained by the viscoelastic 
relaxation of the VHB film. Finally, from Figure 8, it was found that the average failure 
occurs when mechanically-induced center cracks reach a minimal projected width of 
~700 µm. 

The mechanical cyclic test confirmed that DEA can withstand the cyclic stresses of 22,000 
cycles and 67,000 cycles for setup 1 and 2 respectively. The fact that the actuators in the 
electrical cyclic tests failed before these values indicates that failure is likely due to coupled 
mechanical-electrical effects. For example, the polymer thins down near the grooves at the 
center frame, which increases the electrical field, causing an electrical breakdown. As well, 
NeopreneTM is an effective covering agent in high voltage applications but its high stiffness 
affects the long term reliability under low electrical cycling as it nucleates groove-like 
defects. 

 
CONCLUSION 

 
The main objective of this research was to take a first glance at the impact of three low-

cost manufacturing steps (pre-stretch, electrode deposition, defect covering with 
NeopreneTM) on the reliability of DEAs.  

Different pre-stretch strategies were evaluated through FEA film analysis. Results show 
that a well designed pre-stretch device with mobile attach-points can improve both the stretch 
uniformity and usable area of the polymer film. 

Dielectric breakdown tests have shown that leaving a gap between the electrodes and the 
frames improves the breakdown voltage of actuators by 30 %, since this action decouples the 
mechanical stress concentration at the film edge from the high electric field at the electrode 
edge.  

 
2009 Cansmart Workshop 312



 

 
 2009 Cansmart Workshop 

Mechanical cycling tests show that the observable defects in the DEA film (air bubbles 
and scratches) do not grow throughout cycling, indicating that they have no significant 
impact on long-term reliability. Mechanical cycling also revealed that hazardous grooves 
growing with number of cycles appeared near the center frame. These grooves are likely 
caused by film slippage under the frame due to high local stresses. 

Electrical cycling tests at high voltages have shown that covering the defects with 
NeopreneTM glue can potentially increase the DEA’s life expectancy by a factor of ~4. 

 Electrical and mechanical failures were found to be closely linked. The presence and 
growth of the grooves limits film life, as actuators tested in long-term electrical cycling failed 
at low voltage, almost exclusively near the center. Similar grooves appeared around 
NeopreneTM glue, which also shorten the life expectancy of the DEAs, suggesting that 
NeopreneTM is an effective covering agent in high voltage applications but that its high 
stiffness affects the long term reliability under low voltage electrical cycling. Particular 
caution should be taken with the electrical cycling results as the failure location technique 
needs to be further improved, and as more tests should be conducted to confirm the averages 
and standard deviations presented here. 

 
FUTURE WORK 

 
Film quality is the critical issue that has to be addressed for the expansion of DEA 

technology. Since the casting process of commercially available films such as VHB cannot 
be controlled, silicones are presently being studied as a more reliable material. Nonetheless, 
this material has a small strain, suggesting that new polymers need to be developed for 
DEAs. 

New electrode-deposition techniques using inkjet technology are presently being 
developed for an accurate deposition of the toluene–carbon-black compliant electrodes. A 
new defect-covering agent with lower stiffness will also be tested. 
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