§ sciendo

DOI 10.2478/ama-2023-0058 acta mechanica et automatica, vol.17 no.4 (2023)

EXPERIMENTAL INVESTIGATION OF A UNIAXIAL DIELECTRIC ELASTOMER GENERATOR

Wojciech SIKORA*

*Faculty of Mechanical Engineering and Robotics, Department of Machine Design and Maintenance,
AGH University of Krakow, al. Mickiewicza 30, 30-059 Krakéw, Poland

wosikora@agh.edu.pl

received 8 February 2023, revised 29 April 2023, accepted 14 May 2023

Abstract: The widespread use of battery-powered electronic devices creates the need to develop methods to extend their maximum
operating time. This can be achieved by using ambient energy, which would otherwise be dissipated. The conversion of energy, usually
mechanical energy, into electric energy takes place in energy harvesters. Energy harvester systems based on a dielectric elastomer (DE)
are a relatively new field that is being constantly developed. Due to their features, dielectric elastomer generators (DEGs) may complement
the currently dominant piezoelectric harvesters. The major feature of employing a hyperelastic material is that it allows relatively large
displacements to be utilised for generating energy, which is impossible in the case of piezoceramics. This article presents a DEG designed
to operate under uniaxial tensile loads and which has a multilayer structure, describes the general operating principles of a DEG, explains
the construction and assembly process of the investigated design and shows the electric circuit necessary to properly direct current flow
during the DEG operation. The experimental part consists of two series of tests based on a central composite design (CCD). The objective
of the first part was to map a capacitance response surface of the DEG in the selected range of the cyclic mechanical load. The second
part concerned the amount of generated energy for the specific load case as a function of operating voltages. The result of the work
is the formulation of regression models that allow the characteristics of the presented DEG design to be identified.
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1. INTRODUCTION ment of soft robotics, where they are used in biomimetic robots
and manipulators [5,6].

The majority of studies concerning DEGs describe the labora-
tory tests of various prototypes, with generated energy in the
range of micro- or milliwatts [7,8]. Nonetheless, there are a few

The utilisation of ambient energy, by harvesting it using dedi-
cated devices and converting it into electric energy, allows the

gxtgnsio? oflfthe opegatingt time ?; smal eflt:r(]:tronics orthevten thlz examples of large-scale projects that provide more power and are
esign o Setl-powerea systems. The use of the energy fhat wou mainly designed for the conversion of kinetic energy of sea waves
otherwise be dissipated also corresponds to the trend of sustaina- [9,10]

bility and ensures that available resources are used in the best
way currently possible.

The most common harvester systems are based on piezoelec- ras s
tricity [1,2] or electromagnetics [3,4]. Another group are dielectric
elastomer generators (DEGs), which utilise changing capacitance i
to convert mechanical energy into electric energy. As piezoelectric
devices are a well-known and popular solution for harvesting i ,
ambient energy, it is convenient to consider dielectric elastomer T TR I
(DE) features compared with them. The major characteristic of DE (@)
devices is the utilisation of a hyperelastic material with stiffness
several orders lower than that of piezoelectric materials (especial-
ly ceramics). In combination with the fact that DEGs, for proper
operation, usually require quite large deformations, it can be
concluded that piezoelectric generators cannot be directly re-
placed by DEGs, and vice versa. Piezoceramics undergo small

strains and are highly vulnerable to tensile loads. Thus, DEGs can (d) ()
fulfil the role of a complementary solution to piezoceramics in the Fig. 1. DEG common types: (a) uniaxial, (b) equibiaxial, (c) diamond,
field of energy harvesting. (d) conical, (e) diaphragm

Similarly to piezoelectric devices, systems utilising DEs can
function not only as generators but also as actuators (DEA, dielec-
tric elastomer generator). Design challenges are common for both
types of devices, especially regarding assembly, electric break-
down or mechanical stability. DE actuators are an important seg-

From the mechanical standpoint and based on how they are
physically loaded during operation, DEGs can be divided into the
following major types [11], as shown in Fig. 1:
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— uniaxial,

— equibiaxial,

— diamond,

— conical,

— circular diaphragm.

Each of these designs has benefits and drawbacks, but cone
and diaphragm types are most commonly used due to their rela-
tively easy assembly and application. To ensure mechanical
stability and avoid buckling during the DEG operation, it is neces-
sary for the elastomer layer to be pretensioned. For a single layer,
this is easily achieved in the designs from Fig. 1c—e; it is not
required in the equibiaxial variant (Fig. 1b) and is problematic in
the case of uniaxial designs (Fig. 1a). For a uniaxial DEG, there is
no axial symmetry, especially in a boundary fixture, like in circular
designs. Nonetheless, the pretension has to be applied in both
axial and transverse directions to maintain the mechanical stability
of the layer during cyclic operation.

This article presents an experimental investigation of a DEG
operating in a uniaxial mode. It has a multilayer structure with
compliant electrodes enclosed between external, elastomer lay-
ers. The performed analysis considers a capacitance change and
the amount of generated energy of the given DEG design. The
observations are further presented in the form of linear regression
models, enabling interpolation and, to an extent, extrapolation of
the registered data.

2. PRINCIPLE OF OPERATION

The most important trait of a DEG is the requirement to con-
nect it to a DC voltage supply. Initially, this seems counter-intuitive
as a DEG aim is to generate electric energy. However, its function
does not depend on directly generating potential difference as a
response to a physical deformation. A typical elastomer material
does not have any inherent piezoelectric properties that would
allow such behaviour. Instead, a DEG’s actual task is to boost the
electric potential of the fixed amount of electric charge.

In general, elastomers are dielectric materials and, therefore,
can function as a core material in a plate capacitor. By covering
opposite sides of an elastomeric sheet with a conductive layer that
performs the role of a compliant electrode, such a capacitor can
be created. It is, in fact, a non-polarised variable capacitor as, by
applying physical deformation to it, its capacitance will change.
This is crucial to the operating principle of DEGs.

capacitance\ Q=const. voltage f
decreases relaxation increases
Ulow U
B A—) “igh
voltage 3 storage
r source (apa(l[or‘
capacitance ’ extension voltage \
increases Q=const. decreases

Fig. 2. Operating principle of a uniaxial DEG

Fig. 2 presents the working principle diagram of a DEG based
on an elastomer membrane undergoing a uniaxial load. The left
side shows a stretched (physically loaded) membrane with a
conductive (black) area, which performs the role of an electrode. It
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also has to be mirrored on the underside of the membrane to
obtain the opposite electrode of the same shape and area. At this
stage, the DEG has to be connected, through terminals, to a DC
supply which provides a constant voltage (U,,,,). This may be a
battery or a laboratory supply. Charge flows to the electrodes il
the voltage reaches U,,,,. The final amount of accumulated
charge is adequate to U,,,, and the actual capacitance of the
system. Capacitance is maximum at this stage as the elastomer is
deformed and has an increased area. During the transition to the
relaxed state (on the right), system capacitance decreases due to
membrane area reduction. To ensure that the charge remains
constant, the connection with the voltage source U,,,, has to be
separated to prevent the charge flowing out. For the separated
system to maintain equilibrium, voltage between the electrodes
has to increase with decreasing capacitance. This phenomenon
occurs due to the conversion of mechanical energy (elastic return
of the elastomer) into electric energy (increased potential of the
charge), which is caused by mechanical forces overcoming elec-
trostatic forces between elastomeric capacitor electrodes. At that
point, to receive the uplifted charge, another circuit has to be
connected to the system. This is usually some storage capacitor
which has to be already initially charged up to the high voltage
Unign- It is assumed that the system's voltage after membrane
relaxation is U > Up;gp > Ujey. Therefore, the excess charge
flows from the system to the storage capacitor, which corresponds
to the amount of generated electric energy. After stretching the
membrane again, the whole cycle repeats. The DEG function can
be best described as similar to that of a "charge pump" that
moves the electric charge from Uy, 10 Upigp.

It is important to note that, in an actual system, the periods of
charging and discharging the elastomeric capacitor take place not
at specific points but during fragments of, appropriately, loading
and relaxing half cycles. This will be shown later in Fig. 13 on the
registered voltage and charge signals.

3. PREPARATION OF SAMPLES

A thin membrane stretched between two bars subject to a
uniaxial load, as a general concept, is often referenced in the
literature. However, practical tests of such a DEG are seldom
presented. More often DE systems of similar construction, but
operating as actuators, can be found [12].

Fig. 3 shows consecutive assembly steps of a DEG. It starts
with preparation of a small strip (50 mm x 30 mm x 1 mm) of
VHB4910 acrylic foam, which is next stretched ca. 3.6 times in
both, perpendicular, directions. As the stretch is applied only
along two opposite edges, the silhouette of the expanded layer
resembles an hourglass. The first practical problem arises with the
practical realisation of a simultaneous expanding layer in two
directions. This was performed with the help of a scissor mecha-
nism that can be used for this purpose [13]. The prepared layer
was next transferred to the surface of two, parallelly aligned, bars
fixed in place at a constant distance of 36 mm from each other. In
the physical sample, this constant distance was ensured by two
extra L-shaped profiles screwed to the sides of bars, which were
removed after the DEG was mounted in the test rig. Excessive
parts of the layer were cut (red hatching in Fig. 3). Next, a thin
layer of conductive grease (MG Chemicals 846-80G) was applied
in the middle and strips of metallic tape that serve as connection
terminals were placed. It is crucial that metallic paths have to be
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located in the part of the layer that does not deform during opera-
tion, otherwise it would lead to an imminent rupture of the layer
during operation. The exact same procedure was carried out for
the second and the third layers, but in the case of the third one, no
conductive grease nor metallic paths were placed. Fig. 3 shows a
DEG section of a fully assembled sample.

pretension of a single layer
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Fig. 3. Assembly stages of the DEG

Fig. 4. Mounted DEG sample on the test rig

The conductive layer has significant internal resistance. For a
given area of ca. 115 x 30, resistance measured diagonally is
around 20 =+ 30 k€. To minimise the distance along the conduc-
tive layer that the electric charge has to travel, four, instead of one
(in Fig. 3), connections between the metallic paths and the active
area were placed for both electrodes. This can be seen in Fig. 4
and it allowed the effective resistance of the conductive layer to
be reduced to ca. 5 kQ.
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(@) (b)
Fig. 5. Possible mechanical instabilities (buckling) appearing
in an elastomeric membrane during unloading due
to insufficient pretension in the (a) transverse, (b) axial direction

The importance of a preliminary stretch of elastic layers can
be illustrated through Fig. 5. Due to the viscoelastic properties of
the utilised elastomeric material, during cyclic loading of a sample,
in an unloading half-cycle when the displacement speed is too
great, the layer can temporarily lose its tension causing mechani-
cal instability. When the relaxation is too fast in the transverse
direction, it generates wrinkles similar to those in Fig. 5a; when it
happens in the axial direction, the layer forms a bulge (Fig. 5b).
While the second case can be easily dealt with by applying higher
mean displacement during cyclic loading, the first one can only be
diminished through applying the proper transverse pretension of a
layer during sample assembly.

The multilayer structure in the presented construction is dic-
tated by improved handling of the sample. Such a DEG could be
assembled using only one elastic layer, however, active conduc-
tive areas would be exposed and more prone to accidental dam-
age. Moreover, using three layers makes connection of the under-
side electrode easier. The current design is more durable and
simpler to handle. It can also be a foundation for future designs
utilising additional electrode layers.

4. ELECTRIC CIRCUIT

The generation of electric energy by a DE undergoing cyclic
deformation can be conducted only while properly directing the
electric current in the whole system. This can be realised with a
dedicated circuit (Fig. 6). In general, the most important elements
of the circuit are two diodes (2, 3) that function as check valves
and prevent reverse current flow. Operational voltage levels are
dictated by the lower voltage source (1) and initially charged
storage capacitor (4). The DEG itself is, in fact, a non-polarised
variable capacitor (5). Voltage Uow (1) can be provided by a labor-
atory power supply with a step-up converter.

Unlike in a laboratory, in field applications of DEGs, providing
a constant supply of voltage in the range of hundreds or thou-
sands of volts as Uow, can be a practical obstacle. Therefore, a
different solution can be found in the literature, for instance, in Ref
[14], a classic circuit is expanded by adding a self-priming circuit.
When supplied with a 6 V battery, such circuit can prime up the
Uiow voltage level to a given value before transferring the accumu-
lated electric charge further.

The described circuit (Fig. 6) is well known in the field, yet
there are some variations of it. The role of a high voltage source is
performed by the capacitor (4). However, it is often replaced by a
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series of Zener diodes [15], through which current starts to flow
after the DEG voltage reaches its equivalent breakdown voltage.
Characteristics of such a design are the fixed value of Uy, and
smoother transition between the stages, as described in Fig. 2.

Fig. 6. Electric circuit used for converting energy using a DEG. 1 - low
voltage source, 2,3 - diodes, 4 - high-voltage storage capacitor,
5 - variable capacitor (DEG), 6 - capacitor for measuring charge

Another version of the circuit differs by the method of measur-
ing charge flowing in and out of the DEG (5). Here, the measure-
ment is made using an additional capacitor (6) [7] connected in
series with the DEG (5). lts capacity (ca. 2.2 pF in this work)
should be a few orders higher than that of the DEG (ca. 3.5 nF)
so that the voltage drop on it does not significantly affect voltage
directly on the DEG. An alternative is to replace the capacitor (6)
with a resistor and estimate charge flow through integration of the
registered current [15].

As diodes (2, 3) manage the electric current flow, and while
charging the DEG, only the left part (violet) of the circuit functions,
as shown in Fig. 6,. When the DEG discharges at minimum ca-
pacitance, the right part (orange) is active. In between, when the
DEG is stretched or relaxed, theoretically, the circuit is inactive as
diodes block any current flow. Actually, none of the electronic
components are ideal, and leakage currents appear during each
of these phases.

5. DESIGN OF EXPERIMENT

The experiment was divided into two parts. One of the major
traits influencing the amount of converted energy by the DEG is its
capacitance change under a physical load. For the given voltage
levels, it determines how much charge can be boosted. Therefore,
the first part of the experiment concentrates on the peak-to-peak
amplitude AC of capacitance during cyclic loading of the sample.
Capacitance of the sample was continuously measured using a
circuit based on the design described in Ref [16]. The sample was
axially loaded with sinusoidally (similar to that in Fig. 7) changing
displacement s(t) and at constant frequency f. The remaining
parameters, amplitude A and mean displacement m, were
changed between test runs. The experiment was performed on an
MTS Acumen 3 electrodynamic testing machine.

s(t) =m+ A-sin(2nf - t) (1

where s is the displacement [mm], m is the mean displacement
[mm], A is the amplitude [mm] and f = 1 Hz is the frequency.

AC = g(m, A) (2)
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Fig. 7. Sample mounted in the test rig connected with an electric circuit
during energy generation measurements

For the sample design and dimensions from Fig. 3, in the
course of initial runs, limits of selected factors were determined as
follows: amplitude A =2 +8mm and mean displacement
m = —2 <+ 2mm. Too small amplitude can reduce DEG per-
formance to immeasurable levels, while too high amplitude can
cause membrane buckling during unloading (as in Fig. 5b). Mean
amplitude influences average tension in a membrane as it can
encourage buckling if it is too low or, in combination with the
amplitude, negatively affects the DEG durability if is too high.

357
& factoral - fac
? Bl @ O ax
* o Yo oer
8 30
251
—_ _
E S
o- ° 200~ °
g S
< 41 <
15
2 10
& . &
3 2 -1 o 1 3 3 50 100 150 200 250 300 350
m [mm)] Utow [V1]

(@) (b)
Fig. 8. Design of experiments for investigating (a) capacitance change
AC (b) generated energy AE

These limit values constitute factor points that were next used
to plan an experiment based on a central composite design (CCD)
[17]. To obtain more general information on the system behaviour,
additional points, called central and axial points, were also select-
ed and are presented in Fig. 8a. With three identical samples,
three measurements were performed for each of these nine
points, giving three replications. Afterwards, the registered data
were utilised to fit a linear regression model.

The second part of the experiment was an investigation of the
amount of generated energy for the selected point (A = 8 mm
and m = 2 mm) from the first part, as a function of U, and
AU:

AU = Upigh — Uiow 3)
AE = g(Uow, 4AU) (4)

Apart from the capacitance change, the most important pa-
rameters for energy generation in a DEG are voltage levels Ujqw
and Uyjgn. Lower voltage Ui, decides on the minimum charge
density that is observed in a stretched state (maximum capaci-
tance) of the DEG and, therefore, on the amount of charge that
will be later boosted. Instead of directly taking Up;gp into account,
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it is more convenient to use the difference AU, which determines
the level of boost. Extreme values of both Uyo,, and Upigy are
limited in theory, from below, by the feasibility of observing phe-
nomena occurring in the DEG, and from the top, by an electric
breakdown of the elastomeric layer. Lower voltage levels were
assumed as Uy, = 100 + 300V and the difference as
AU =10+ 30V, and these values are presented in Fig. 8b.
Similarly to the previous part, a total of 27 test runs were per-
formed, and the results were used to fit a linear regression model.

6. RESULTS AND DISCUSSION

The empirical results acquired during the experiments are
grouped in Tabs. 1 and 2. The values are sorted in the following
order; rows 1-4 correspond to the factor points, row 5 correspond
to the central point, and rows 6-9 correspond to the axial points.
Before commencing experiments, there was a doubt concerning
whether the manufactured multilayer samples would be identical
in terms of their electric properties. Presentation of the data in the
form of bar plots shows that in both cases, measured capacitance
AC (Fig. 9) and generated energy AE (Fig. 10) differences be-
tween samples are very small. Therefore, measurements per-
formed for each sample can be treated as a replication of the
same experimental case. Amplitude and mean value of displace-
ment were converted to strains in Tab. 1, using initial DEG length
equal to 36 mm (Fig. 3).

Tab. 1. Capacitance AC [nF] measurement results

Nol ™ A €m €A Sample Sample  Sample
(mm]  [mm] [ 3] 1 2 3
1 -2 2 —0.056  0.056 0.56 0.53 0.58
21 =2 8 -0.056 0.222 217 2.09 214
3 2 2 0.056 0.056 0.62 0.6 0.62
4 2 8 0.056 0.222 25 2.32 2.44
5 0 5 0 0.139 1.48 14 1.48
6| -25 5 -0.07 0.139 14 1.31 1.38
7 0 1.2 0 0.033 0.35 0.34 0.35
8 0 8.8 0 0.244 2.55 243 249
91| 25 5 0.07 0.139 1.58 1.47 1.38

Tab. 2. Energy AE [pJ] measurement results

No. Uo[V] AU[V] Sar:lple Sanzlple Sargple
1 100 10 2.39 2.22 244
2 100 30 5.46 4.75 5.44
3 300 10 7.65 7.33 1.74
4 300 30 21.25 19.5 21.61
5 200 20 9.48 8.94 9.37
6 735 20 2.73 2.51 2.82
7 200 74 3.24 3.74 3.93
8 200 32.6 14.55 12.42 14.35
9 326.5 20 16.39 15.68 16.16

The first set of data concerns capacity change as a function of
displacement mean and amplitude value. From time series, similar
to Fig. 13a, a peak-to-peak amplitude of capacitance AC was
read. Based on these data and with the help of the Python Stats-
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Models package [18], a regression model was fitted in the follow-
ing form (capacitance in [nF]):

AC(m,A) = 0.0339m + 0.2848 A (5)
2.5
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3
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Fig. 9. Comparison of capacitance AC experimental results between
samples
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Fig. 10. Comparison of energy AE experimental results between samples
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Fig. 11. Comparison of experimental and model results for capacitance
change estimation. The surface represents the fitted model
within the area designated by the factor points

The obtained coefficient of determination R? = 0.998 and
root mean square error RMSE = 0.065 show that the proposed
model very well approximates the AC parameter in the investigat-
ed range. Visualisation of the data in Fig. 11 contains a compari-
son between mean experimental values and approximations
through the model. Additionally, the response surface correspond-
ing to Eq. (5) for the area designated by four factor points is
shown there. The surface is practically flat and inclined only in a
single dimension. This implies that mean displacement does not
have a significant influence on capacitance change. This is be-
cause within the investigated range of m, a significant change in
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the transverse dimension of the elastomer layer did not occur.
When mean displacement, also in conjunction with amplitude
(which would also further imply an interaction effect between
these two factors), is large enough, an increase in the DEG area
caused by a uniaxial load would be, in part, diminished by a con-
traction, due to Poisson's effect, in a transverse direction. This can
be observed in the so-called strips [19], which are of a slender
shape along the load axis. However, this did not occur in the
investigated range of load parameters and should be avoided in
practice as it lowers DEG performance.

sample 1
O sample 2 o)
O sample 3
—— AC=f(A)=0.285-A

2.51

2.0+

0.5+

1 2 3 4 5 6 7 8
0028 0056 0083 011 0.14 0.17 0.19 0.22 0.25
Almm]
&al-]

Fig. 12. Comparison between a single-variable regression model
and experimental results for capacitance change

Removal of the mean displacement component from Eq. (5)
results in a simpler model:

AC(A) = 0.2848 A (6)

with a similar value of R? = 0.997 and comparable RMSE =
0.089. Fig. 12 presents a trend of increasing disparity between
the model and experiment with increasing amplitude. This is
probably caused by an increasing effect of, omitted here, mean
displacement, which, if it has a positive value, can improve mini-
mum tension of the DEG membrane at higher amplitudes. Without
the aid of the m part at larger amplitudes (>5 mm), the membrane
starts to slightly buckle in the relaxation half-cycle, which only
slightly affects the effective capacitance change.

The second part of the experiment consists of the measure-
ment of energy generated by the DEG. This was performed for the
sinusoidal displacement of A =8 mm and m = 2 mm. An
example of signals registered during measurements, for the cen-
tral point (Fig. 8b), where Uy, = 200V and AU = 20V, is
presented in Fig. 13. The first plot (Fig. 13a) shows capacitance
variability that follows the external physical load in the form of
displacement. The second plot (Fig. 13b) is the voltage between
positive and negative electrodes of the DEG, which follows stages
described in Fig. 2. Fragments where voltage rises or drops are
related to relaxation and stretching of the membrane. Boundaries
are determined by low and high voltage, and the signal takes a
constant value when the DEG is charged or discharged. Fig. 13c,
which presents the amount of electric charge accumulated in the
DEG, is a kind of negative of Fig. 13b. When voltage is constant,
the charge changes, and vice versa. These two signals, voltage
and charge in the DEG, are used to estimate energy generated by
the DEG.
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Fig. 13. Signals registered during DEG energy measurement

for Uiow= 200 V and AU = 20 V: (a) capacitance,

(b) DEG voltage, (c) charge accumulated on the electrodes,

(d) U(Q) curve used to estimate energy converted during

one full cycle

Fig. 13d sums up the DEG operation and presents voltage as
a function of charge. For an ideal system (e.g., in the case of
simulation [20]), it should take a rectangular shape. Its area
should be equivalent to the amount of energy generated in a
single cycle. In the presented case, where curves come from the
actual DEG, there are some small leakages, due to which the right
side of the rectangle in Fig. 13d is slightly inclined. This can also
be seen in Fig. 13c, where charge does not stay perfectly con-
stant at the maximum value. However, in the presented work, it
does not significantly influence the amount of generated energy.
An example of a similar, but more significant in scale, case can be
found in Ref [7], where the mentioned curve has a trapezoidal
shape, instead of a rectangular one. Among the sources of such
observed behaviour are the diodes (Fig. 6) used in a circuit,
through which a very small current flows even when they are in a
non-conducting state.

Similarly to the case of measured capacitance, the obtained
results of generated energy for the given combinations of U}y
and AU are presented in Fig. 14. The range of generated electric
energy is between ca. 2 uJ and 21 uJ, which further equals 2 yW
and 21 yW of power as the load frequency was 1 Hz. The rela-
tionship between the accounted factors and output energy is more
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complex. The regression model based on the experimental data is
as follows (energy in [uJ]):

AE (Uygy, AU) = 0.0045 Uy, + 0.0024 Uy, AU —

0.07744AU @)
experimental
mean
0 model 20.79
| PN
20.0 S5 H17.5
17.5
= 15.0 ris
=
= 125
4 100 1253
75 m
5.0 10 9
2.5
75
25 C Fs
20
15 250
AU V] 200
20 100 *° 2.09 2 25

Ugow [V]

Fig. 14. Comparison of experimental and model results for generated
energy estimation. The surface represents the fitted model
within the area designated by the factor points

It includes the effects of both factors Uj,,, and AU and their
interaction. The model (Eq. [7]) fits the experimental data very well
as it is described by R? = 0.997 and RMSE = 0.597, as
shown in Fig. 14 as a surface plot. Low voltage Uy, is responsi-
ble for the amount of charge accumulated in the DEG at the high-
est stretch (the highest capacitance); therefore, its significance is
clear. The increase in voltage AU during DEG relaxation defines
how much energy is necessary to boost the deposited charge. An
excessively high value of AU can result in an interruption of the
energy conversion process as the DEG will not be able to boost
voltage sufficiently. Thus, no charge flow from the DEG to a stor-
age capacitor will take place. The more the initial charge is depos-
ited as a result of Uy,,,, the more energy will be converted at a
given level of AU, and for that reason, an interaction part was
added to Eq. (7).

7. CONCLUSIONS

In the scope of this work, three identical DEG samples were
designed and assembled to operate under a uniaxial tensile load.
Next, the samples were investigated for capacitance alteration in
a given range of physical load parameters. For a selected point
from the capacitance experiment, another analysis was performed
for the estimation of generated energy. For both cases, linear
regression models were fitted to generalise the observations
made.

The multilayer structure of the presented DEG allows active
layers made of conductive grease to be enclosed between elas-
tomeric layers, improving the handling and durability of the sys-
tem. The presented design is the final one of several designs
considered initially in the course of this work. During the conduct-
ed tests, each of the three samples underwent more than 10,000
load cycles without any significant change in their parameters and
without any damage to membranes. The high similarity of the
obtained results observed between all three samples also shows
that using the described design, it is possible to manufacture
repeatable samples.

acta mechanica et automatica, vol.17 no.4 (2023)

DEGs intended to work in a uniaxial tensile mode are often
mentioned in the literature, but examples of working prototypes
are sparse. They are often referenced as pure-shear generators
[21,22] due to the fact that plane tension can also be interpreted
just as pure shear. This is correct, however, under the condition
that the membrane width-to-length ratio is >10 and occurring
strains are small [23]. In the presented design, this ratio is ca. 3.5;
therefore, it should be classified as a uniaxial DEG. The main
reason behind utilising wide membranes is to minimise transverse
shrinkage during axial extension (Poisson’s effect) as it can dimin-
ish the capacitance change during loading.

Systems based on DEs can be influenced by a viscoelastic
creep [24]. However, in the presented case, registered signals
were stable and did not exhibit any long time trends that could be
associated with a creep. Most probably it is due to the fact that
physical loads during tests were applied with a relatively large
rate, that is, a frequency of 1 Hz.

One of the limiting factors in the operation of DEGs is an elec-
trical breakdown of the elastomer membrane. According to Ref
[24], a minimum value of electric field that can cause a VHB4910
membrane failure is E=<20 MV/m. This suggests that presented
uniaxial DEG was not at risk of breakdown as, in any of tested
cases, electric field did not exceed c.a. 2.4 MV/m. DE membrane
parameters such as dielectric breakdown strength or electric
permittivity can depend on material stretch or temperature [25].
However, working stretches in the performed experiments were
relatively small and did not exceed 1.3; therefore, aforementioned
effects were not included in the analysis.

Investigation of the capacitance change of the DEG in the se-
lected range of load parameters showed that it is stable and,
practically, a linear relation. Mean displacement in s(t) sinusoidal
loading has a huge impact on the mechanical stability of the
membrane but can be omitted when considering capacitance
alone. Initially, there were some doubts whether interaction be-
tween layers during cyclic loading can affect DEG parameters as
the presence of a conductive grease allows relative slip. However,
no such effect was observed in relation to both mean displace-
ment and amplitude. This opens a way to further investigate multi-
layer structures with additional electrodes.

The amount of energy generated in the researched scope of
voltage was between ca. 2 pJ and 21 pd. Regarding absolute
values, it is a small quantity but comparable to those being report-
ed in other works. However, it is worth noting that voltage levels
used in the presented DEG are below 350 V, while typical values
found in the literature are of a few kilovolts. This is possible due to
the quite large capacitance change AC that reached almost 2.5
nF.

In the case of both parts of the experiment, linear regression
models fitted the empirical data well. Using the further model of
Eq. (7) to extrapolate, the presented DEG design has the potential
to generate even up to ca. 0.12mJ if Uy, = 1000V and
AU = 50V. Increasing frequency over 1 Hz can also increase
the amount of generated power.
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