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Abstract

Dielectric properties determine the electromechanical response of electroactive polymer (EAP)
actuators and the conversion efficiency of EAP generators. The dielectric constant is especially critical,
since it directly governs how effectively such sensors, actuators, and generators perform. The present
work compares how frequency, temperature, and mechanical pre-stretch jointly affect the dielectric
constants of two candidate elastomers: acrylic VHB 4910 and natural rubber Oppoband 8001.
Measurements spanned 1 Hz to 1 MHz across temperatures from —80°C to 60°C, with biaxial pre-stretch
states ranging from 4; X 4, = 1X2 to 3X4. In both elastomers, the dielectric constant fell as frequency
rose and as temperature moved away from the optimum, a consequence of dielectric relaxation, and
declined steadily with increasing pre-stretch owing to restricted dipole reorientation. VHB 4910 proved
considerably more sensitive, its permittivity dropping by 32.53% at 0°Ccompared with only 14.23% for
Oppoband 8001, a difference traceable to the contrasting polarity of the two polymer backbones. Fitting
the measurements to the Debye model and to a combined pre-stretch—temperature expression yielded
glass transition temperatures of —42°C and —68°C, respectively. These results define operational
temperature limits that can inform material selection, particularly for soft robotic applications.

Keywords: Dielectric constant, Electroactive polymers, Soft robotics, Optimal range.

1. Introduction

Electroactive polymers are the type of 4D smart material that change their size and shape when
stimulated in the presence of an electric field and vice versa 7. Due to its promising features such as
high energy density, high reliability, better recyclability, high efficiency and low cost, etc, dielectric
elastomer could be used in vast applications i.e., in actuator 312!, soft robotics '*), micro air vehicle !,
adaptive devices 'Y, prosthetic devices /'), braille display ['®!, dielectric elastomer generators !7- 18,
Among different applications, a dielectric elastomer actuator is one of the most promising. An external
electric field is applied through complaint electrodes coated from both sides on a thin dielectric
elastomer film. The electrostatic pressure is built up due to an electric field that compels the elastomer
film to compress in the thickness direction and expand in the lateral direction [19]. The electrostatic

pressure ‘P’, also known as Maxwell stress, is given by equation (1).
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where, €, represents the permittivity of free space, &, represents the relative permittivity or dielectric

constant, V is the applied voltage on the electrode, d is the thickness of dielectric elastomer film 2,

The performance of the dielectric elastomer actuator highly depends upon the dielectric constant
considered in equation (1). The dielectric constant is represented as a complex function due to delay in

dielectric polarization with change in electric field as

€= € —je''=|eles? (2)

where, €' is the dielectric constant, €'’ is the dielectric loss factor, and & is the dielectric loss angle [21].
Further, the loss tangent, i.e., the dissipation factor, is given by equation (3), which is proportionally

related to the waste energy per cycle 221,
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The dielectric constant is not a fixed property; rather, it is sensitive to a range of operational parameters,
including frequency **!, temperature ¥, and mechanical pre stretching ). These dependencies can
introduce dielectric relaxation effects that degrade device performance, especially under dynamic
conditions *%, For example, temperature-induced molecular mobility affects dipolar orientation, while
increasing frequency can suppress dielectric polarization, leading to a decrease in €’. Similarly,
mechanical pre-stretch alters polymer chain alignment and free volume, modifying dielectric behavior
271, Researchers have conducted limited studies on the impact of aforementioned factors on the
dielectric constant. For example, Wissler et al. [?®! indicated a dielectric constant value of 4.68 for VHB
4910 at 100 Hz using gold electrodes. In a study by Trols et al. !, a dielectric constant of 4.24 at 1 Hz
was experimentally determined. This was achieved by using a silver paste-compliant electrode on VHB
from both sides of the film. Also, In one study, Mistral et al. *” found that the dielectric constant of
VHB at 0.1 Hz was determined to be 5.4. This measurement was obtained using carbon grease as a
compliant electrode. Apart from VHB, natural rubber is another type of dielectric elastomer with
promising features for dielectric elastomer applications 1*'=4, However, few works have focused on the
impact of various parameters such as frequency, temperature, and prestretch on the dielectric properties.
Vertechy et al. 3% investigated the impact of prestretch on the dielectric constant of TheraBand™, one

of the commercially available natural rubbers. They observed a negligible change in the dielectric

constant, which remained at 2.7 when stretched. Furthermore, in a different study, when using a brass



electrode, they observed a decrease in dielectric constant from 2.7 to 1.3 for a prestretch value of 1 to
3, respectively. Chen et al. % conducted a study on the dielectric constant of two different commercially
available natural rubber brands: TheraBand™ and Oppoband 8003. Their research focused on the
impact of pre-stretch on the dielectric constant and found that there was not a significant change in the
dielectric constant with an increase in pre-stretch. Wang and Yang *”) synthesized a methyl vinyl silane
elastomer and analyzed its dielectric properties. This included examining the dielectric constant, loss,
conductivity, and capacitance under various conditions. They discovered that there was minimal voltage
effect on the dielectric properties. Moreover, they observed increased conductivity at frequencies above
103 Hz and better performance when using composite electrodes. Furthermore, they found that reducing
the thickness in EAPs with a gold electrode led to decreases in both dielectric constant and loss. In a
different study Chen et al. ¥ created a machine-learning model to predict the dielectric constants of
dielectric elastomers across a broad frequency range. The model effectively predicted the dielectric
constants for numerous potential polymers and identified five polymers suitable for use in capacitors
and microelectronics. Liu et al. **! presented a new model for the dielectric constant of elastomers,
dependent on temperature and stretch. They investigated that the stability of dielectric elastomers
increases with increasing temperatures and decreasing stretch ratios. Zhang et al. *%' compared the
mechanical and electrical properties of four common dielectric elastomers: PDMS, TPU, PVDF, PE and
PDMS “! has the best operating stability and electromechanical sensitivity, while TPU and PVDF have

higher permittivity but suffer from poor stability due to temperature sensitivity.

Numerous researchers have explored the dielectric constant using different electrodes, but none have
examined the impact of temperature, frequency, and pre-stretch on the dielectric constant of dielectric
elastomers. This study is a comparative investigation of the combined effect of temperature and
frequency, providing valuable insight into the extensive temperature and frequency range relevant to
dielectric elastomer applications. Additionally, it pioneers an examination of the influence of pre-stretch
on the dielectric constant of dielectric elastomers, marking a significant contribution to the field. The
study utilized an acrylic elastomer (VHB 4910), Oppoband 8001 (yellow), a commercially available
natural rubber, to explore the effects of various stretching configurations, as well as a wide range of

frequencies and temperatures on the dielectric properties of these elastomers.

2. Material Details and Experiments

2.1. Materials

This research examined two varieties of dielectric elastomers utilised as Electroactive Polymers (EAPs):
an acrylic-based substance known as VHB 4910 and natural rubber Oppoband 8001. The acrylic
version, VHB 4910, possesses a thickness of 1 mm. This research examined two varieties of dielectric
elastomers utilised as Electroactive Polymers (EAPs): an acrylic-based substance known as VHB 4910

and natural rubber Oppoband 8001. The acrylic version, VHB 4910, possesses a thickness of 1 mm.



Exceptional Bond adhesive tape produced by the American firm 3M. It is categorised as an alkyl
acrylate copolymer, and its precise chemical formulation is proprietary. Conversely, the Oppoband 8001
is a fitness resistance band fabricated from natural rubber (latex), designed for physical rehabilitation
purposes and produced by Oppo Medical Inc. In our research, Oppoband 8001 is distinguished as the
slimmest alternative, measuring merely 150 pum in thickness. Table 1 presents comprehensive
specifications of various elastomers, encompassing kind, commercial designation, electrode
composition, and thickness. Both substances employ carbon conductive grease (MG Chemicals) as their
electrode medium, with the acrylic and natural rubber having thicknesses of 1 mm and150 pm,

respectively, demonstrating their appropriateness for various EAP applications.
Table 1
2.2. Preparation of pre-stretched elastomer films for dielectric constant measurement

This study employed both biaxial and uniaxial deformation modes, which are standard practices for
testing rubber materials “?1. The biaxial stretching allowed us to independently manipulate the planar
stretches, A; and A, to achieve a wide range of stretch combinations on the elastomers. This was
facilitated by a custom-built stretching device, depicted in Figure 1, equipped with four arms for
stretching and another four for stretch limitation. Each arm designed for stretching is connected at one
end to the material being tested and, at the other end, to a stretch-limiting arm once the desired extension
is achieved. The latter features holes aligned with predetermined stretch levels, into which pins at the
stretching arms’ ends are inserted to secure the stretched material. For VHB elastomers, the inherent
tackiness of the material eliminates the need for external adhesives for attachment to the frame. In
contrast, the non-adhesive Oppoband samples are affixed to the stretching mechanism using Polyfix

glue to ensure proper fixing and stability during testing.
2.3. Measurements Conditions

Across all modes of stretching for both materials, a total of 132 samples were tested, highlighting the
comprehensive nature of this study. Three primary experimental variables temperature, frequency, and
mechanical prestretch were systematically changed to assess their singular and interactive influences
on the dielectric characteristics of the studied dielectric elastomers. Of the configurations listed in Table
2, the unequal-biaxial states spanning 4; X 4, =1 X 2 to 3 X 4 are reported in detail in Section 3.3, as
these provided the widest continuous range of the stretch product across both materials. Dielectric
properties characterization was carried out under different parameters utilised in this research as

outlined:

1. Temperature: The dielectric response influenced by temperature was examined throughout an
extensive thermal range to identify variations in molecular mobility, polarisation processes, and

dielectric relaxation characteristics. Measurements for VHB 4910 were taken from —60°C to



60°C, while Oppoband 8001 was assessed in a broader spectrum of —80°Cto 60°C. In both
studies, the reduced experimental temperatures were chosen to fall beneath their corresponding
glass-transition temperatures, facilitating the examination of the dielectric response inside the
glassy and transition phases.

2. Frequency: The dielectric properties dependent on frequency were assessed across a
significantly wide frequency range from 1 Hz to 10 MHz. This spectrum includes low-
frequency interfacial and dipolar polarisation mechanisms alongside high-frequency molecular
and electronic polarisation responses, facilitating a systematic evaluation of dielectric
relaxation processes.

3. The influence of mechanical pre-stretch on the dielectric constant was examined by exposing
the elastomer samples to various regulated deformation conditions. Equal-biaxial, unequal-
biaxial, and pure-shear stretching configurations were applied to represent diverse states of
mechanical constraint and anisotropy. The applied pre-stretch alters the polymer-chain
arrangement, specimen thickness, molecular orientation, and electromechanical coupling
characteristics, which can consequently modify the effective dielectric constant. The
corresponding deformation ratios and stretching conditions for each configuration were
methodically defined, and their specifics are summarized in Table 2. This parametric analysis
provides a complete framework for linking thermal, electrical, and mechanical stressors with

the dielectric behaviour of elastomeric materials.

Figure 1

2.4. Dielectric constant measurement

The dielectric characteristics of the elastomeric films, such as the dielectric constant and dielectric
loss, were empirically assessed utilising a Novocontrol Spectroscopy Alpha Analyser across a
frequency spectrum of 1 Hz to 1 MHz with an applied bias voltage of 1 V. The complete
measurement arrangement, comprising the analyser, the temperature regulated cryostat and the
liquid nitrogen Dewar, is shown in Figure 2. Before measurement, the prepared dielectric elastomer
samples were placed within a temperature-regulated cryostat, ensuring a controlled measurement
setting and reducing the impact of external electromagnetic interference, variations in ambient
temperature, and environmental noise on the electrical response. In experiments with mechanically
pre-stretched samples, the dielectric elastomer films were firmly affixed within a circular
mechanical apparatus to uphold the specified pre-stretch ratio and guarantee dimensional integrity
during the characterisation phase. This configuration inhibited relaxation or uneven deformation of
the samples during electrical stimulation. Carbon conductive grease (MG Chemicals) was

meticulously applied on both sides of each elastomer layer to ensure consistent and low-resistance



electrical connectivity while accommodating the flexible characteristics of the polymer material.
Following this, circular electrodes made of gold-plated copper, each with a diameter of 20 mm,
were affixed to either side of the specimen to establish a clearly defined parallel-plate electrode
arrangement for dielectric analysis. The configuration of the electrodes and uniform contact area
facilitated the accurate assessment of the intricate dielectric response across the examined
frequency range. The electrical response obtained was further processed and examined with the
WinDETA software provided by Novocontrol, from which the frequency-dependent dielectric
constant and dielectric loss properties were derived. This experimental approach facilitated a
methodical assessment of the effects of frequency and mechanical pre-stretch on the dielectric
properties of elastomer films, while maintaining consistent and dependable measurement
conditions. Each stretch and temperature condition was measured on three independently prepared
specimens, and the values reported throughout Section 3 represent the mean of these three
measurements. The maximum deviation between repeat specimens was within £5%, confirming the

repeatability of the measurement procedure.

Table 2

Figure 2

3. Results and Discussion

3.1. Effect of frequency on dielectric constant

Figure 3 effectively demonstrates the influence of a broad spectrum of frequencies on the dielectric
constant of acrylic and natural rubber. Dielectric polarisation depends on the alternating field,
specifically the frequency of the applied field. The dielectric constant diminishes as frequency
increases for both substances. This is because dipoles fail to polarize due to rapid change in the
field which goes on increasing with increasing frequency. In the case of VHB 4910 which is a polar
rubber, the change in dielectric constant is more with increasing frequency which is due to dipole
relaxation especially [B-relaxations as compared to natural rubber which has low polarity
hydrocarbon temperature section. Oppoband 8001 shows less decrease in dielectric constant with

increasing frequency as illustrated in table 3. Conversely, the loss tangent rises with frequency at
Figure 3

ambient temperatures (20 °C, 40 °C, and 60 °C) for VHB 4910, attributed to a reduction in the

relaxation period for dipole polarisation. This results into increases in dielectric loss tangent as



shown in Figure 4. However, as the temperature falls below room temperature dielectric loss
decreases as the dipole relaxation time increases with a decrease in room temperature. In the case
of Oppoband 8001 the loss tangent is negligible with an increase in frequency which proves the
absence of polar groups in natural rubber > %1, However, for room temperature and above (20 °C,
40°C, and 60°C) the alignment of the dipole increases which results in an increase in dielectric loss
from 1 Hz to 100 Hz. Further, an increase in frequency results in a decrease in the alignment of

dipoles as the alternating of the electric field increases.
Table 3

Figure 4

3.2. Effect of temperature on dielectric constant

Figure 5 depicts effect of temperature on dielectric constant. In case of VHB 4910 dielectric
constant increases appreciably (within 1000Hz) with temperature up to 0°C and found to be
decreasing with further increase in temperature. This is because as the temperature increase from
room temperature the thermal energy of molecules also increases which results into increase in
amplitude of random motion of dipoles. As a result, alignment of dipoles decreases, and dielectric
constant decreases. Conversely, for the frequency range of 1000 to 10000 Hz, dielectric constant
also increases for temperature below 0°C. However, it remains almost constant as the temperature
increases above 0°C. Further dielectric constant increases with increase in temperature for
frequency above 10000 Hz. This change in dielectric constant is due to the orientation polarization
of the dipoles with change in frequency and temperature simultaneously . The dipole rotation
results into increase or decrease of dielectric polarization which is affected by temperature as per
the Debye model given in equation (4).

Nu?
3€0kT

&' =¢€,+

3)

where, u is the dipole moment, N is the dipole density, €., is the dielectric constant at very high
frequency, &, is the relative dielectric constant, &, is the dielectric constant of vacuum, T is the

temperature, and k is the Boltzmann constant.
Figure 5

The dielectric loss also shows similar trends with a dielectric constant of both the elastomer.
Dielectric loss is minimal at a temperature below glass transition temperature (T) of elastomers as
the mobility of dipole seizes which results in lower dissipation losses as shown in figure 6. As

temperate increases above (Ty) dielectric loss increase as the mobility of dipole increases. Further



increase in temperate increases the thermal energy of dipoles which results into decrease in

orientation polarization of dipole due to increase in randomness of dipoles.
Figure 6

Glass transition temperature (T ) of the elastomers was determined by dynamic mechanical analysis
(DMA), in which the damping factor (tan J) of the elastomer is measured as a function of
temperature. The temperature at which the tan 6 curve reaches its peak value gives the T of the
elastomer. Figure 7 shows the variation of tan & with temperature for VHB 4910 and Oppoband
8001. The tan & peaks occur at —42 C and —68 °C, respectively, which are therefore taken as the
glass transition temperatures of VHB 4910 and Oppoband 8001. The dielectric constant decreases
as the temperature approaches the glass transition temperature of dielectric elastomers. This is
because at the glass transition temperature, the elastomer is in a glassy phase, which resists the
mobility of dipoles. As a result, the polarization of the dipole is hindered by the resistance force
which resists the rotation of the dipole with the applied electric field. This is observed in both VHB
4910 and Oppoband 8001 as well, depending upon the T, and polarity of the elastomer. Therefore,
Figure 5 depicts there are decreases in the dielectric constant reported in VHB 4910 as well as

Oppoband 8001.
Figure 7

In both the elastomers, as temperature increases above glass transition temperature, the dielectric
constant increase. This is because dipole gets thermal energy causing decreases in the resisting force
of rotation and dipole polarization increases with the applied electric field 8!, In case of VHB 4910,
at 0°C dielectric constant is maximum which shows that the dipole polarization is much sensitive
to the applied electric field. . Further, increase in temperature causes an increase in thermal
energy causing an increase in the mobility of the dipole resulting into interference in dipole
polarization. Hence, the dielectric constant decreases for lower frequencies below 1000 Hz 5%, For
larger frequencies above 1000 Hz, dipole polarization is fully supported with the thermal mobility

of the dipole !, Hence, Figure 5 depicts dielectric constant increases monotonically.
Figure 8

In case of Oppoband 8001, for lower frequencies say below 100 Hz dielectric constant decreases as
temperature approaches glass transition temperature (— 68°C) similar to VHB 4910. As temperature
increases above the glass transition temperature dielectric constant increases. On further
temperature increases dielectric constant decreases with similar trends as of VHB 4910. For higher
frequencies above 1000 Hz dielectric constant decreases monotonically because the thermal
mobility of dipoles increases which hinders the dipole polarization. Oppoband 8001 shows different

trends with VHB 4910 for higher frequency this is because natural rubber polymers have low



polarity as compared to VHB 4910 552 331, Figure 8 shows the Debey model fitting which
considered the combined effect of temperature and frequency. The curve fitting slope for VHB 4910
is found to be more as compared to that of Oppoband 8001. This demonstrates that, in comparison

to Oppoband, the dielectric constant of VHB is more temperature and frequency sensitive.
3.3. Effect of pre-stretch on dielectric constant

Figure 10 shows the combined effects of temperature and pre-stretch on the dielectric constant of
VHB 4910 and Oppoband 8001 at a fixed frequency of 1 Hz. Earlier few research groups reported
the decreases of dielectric constant with pre-stretch °*¢1. Nonetheless, the simultaneous impact of
temperature and pre-stretch is an important aspect to be investigated. In the previous literature, the
frequency-dependent dielectric constant has been reported for VHB 4910 - 5 but there was
variation in the dielectric constant reported by the researchers. However, less variation was reported
in the case of natural rubber as compared to VHB 4910 B538], Figure 9 shows the combined effects
of temperature and prestretch on the dielectric constant of VHB and Oppoband at a fixed frequency

of 1 Hz.
Figure 9

In both the materials there is a decrease in dielectric constant with higher pre-stretch due to the
orientation polarization. In case of VHB 4910 at low frequency say at 1 Hz when there is no any
effects of dielectric relaxations the dielectric constant decreases linearly from 6.27 to 4.23 at 0 °C.
Similar decreasing trends are observed for all temperature ranges as shown in table 4. Pre-stretch
constrain the dipoles in the polymer main chain to align with the applied electric field causing a
decrease in dielectric constant. Further due to temperature which also affects the dipole polarization
explained in the previous sections results in a further decline in the dielectric constant. Natural
rubber strain-induced crystallization affects the dielectric constant of rubber % %1, The crystallinity
of natural rubber increases due to elongation in the polymer chain due to pre-stretch an increase in
crystallinity results in decreases in the dielectric constant. The dielectric constant in relation to
temperature and pre-stretch is effectively described by equation (5), applicable for temperatures

over 0°C 611,

Figure 10 presents the variation of the dielectric constant with the biaxial pre-stretch product
Ay X A, at a fixed frequency of 1 Hz, measured across the full temperature range for both
elastomers. This frequency was selected because dielectric relaxation effects are absent at 1 Hz, so
that the measured permittivity reflects the equilibrium orientational polarisation of the dipoles and
the influence of mechanical constraint can be isolated from frequency dependent losses. In both

materials the dielectric constant decreases monotonically as the pre-stretch product increases from



1X2 to 3%x4, and the decreasing trend is preserved at every temperature examined, indicating that

the mechanical and thermal contributions act independently over this range.

The magnitude of the reduction differs markedly between the two elastomers. For VHB 4910 the
dielectric constant falls from 6.27 to 4.23 at 1; X A1, = 1X2 to 3%x4 at 0°C, corresponding to a
reduction of 32.53%, with the percentage change across all temperatures lying between 32.53% and
43.50%, as summarised in Table 4. In contrast, Oppoband 8001 exhibits a decrease from 2.60 to
2.23 over the same stretch range at 0°C, amounting to only 14.23%, with the reduction confined to
a narrow band of 13.15% to 14.45% across the entire temperature range. VHB 4910 is therefore
approximately three times more sensitive to pre-stretch than Oppoband 8001. This contrast
originates in the molecular architecture of the two materials: the acrylate side groups of VHB 4910
carry permanent dipole moments that are progressively immobilised as the polymer chains align
under biaxial extension, whereas the non-polar hydrocarbon backbone of natural rubber possesses
few orientable dipoles, so that its permittivity is governed largely by induced polarisation and is
correspondingly insensitive to chain alignment. A second mechanism contributes in the case of
Oppoband 8001, namely strain-induced crystallisation, in which chain elongation under pre-stretch
raises the crystalline fraction of the natural rubber and further lowers the effective dielectric

constant 1% 601,
Figure 10

It is also notable that for VHB 4910 the family of curves in Figure 10 is not ordered monotonically
with temperature. The highest permittivity at every stretch level is recorded at 0°C, above and below
which the values decline. This is consistent with the temperature dependence established in Section
3.2, where the maximum dipole polarisation for VHB 4910 was likewise observed at 0°C. For
Oppoband 8001 the curves are ordered more regularly, with permittivity decreasing progressively

as temperature rises from —80°C to 60°C.

e T) = a(ly,2z) + Z+¢ 5)

Where, ‘a’ is the electrostriction constant of elastomers, ‘b’ is a constant expressed as Mn,2/3ke,,
here M, ng4, k, and ¢, are dipole current density, dipole moment, Boltzmann constant and vacuum
permittivity, respectively, ‘c’ is the dielectric constant of dielectric elastomer at a given temperature
without any deformation, T is temperature in Kelvin and A,, 4, are the pre-stretch values. Curve

fitting of Equation 3 is shown in Figure 8 and fitting constants are shown in Table 5.

From equation (5), the dielectric constant and temperature have an inverse relationship, which
indicates that it will decrease an increase of temperature above 0°C also supported by curve fitting

shown in Figure 8. The dielectric loss also decreases with increasing pre-stretch as dielectric



polarizations are constrained by mechanical stress generated due to pre-stretch in both the dielectric
elastomers. In the case of VHB 4910, the dielectric loss declines more with a rise in pre-stretch as
compared to Oppoband 8001 as acrylic rubbers are more polar than natural rubbers illustrated in

Figure 9 132,

3.4. Effect of pre-stretch on dielectric loss

Figure 9 presents the variation of dielectric loss with the pre-stretch product 1; X 4, at 1 Hz for
both elastomers across the full temperature range. In both materials, the dielectric loss decreases
with increasing pre-stretch, as the mechanical stress developed under biaxial extension constrains
the reorientation of the dipoles and thereby reduces the energy dissipated per cycle. The reduction
is markedly steeper for VHB 4910, whose loss falls from approximately 0.048 to 0.026 at —20°C,
than for Oppoband 8001, consistent with the greater polarity of the acrylate side groups relative to
the non-polar hydrocarbon backbone of natural rubber 2. For Oppoband 8001, the dielectric loss
remains below 0.025 at all temperatures up to 40°C, rising appreciably only at 60°C, which indicates

a wide window of low dissipation operation for this material.
3.5. Combined modelling of pre-stretch and temperature effects

Figure 11 presents the three-dimensional least-squares fitting of Eq. 5 to the measured dielectric
constants, plotted as a function of the pre-stretch product A4; X 4, and the reciprocal absolute
temperature 1000/T. The reciprocal temperature scale is adopted because Eq. 5 is linear in 1/T, so
that the model reduces to a plane in the (4; X A,, 1000/T) space and the adequacy of the description
can be assessed directly from the scatter of the experimental points about that plane. The fitted
range spans 1000/T = 3.0 to 3.6K™!, corresponding to approximately 0°C to 60°C, in accordance
with the stated validity of Eq. 5 above 0°C. The discrete markers denote the measured values, while
the continuous coloured surface represents the fitted response, with the constants a, b and c listed

in Table 5.
Figure 11
Table 4

For both elastomers the fitted surface descends monotonically with increasing 4; X 4, at any fixed
temperature, confirming the negative sign of the electrostriction constant ‘a’ and reflecting the
constraint imposed on dipole reorientation by biaxial extension. Along the reciprocal temperature
axis the surface rises with increasing 1000/T, that is, with decreasing absolute temperature,
confirming the inverse relationship between dielectric constant and temperature embodied in the

‘b/T’ term. The magnitudes of the fitting constants quantify the contrast already evident in Figure



11. The electrostriction constant for VHB 4910 is ‘a’ = —0.0410 against —0.0265 for Oppoband
8001, indicating a steeper decline with pre-stretch, while the temperature coefficient is ‘b’ = 603
for VHB 4910 against 452 for Oppoband 8001, indicating a stronger thermal dependence. The
undeformed baseline permittivity ‘c’ is 3.610 for VHB 4910 and 1.529 for Oppoband 8001,
consistent with the substantially higher polarity of the acrylic elastomer. The essentially planar form
of both fitted surfaces further indicates that, over the ranges examined, the contributions of pre-
stretch and temperature are additive rather than coupled, so that Eq. 5 provides an adequate
phenomenological description of the combined influence of mechanical and thermal loading on the

permittivity of both dielectric elastomers.
Table 5
3.6. Operational temperature range for material selection

The combined dielectric-constant and loss data allow a practical operating window to be defined
for each elastomer. For VHB 4910, the dielectric constant attains its maximum of 5.84 at 0°C and
1 Hz, while the loss tangent remains below 0.05 between —20°C and 20°C. Below —20°C, the
approach to the glass transition at —42°C suppresses dipole mobility and the permittivity falls
sharply, whereas above 20°C the loss tangent rises rapidly, reaching 0.087 at 40°C and 105 Hz.
VHB 4910 is therefore best employed between approximately —20°C and 20°C, where high
permittivity coincides with acceptable dissipation. Oppoband 8001, by contrast, exhibits a lower
but far more stable permittivity, varying by less than 6% between —80°C and 40°C, with the loss
tangent remaining negligible until 60°C. Natural rubber is consequently the preferable choice for
applications demanding thermal stability over a wide range, while the acrylic elastomer is
preferable where maximum permittivity is required within a narrow, near-ambient temperature

band.

4. Conclusions

Comprehensive experimental analysis of dielectric elastomers subjected to diverse external factors,
such as frequency, temperature, and mechanical pre-stretch, yields a detailed and systematically
arranged repository for comprehending their dielectric behaviour and enhancing their prospective
uses in soft electromechanical systems. The collective impact of these factors is crucial, as the
dielectric constant is determined by molecule polarisation, segmental mobility, chain alignment,
and structural changes in the elastomer matrix. The experimental findings suggest that beta-
relaxation is essential in polar dielectric elastomers with polar side-chain groups, especially in
influencing the dielectric response that varies with frequency and temperature. As temperature rises,

increased molecule mobility determines the relaxation dynamics, while changes in excitation



frequency limit the degree to which various polarisation mechanisms can react to the applied
electric field. Mechanical pre-stretching imparts an additional structural influence on the dielectric
properties, with increased pre-stretch consistently reducing the effective dielectric constant through
modification of polymer-chain alignment, specimen thickness, and molecular arrangement. This
effect is strongly material-dependent: increasing the pre-stretch product from 1X2 to 3X4 reduced
the dielectric constant of VHB 4910 from 6.27 to 4.23 at 0°C, a decrease of 32.53%, whereas the
corresponding reduction for Oppoband 8001 was only 14.23%, from 2.60 to 2.23. The
electrostriction constants obtained from the three-dimensional fitting, a = —0.0410 for VHB 4910
against —0.0265 for Oppoband 8001, quantify this contrast, as do the temperature coefficients b =
603 and 452, respectively. The combined influences of temperature and pre-stretch are linked to
strain-induced crystallisation, which can considerably affect the dielectric polarisation properties
and result in nonlinear fluctuations in the dielectric constant. Oppoband 8001 displays trends that
are generally similar to those of VHB 4910, yet its dielectric behaviour above 0°C varies
significantly, a difference that can be ascribed to the inherently distinct molecular architecture and
non-polar characteristics of natural rubber-based elastomers. Moreover, at reduced measurement
frequencies and temperatures beyond 0°C, a nearly linear correlation between dielectric constant
and the inverse of absolute temperature is noted, offering a valuable empirical relationship for
characterising temperature-dependent dielectric properties. Subsequent research ought to include
the effects of flexible electrode materials and electrode elastomer interfaces while simultaneously
varying temperature, frequency, and mechanical pre-stretch. Such thorough characterisation would
enhance the dependability and broader applicability of dielectric-property databases and aid in the
creation of resilient constitutive and multiphysics models for the design of high-performance
dielectric elastomer transducers, soft actuators, artificial muscles, energy harvesters, and

electromechanical generators.
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Figure 9: Effect of stretch on dielectric loss (1 Hz) of VHB 4910 and Oppoband 8001 at different

temperature.

Figure 10: Variation of the dielectric constant for VHB 4910 and Oppoband 8001 at 1 Hz with effect

of stretch



Figure 11: 3D curve fitting of dielectric constant as a function of pre-stretch and temperature based
on equation 3 Form equation (3), temperature is inversely proportional to the dielectric constant
which indicates that it will decrease an increase of temperature above 0°C also supported by curve

fitting shown in figure 8.

Table 1: Details of dielectric elastomers used as EAPs used in this work

Elastomer Type Commercial Name Electrode Film Thickness

Acrylic rubber VHB 4910 Carbon conductive grease (MG Chemicals) 1 mm

Natural rubber Oppoband 8001 Carbon conductive grease (MG Chemicals) 150 pm




Table 2: Overview of experimental materials utilised for various stretching modes

Elastomer Type Stretching Configuration Prescribed Stretch (A, 12)

(1, 1), (1.25, 1.25), (1.5, 1.5), (1.75, 1.75),

Equal-biaxial (2,2), (3.3), (4, 4), (5. 5)

VHB 4910 Samples number 8x3 =24

Temperature range (°C) —60 to 40

- (2,3),(2,4),(2,5),(3,4),3,5), 4,5),

Unequal-biaxial (2. 10, G, 1), (4, 1), 5. 1)

Samples number 10x3 =30

Temperature range (°C) —60 to 40

. (1.25, 0.89), (1.50, 0.82), (1.75, 0.76), (2, 0.71),

Uniaxial (3.0.58), (4, 0.50), (5. 0.45), (6. 0.41)

Samples number 8x3 =24

Temperature range (°C) —60 to 40

Equal-biaxial 1,1),(1.5,1.5),(2,2),(3,3), (4, 4)
Oppoband 8001 Samples number 5x3 =15

Temperature range (°C) —80 to 40

Unequal-biaxial (2,3),(2,4,2,1D,3,1,& 1,65, D

Samples number 6x3 =18

Temperature range (°C) —80 to 40

o (1.25,0.89), (1.5, 0.82), (1.75, 0.76), (2, 0.71),

Uniaxial (3.0.58), (4, 0.50), (5. 0.45)

Samples number 7x3 =21

Temperature range (°C) —80 to 40

Total Number of Samples 132




Table 3: Percentage change in dielectric constant with change in frequency at different

temperatures

Temperature Dielectric constant at 1  Dielectric constant at 1 % change in dielectric

Elastomer °C) MHz Hz constant
—60 3.48 3.83 9.13
VHB 4910 —40 351 4.35 19.32
—20 3.61 5.53 34.72
0 3.79 5.84 35.10
20 4.09 5.65 27.61
40 4.48 5.51 18.69
60 4.78 5.40 11.48
—80 2.51 2.63 4.56
Oppoband 8001 ~60 2.47 2.63 6.08
—40 2.41 2.65 9.06
—20 2.37 2.61 9.20
0 2.35 2.56 8.20
20 2.32 2.53 8.30
40 2.29 2.54 9.84

60 2.25 2.67 15.73




Table 4: Percentage change in dielectric constant with change in frequency at different

temperatures
Elastomer Tempoerature Dielectric constant at (A X A2) % change in dielectric
O constant
1x2 3x4

=60 5.20 3.11 40.19

VHB 4910 40 542 306 4350

—20 6.15 3.89 36.75

0 6.27 423 32.53

20 5.68 3.34 41.20

40 5.92 3.68 37.84

60 5.83 3.57 38.76

—80 2.66 231 13.15

Oppoband 8001 ~60 2.65 729 13.58

=40 2.63 227 13.69

—20 2.61 2.25 13.79

0 2.60 2.23 14.23

20 2.58 2.21 14.34

40 2.56 2.19 14.45

60 2.53 2.18 13.84

Table 5: Fitting constant of the 3D fitting of dielectric constant on the basis of equation 5

Dielectric elastomer Fitting constant a Fitting constant b Fitting constant ¢

VHB 4910 —0.0410 603 3.610
Oppoband 8001 —0.0265 452 1.529
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