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Abstract: Dielectric elastomers, such as thermoplastic polyurethanes (TPU), are widely used as
dielectric layer, emulation layer and substrate of flexible and stretchable devices. To construct
capacitors and actuators that work stably upon deformation, it has become an urgent need to
investigate the evolution of dielectricity under stress and strain. However, the lack of effective
methods for estimating the dielectric constant of elastomers under strain poses a big challenge. This
article reports a device for in-situ measuring the dielectric constant of TPU under strain. It is found
that upon stretching TPU to a strain of 400%, its dielectric constant decreases from 8.47 to 2.94. In
addition, combined Fourier-transform infrared spectroscopy, X-ray scattering technique, and
atomic force microscopy have been utilized to characterize the evolution of microstructure under
strain. The investigation under tensile strain reveals that a decreased density and average size of
polarized hard domains, along with a tendency of the molecular chains to align in parallel with the
tensile stress. The evolution of the microstructures results in a reduction of the dielectric constant
parallel to the electric field in TPU. Our work provides valuable experimental reference for
improving the stability of flexible sensors and actuators based on dielectric elastomers.

Keywords: dielectric constant; dielectric elastomer; polyurethane; strain; hard domains

1. Introduction

In recent years, the rapid development of the metaverse, human-computer interaction,
intelligent medical technology [1], and other industries has propelled the advancement of flexible
electronic device and actuators. As the foundation of flexible devices, various functional materials
that are flexible and even stretchable are emerging rapidly, among which the dielectric elastomers
are widely investigated due to their essential role in constructing flexible sensors, circuit [2],
transistors [3], and artificial muscle. For example, thermoplastic polyurethanes (TPU) is considered a
crucial component of the flexible capacitor [4], which plays a vital role in pressure sensing [5] and
displacement measurement. Additionally, capacitors enable diverse functions such as tuning, by-
passing, coupling, and filtering when employed within logic circuits [6]. Moreover, the artificial
muscle that made of dielectric elastomers could deform when an electric field is applied, which could
be used for prosthetics [7], surgical robots, and wearable devices [5], as well as soft robots [8] capable
of locomotion and manipulation in natural environments or inside human body.

In the above scenario, dielectric elastomers typically need to operate while in deformation.
Characterizing the dielectric properties during the strain process is not only beneficial for providing
important reference for improving the tensile stability of flexible capacitors [9], but also helps to
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improve the accuracy of modeling electrical parameters such as energy density, power density [10,11]
for actuators under strain conditions. Due to the significant impact of different dielectric constants
under strain on the electromechanical coupling of devices, studying the regulation of dielectric
constants of dielectric elastomers under stress is crucial.

Previous studies have shown that the dielectric constant can indeed be affected by external strain
[12-18]. For example, Vu-Cong et al. [19] and Wissler et al. [20] experimentally found that the
dielectric constant of VHB4910 decreased at stretching deformation. However, traditional approach
of determining the dielectric constant upon stretching is ex situ and clumsy. In these approaches, the
samples with predetermined area were stretched by clamping them in a frame, following which the
electrodes were prepared and the capacitance was measured to determine the dielectric constant [21—
23]. Based on the above methods, the sample thickness measurement is not accurate, and the tensile
strain is difficult to measure accurately [18]. Therefore, it is highly demanded to construct an
experimental setup that enables in situ and accurate determination of the dielectric constant upon
stretching. In the theoretical aspects, many models have been constructed to predict the dielectric
constant of elastomers under strain[24-26], where the polarization degree [27] and orientation
distribution of dipoles [28] in elastic materials were considered to process as factors. However, the
experimental evidence of in-situ characterizing the structure evolution of an elastomer upon strain is
still lacking. Herein, we proposed and designed a device capable of in situ measuring the permittivity
of TPU under different strain states. We quantitatively determined its dielectric constant at different
strain up to 400%. Moreover, by employing micro-polarization theory along with techniques such as
wide-angle X-ray scattering (WAXS), small angle X-ray scattering (SAXS), Fourier-transform infrared
spectroscopy (FITR) and atomic force microscopy (AFM) analysis, a link between the evolution of
dielectric constant and the microstructures under external strain was manifested. As TPU is mainly
composed of soft segments (polyester, polyether polyol) and hard segments (diisocyanate) [29],
which are formed by chain extender polycondensation reaction. The results indicate that the average
size of polarized hard domains decreases, and the molecular chains tends to align parallelly with the
tensile stress. As the polarity of TPU is predominantly provided by the hard segment phase [30-32],
the electric diploes become harder to polarized upon stretching, which results in the decrease of
dielectric constant in TPU.

Materials and Methods

2.1. Dielectric elastomers

The TPU used in the experiments is commercially available from Jiaxin Plastic Material
Company, with an average thickness of 0.08 mm.

2.2. Experimental setup

The device for measuring the dielectric constant of elastomers under strain is mainly based on
the principle of parallel plate capacitor proposed by Hermann von Helmholtz. The essence of this
principle is to calculate the dielectric constant value of the material by measuring the capacitance and
shape of the material:

er=Cd/(e0 S)

Where C is the capacitance, € is the vacuum dielectric constant, e: is the relative dielectric
constant, S is the area opposite the electrode plate, and d is the thickness of the dielectric layer. As is
shown in Figurel (a), the device has three main components: the mechanical stretching system, the
thickness measurement system, and the capacitance measurement system. The mechanical stretching
system consists of two stepper motors placed on the same axis with the same speed but opposite
direction of motion. Each stepper motor is equipped with a DC programmable intelligent servo
driver, and the two motors are controlled by a controller to achieve synchronous movement. The
dielectric elastomer is fixed on each end of the stepper motor by a clap, and a transverse stretching is
applied onto the sample in a controllable manner. The total effective tensile length of the system is
424 mm, and the tensile accuracy is 4+0.5 mm. To reduce the residual stress in the sample as much as
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possible, the samples are slowly stretched at a speed of 0.1 mmy/s. In contrast to previous methods for
measuring dielectric constants, our setup enables the measurement of elastomer dielectric constants
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Figure 1. Experimental setup and the effect of strain on dielectric constant. (a) Diagram of a device
for measuring the dielectric constant of an elastomer under tension strain. (b-d) Variation of the TPU
capacitance (b), thickness (c) and dielectric constant (d) with strain.

Accurate thickness measurement is another crucial issue in determining the dielectric constant.
In order to accurately measure the thickness of an elastomer, the force is usually applied on the
elastomer surface. In light of this situation, we integrated the pressure and displacement sensors into
the upper and lower electrode plates, so as to measure the changes of elastomer thickness more
accurately. The thickness measurement system consists of a pressure sensor, voice coil displacement
sensor, control software program, and an L-shaped cantilever beam. The pressure sensor has a
comprehensive accuracy of 0.5 F.S. and a repeatability error of less than 0.2% in the force range of up
to 10 N. The voice coil displacement sensor has an accuracy of 0.001 mm with a selected motion rate
of 0.1 mmy/s. The working process involves initially zeroing the distance between the upper and lower
plates. As the upper plate moves downward and gradually increases contact force up to a pre-set
value of 0.1 N, it immediately stops moving. At this point, the voice coil displacement sensor allows
us to estimate the change of sample thickness upon stretching.

In addition, the measurement of capacitance is also important for the measurement of
permittivity, and the shape and material of the electrode plate directly affect the measurement of
capacitance. As a result of the fact that flexible electrodes shall deform upon stretching, rigid
electrodes were utilized. In addition, the upper electrode was composed of a rectangular brass copper
of 14 mmx2.8 mmx1 mm, and the lower plate was composed of a circular brass sheet with a diameter
of 20 mm attached on the surface of the pressure sensor. In this way, the area of the electrode is
determined by the upper electrode plate. The capacitance value was recorded by using a Hioki
IM3570 impedance analyzer. The photograph of the setup is shown in Fig. S1 (Supporting
Information). Generally, the measured capacitance usually contains contributions from the sample
and other factors such as air, stray capacitance, and conductors between the plates. In order to
validate the reliability of the experimental setup, the setup was calibrated by using standard samples
prior measurement, as is described in Note S1 (Supporting Information).

3. Results

This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.

3.1. Variation of the dielectric constant of TPU under tensile strain
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After calibration, the device was used to measure the capacitance variation of TPU with strain
and the thickness variation of TPU with strain, and the variation of relative permittivity with strain
was calculated. Based on the experimental setup diagram Figure 1(a), the relationship between TPU
strain and capacitance was investigated Figure 1(b). Under test conditions of temperature at 20 °C,
frequency at 1 MHz, and voltage at 1 V, it was observed that the TPU capacitance gradually increased
with increasing strain. When the strain was 0%, the initial capacitance obtained through calibration
methods that exclude air and stray capacitance was 14.4 pF, with an error bar of 0.054. Meanwhile,
the variation in TPU thickness during the stretching process was measured, as shown in Figure 1(c).
The initial thickness value was 0.0866 mm and gradually decreased to 0.0227 mm when the strain
reached 400%. At a strain of 380%, the error bar of the thickness value suddenly increased, as the film
thickness approached the limit of the sensor (0.001 mm). Therefore, a strain measurement range of
0% to 400% was chosen.

Finally, the variation of relative permittivity with strain was calculated using the parallel plate
capacitor principle, as shown in Figure 1(d). The results indicated that with increasing strain, the
relative permittivity gradually decreased from 8.47 +0.01 (e=0%) to 2.94 + 0.27 (e=400%). It was found
that the relative permittivity of TPU decreased gradually with increasing strain. Linear fitting of the
curve yielded a goodness of fit value of R2=99.11%. The rate of thickness variation of the TPU film
at different geometric positions was different, but the calibration process using standard samples
demonstrated that when the electrode area was sufficiently small (5= 15.4 mm?), the effect of air in
the electrode gap could be compensated.

3.2. Orientation behavior of TPU during tensile strain

The dielectric constant is a macroscopic manifestation of the polarization ability of a material,
and the polarization of the dielectric can take the form of orientation polarization, interface
polarization, and composite polarization. These polarization behaviors are essentially caused by the
difference in electronegativity between atoms at the ends of chemical bonds in the molecules. The
polarization ability and dielectric constant can be influenced by the formation of crystallization or
orientation in the molecular chains under certain conditions. The TPU molecule has a natural
microphase separation structure due to the dispersed distribution of toluene diisocyanate (2,4TDI)
and polyol groups with different polarities. To gain a deeper understanding of the orientation
behavior of TPU during stretching, we used in-situ WAXS to test the microstructure of TPU in
different stretching states. As shown in Figure 2(a), when not stretched, the scattering ring of TPU is
a concentric circular Debye ring, indicating an isotropic and disordered distribution of the molecular
chains. As the strain reaches 100%, the scattering ring of TPU gradually becomes elliptical, indicating
that there is orientation occurring between the molecular chains. According to the regions where
scattering rings appear, it can be inferred that the molecular chains tend to orientate along the
stretching direction. As the strain increases to 200%, diffuse spots appear in the scattering ring, and
at 500%, more distinct diffraction spots concentrated in the direction perpendicular to the stretching
direction can be observed, further indicating the occurrence of orientation behavior in the molecular
chains of TPU after stretching.

Figure 2(b) displays the one-dimensional WAXS curve, which shows distribution of weak crystal
scattering peaks under different stretching states. When the strain is 0%, two scattering peaks appear
at q = 1.45 A1 and q = 1.55 A", corresponding to interchain distances (d) of 4.310 A and 4.043 A,
respectively. For the scattering peak at q =1.45 A1, when the strain increases, the interchain distance
increases to 4.338A at 100% strain, but it remains unchanged under further strain. Meanwhile, at q =
1.55 A+, the scattering peak shows an increase in interchain distance to 4.072 A at 500% strain. These
results indicate that the molecular chains of TPU exhibit preferential orientation along the stretching
direction after stretching, and the interchain distances corresponding to the two scattering peaks
gradually increase, with an average increase of 0.031 A.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 April 2024 d0i:10.20944/preprints202404.0378.v1

—_~
=
~

—0%
—100%

(a)
100% 200%
300%  |400%  |500% 10
- 100
107
0 0 12 14 16 18 20
B e —

Stress direction qA

Intensity (a.u.)

Figure 2. Effect of strain on TPU molecular chain. (a) WAXS of TPU in various strain states. (b) One-
dimensional WAXS plot of TPU under different tensile strains.

3.3. Changes in hydrogen bonding under tensile strain

By observing changes in hydrogen bonds under strain, the variations in the structure of hard
domains could be reflected. There are three types of hydrogen bonds in the molecular conformation
of TPU. Firstly, the hydrogen bonds between the hard segments in the hard domain structure are
typically reflected by the carbonyl peaks in the Fourier-transform infrared spectroscopy (FTIR)
spectra, expressed as "H-bonded C=O". Secondly, the hydrogen bonds formed between the
interactions of soft and hard domains are referred to as the hydrogen bonds between the hard and
soft segments, which are usually reflected by the N-H peaks in the spectra, expressed as "H-bonded
N-H". Thirdly, there are unconstrained free hydrogen bonds. Figure 5S4 (Supporting Information)
shows the FTIR spectra of TPU under different states as the tensile strain increases from 0% to 400%.
At & = 0%, the C-O-C asymmetric and symmetric stretching peaks can be clearly observed at 1220 cm-
1, indicating the presence of polyether-type polyurethane. For polyether-type polyurethanes, a large
number of hydrogen bonds exist near the amino acid groups. The N-H bonds in the main hard
segment structure, such as the urethane groups, act as bridges to form hydrogen bonds between the
hard and soft segments, combined with the C=O bonds in the hard segments to form (C=O---N-H)
hydrogen bonds, and combined with the C-O bonds in the soft segments to form (C-O---N-H)
hydrogen bonds. Since the molecular polarity of the hard segment in TPU is much larger than that of
the soft segment, and the overall polarity depends on the extent of the microphase separation
constructed by hydrogen bonds, the degree of microphase separation determines the dielectric
constant of TPU in the unstressed state. However, the stretching state often increases steric hindrance
in the molecular chains, affecting the formation of these two types of hydrogen bonds. Therefore, we
used the attenuated total reflectance (ATR) mode in FTIR to fit and analyze the C=O peak and
investigate the microphase separation behavior.

As shown in Figure 3a and 3b, the peak at 1700 cm is attributed to the hydrogen-bonded
carbonyl stretching vibration, while the peak at 1730 cm™ is attributed to the free carbonyl stretching
vibration (more data are displayed in Figure S5, Supporting Information). The areas (A) of these two
peaks were obtained by fitting and calculating using Gaussian functions, and the fitted curves
correspond well with the original curves. Here, the coefficient F(H) representing the degree of
hydrogen bond formation was obtained using the formula: F(H)=A1700/(A1730+A1700 )*100%. Ai1700 is the
spectral peak area at 1700 cm, and Aui7zo is the spectral peak area at 1730 cm. As the strain increases
from 0% to 400%, the values of F(H) gradually decrease (Figure 3(c)), which indicates that as the strain
increases, the ability of microphase separation increases, leading to the gradual disruption of
hydrogen bonds in the hard segments. This forces the highly polar hard domain structures to disperse
within the less polar soft domain structures.

Simultaneously, the peak at 1529 cm™ is attributed to the hydrogen-bonded C-N stretching
vibration in the hard domains, which is also an important indicator for estimating the proportion of
hard domains. From Figure 3(d), it is clear that the intensity of the C-N peak decreases with increasing
tensile strain. The peak area decreases from 4.336 (¢ = 0%) to 1.970 (¢ = 400%), indicating a gradual
decrease in the number of hydrogen bonds connected to C-N as the strain increases. Interestingly,
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besides the decrease in peak intensity, a peak shift towards higher wavenumbers also occurs,
suggesting that after hydrogen bonds break in the hard segments, they transform into interactions
between soft domains. As a result, the frequency of C-N stretching vibrations in the hard domains
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Figure 3. The FTIR measurements of TPU at different strain states. (a), (b) FTIR spectra at strain of 0%
(a) and 400% (b), respectively. (c) Evolution of the coefficient F(H) with strain. (d) FTIR spectra
corresponding to C-N bond under various tensile strains.

3.4. Variation in the molecular chain long period during strains

To analyze the reason for the smaller number of hydrogen bonds between highly polar hard
domains in TPU under strain, we investigated the evolution of the distances between hard domains
and that between hard and soft domains upon different strain states in TPU molecules. The variation
of the molecular chain long period (L) in TPU was studied using small-angle X-ray scattering (SAXS)
technique. Figure 4(a) shows the 2D-SAXS patterns of TPU at various strain state. To obtain clear and
accurate images, we performed the experiments under the conditions of 600 s exposure time and a
stretching speed of 200 um/s. At zero strain, a uniform circular scattering ring is observed around the
central red spot, indicating an isotropic arrangement between the hard segments and the soft
segments. As the strain increases to 100%, the scattering pattern changes from circular to elliptical,
indicating the occurrence of orientation behavior in the molecular chains and the appearance of
striped scattering regions perpendicular to the stretching direction. In addition, a diffuse scattering
pattern appears parallel to the stretching direction. As the strain increases, the width and intensity of
the diffuse scattering increase, indicating a greater degree of dispersion, while the intensity of the
striped scattering region becomes stronger, indicating an increase in the number of molecular chain
segments oriented in the stretching direction.

To quantitatively determine the specific changes in the hard and soft domains in the microphase
separation structure, we integrated the 2D-SAXS patterns parallel and perpendicular to the stretching
direction to obtain the 1D-SAXS intensity distribution in Figure 4(a). The molecular chain long period
(L) was calculated using the formula L=27m/qmax (Where gmax is the q value at the maximum intensity
of the scattering peak). Figure 4(b) depicts the results along the stretching direction, from which the
coherent scattering peak shifts to lower q values and L increases from 11.60 nm (& = 0%) to 15.36 nm
(e = 100%) as the strain increases. As the strain further increases from 100% to 500%, the coherent
scattering peak shifts back to higher q values and L gradually decreases to 11.89 nm (& = 500%),
indicating a phenomenon where the distance between hard domains in TPU initially increases and
then decreases in the stretching direction. At the same time, the intensity of the coherent scattering
peak gradually decreases, indicating a reduction in the scattering intensity in the hard domain region.
One the other hand, the long period perpendicular to the stretching direction overall shows an
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increasing trend Figure 4(c), with a small range of variation from 11.60 nm (¢ = 0%) to 11.89 nm (& =
500%), and the scattering intensity decreases significantly. According to the analysis of hydrogen
bonding strength in the hard segment after 100% strain in FTIR, it can be inferred that this may be
due to the elastic deformation of the molecules at the beginning of stretching, where hydrogen bonds
are not broken and the distance between hard domains increases horizontally. However, as the
hydrogen bonds are disrupted, the hard domains evolve. From the weakening of the coherent
scattering peak intensity, it can be speculated that there is an increment the degree of microphase
separation in TPU. Allin all, the number of hard segments in the perpendicular direction significantly
decreases, transforming into hard domains along the stretching direction. This change can also be
seen from the change of azimuth angle as shown in Figure 56 (Supporting Information). At & = 0%,
the hard domains in TPU exhibit isotropic characteristics. For € = 100%, by defining the stretching
direction as 0°, then the hard domains are more likely to oriented in the directions of 45°, 132°, 227°,
and 314°. For ¢ larger than 100%, more and more hard domains are concentrated in the parallel
stretching direction, while a small number of hard domains are perpendicular to the stretching
direction. For example, they peaked at 89° and 270° at &€ = 500%. This is consistent with the results of
the 2D-WSXS test, which show that the molecular chains in TPU exhibit a preferential orientation
along the stretching direction.
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Figure 4. The FTIR measurements of TPU at different strain states. (a), (b) FTIR spectra at strain of 0%
(a) and 400% (b), respectively. (c) Evolution of the coefficient F(H) with strain. (d) FTIR spectra
corresponding to C-N bond under various tensile strains.

3.5. Characterization of TPU microphase separation

To characterize the microscopic phase separation upon strain in the TPU elastomers, the AFM
technique was employed to map the phase images of TPU at various strain states. As can be seen
from Figure 5, the elastomer is composed of regions characterized by distinct bright and dark phase
contrast. The bright regions show clear and regular edges, and could therefore be regarded as hard
domains. The percentage of hard domains in the images were calculated by the image analysis
software, and the number of hard domains in the stretching process was obtained quantitatively. In
the unstretched initial state, the hard domain phases are typically of a few hundred nanometers in
size and show leaflet-like patterns, with more agglomerates intertwined and fewer independently
present in the soft domains. As the tensile strain increases, it is vividly observed that the
agglomerated hard domains are gradually dispersed into smaller independent fragments, and the
lateral distances between the original independent hard domains gradually increases. We estimated
the proportion of hard domains in the same region (marked by dashed box), and found that it
decreases from 39.67% to 27.30% as the strain increase from zero to 100%. Our observation also
provides strong support for the analytical results of SAXS.
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Figure 5. AFM images of TPU under different tensile strain. (a)-(d) Phase images at strain of 0% (a),
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Finally, Figure 6 summarizes a schematic diagram showing how the microstructure of TPU
evolves upon the application of external strain. Although no evidence of strain-induced phase
transition was observed in TPU, there is clear sign of re-orientation of the molecular chains aligning
along the stretching direction. Furthermore, the hard domains, are gradually disrupted and
enveloped by soft domains, giving rise to a simultaneous decrease of the density of the hard domains.
As the hard domains contribute significantly to the dielectric constant, such convolution of hard
domains shall lead to a decrease in the observed dielectric constant of TPU.
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Figure 6. Schematic diagram showing the effect of stretching on the TPU molecular chains.

4. Conclusions

In summary, we designed a device based on the parallel plate capacitor principle for in situ
measurement of the dielectric constant of elastomers under controllable strain conditions. We
measured the evolution of dielectric constant of TPU at different strain states, and found that the
dielectric constant gradually decreased from 8.47 + 0.01 (& = 0%) to 2.94 £ 0.27 (e = 400%). To explain
this interesting phenomenon, we characterized the effects of strain on TPU at the nanoscale by using
microscopic characterization method to observe the molecular chain spacing, hydrogen bonding
status, and molecular chain long period. Based on these characterizations, we revealed a decreased
density and average size of polarized hard domains, along with a tendency of the molecular chains

to align in parallel with the tensile stress, which results in a reduction of the dielectric constant in
TPU.
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