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Abstract
Background Polymer mechanics and characterization is an active area of research where a keen effort is directed towards gaining a
predictive and correlative relationship between the applied loads and the specific conformational motions of themacromolecule chains.
Objective Therefore, the objective of this research is to introduce the preliminary results based on a novel technique to in situ
probe the mechanical properties of polymers using non-invasive, non-destructive, and non-contact terahertz spectroscopy.
Methods A dielectric elastomer actuator (DEA) structure is used as the loading mechanism to avoid obscuring the beam path of
transmission terahertz time-domain spectroscopy. In DEAs, the applied voltage results in mechanical stresses under the active
electrode area with far-reaching stretching in the passive area. Finite element analysis is used to model and simulate the DEA to
quantify the induced stresses at the observation site over a voltage range spanning from 0 V to 3000 V. Additionally, a novel
analysis technique is introduced based on the Hilbert-Huang transform to exploit the time-domain signals of the ultrathin
elastomeric film and to defy the limits set forth by the current state-of-the-art analysis techniques.
Results The computational result shows a nonlinear relationship between the effective stresses and the applied voltage. Analysis
of the terahertz time-domain signals shows a shift in the delay times and a decrease in signal peak amplitudes, whereas these
characteristics are implicitly related to the change in the index of refraction.
Conclusions In all, the results evidentially signify the interrelationship between the conformational changes and applied me-
chanical stress.

Keywords In-situ characterization . Dielectric elastic actuators . Terahertz spectroscopy . Polymer response

Introduction

Polymers continue to be an important class of materials for a
plethora of load and non-load bearing applications, where
polymers constitute a large portion of raw materials used in
engineered products such as cellular phones, automobiles, and
household goods, to name a few examples. The diversity of
the sub-classification of polymers mirrors the variety of appli-
cations they are used in, including thermosets, thermoplastic,
elastomers, biodegradable, and biopolymers. While this clas-
sification is not meant to be comprehensive nor exclusive, it is
instead a shortlist to elude to the differences in the underlying
molecular structure. Typical to any of these subclasses is the

sensitivity to applied loads, regardless of the amplitude and
directionality, which gives rise to molecular rearrangements
that may be reversible or irreversible based on a balance be-
tween the strain energy imparted on the sample during loading
and the activation energy required for irreversibility. The re-
sponse of polymers is a scientific problem, extending over
multiple time and length scales, that has gained attention from
theoretical, experimental (in vitro experiments), and compu-
tational (in silico experiments) perspectives [1–6]. While the
in silico experiments using Molecular Dynamics (or the like)
approaches have proven to be essential tools in polymer sci-
ence and engineering, continuum modeling remains essential
not only to bridge the scale gap but also for practical applica-
tions. The reader is referred to the important contribution by
Frenkel for a quick, yet insightful, review of the state of in
silico research [6]. Here, the focus in on in vitro experimenta-
tion, but at the same time leveraging finite element analysis.
The strain energy density is the result of the applied load and
the deformed geometry, while the activation energy is an in-
trinsic property of the macromolecule that is fundamentally
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connected to the bonds linking the backbone as well as the
final arrangements of molecules after polymerization [7].
These quantities should be investigated simultaneously, given
the relaxation behavior of polymers that negates the reversible
contributions during the load history to reconcile the balance
between strain and activation energies. The mechanical load-
ing scenario and characterization methodology must be con-
currently performed to capture the stress-induced macromol-
ecule conformational arrangements.

It is well-known that the mechanical response of polymers
exhibits a strong dependence on the molecular structure, the
loading rate, and temperature such that thermosets, thermo-
plastics, and elastomers have unique stress-strain behavior that
may span over a few hundred percentages of strains [7–9].
Elastomeric materials have a mechanical response with large
stretch ratios, indicating a corresponding increase in the me-
chanical work done on the material. The mechanical work is
captured by the strain energy calculated by taking the area
under the stress-strain curve [10, 11]. There exist numerous
ways of measuring strain where the selection of the method
depends on (1) the strain percentage, e.g., large strain exten-
someter, (2) the scale with which optical methods are suitable
for microscale measurements, and mechanical methods are
feasible for meso andmacro scale, and (3) the strain rate where
the sampling rate is the deciding factor [12–14]. However,
load application overwhelmingly relies on screw-driven or
servo-hydraulic mechanisms in a load-frame type structure,
but other experimental setups exist to investigate the mechan-
ical response of materials under different strain rates [14].
Nonetheless, much of the strain and stress measurement/
application methods are not conducive for integration in ana-
lytical chemistry instrumentation (discussed next) to elucidate
the interrelationship between conformational changes and me-
chanical loading. Therefore, there is a need to develop a mech-
anism allowing the remote control of the state of stress without
obscuring the observation site.

Dielectric elastomer actuators (DEAs) have been emerging as
a viable actuation mechanism since their initial inception in the
mid-1990s [15–18]. At its essence, DEAs leverage the compliant
mechanical behavior of elastomers to achieve large deformation
via the application of an electric field. When the latter is applied
across the thickness of the actuator, it results in a localized com-
pressive stress that affects the area surrounding the electrode
region where the electric field was applied. The standard DEAs
configuration can be round or diamond geometry such that the
electrode area is either circular or rectangular, respectively.While
the former is used to generate out-of-plane axial deformation, the
latter is used to induce a sizable in-plane displacement. A com-
mon shortcoming of such actuator configuration for the purposes
of in situ characterization of the polymer response is the electrode
area, where the entire surface of the insulator is covered with a
flexible conductive material. Therefore, the presence of the con-
ductive material impedes the direct propagation of

electromagnetic waves used for characterization. Here, an annu-
lus electrode geometry is first investigated since it provides a
generous unobstructed portion of the sample surface. It is worth
noting that a biaxial state of stress can also be applied using an
electric or mechanical camera shutter; however, the leaves of the
mechanism may obstruct the propagating electromagnetic wave
while posing a challenge in inducing precise, remote control of
the deformation. Future research will focus on developing a new
sample structure that uses an electrical shutter mechanism for in
situ loading with spectroscopy.

To elucidate the molecular structure of polymers, scientists
and engineers usually resort to ex-situ spectroscopy tech-
niques such as microwave, Raman, and Fourier transform
infrared spectroscopy (FTIR) operat ing between
wavenumbers of 1 cm−1 and 10 cm−1 for the former, and
400 cm−1 and 14,000 cm−1 for the latter two [19–21]. The
near and mid-infrared spectroscopy techniques are positioned
for delineating the vibrational modes in the mid to high
terahertz region, thus leaving the frequency vibrational modes
associated with dynamic conformational changes in the low
terahertz (THz) regime undetected. There is a well-known
two-fold limitation of FTIR in the area of experimental and
mechano-chemical characterization. First, FTIR is a surface
spectroscopy technique with a penetration depth of 0.5 μm
limiting the investigation to the first few layers of the material
[22, 23]. Second, FTIR is unsuitable for integration of in situ
dynamic mechanical characterizations since the sample must
be stationary during the scan. On the other hand, terahertz
based spectroscopy techniques are emerging as not only sup-
plementary but also essential tools for probing the fingerprint
region of materials with a higher resolution than the current
state-of-the-art techniques [24–27]. Advantageous to the
study of polymers (including biopolymers) is the safe level
of electromagnetic radiation due to the low photon energy of
the terahertz waves. That is to say, a propagating terahertz
wave will be able to observe the intrinsic properties of matter
without imparting any irreversible changes to the microstruc-
ture. Terahertz-based spectroscopy can be used to trace certain
types of low-frequency vibrational characteristics, such as bo-
son peaks [28, 29], and inter- and intramolecular vibrational
modes including translational lattice vibrations of C-C bond in
methylene groups at 2.2 THz, strong damping in the amor-
phous region at 1.5 THz, vibrations due to the intermolecular
hydrogen bonding of polyhydroxy butyrate (PHB) at 2.49
THz, and vibrations due to the helical structure along fiber
axis of PHB at 2.92 THz, to name a few [30–40].
Additionally, some mechanical properties have been investi-
gated using terahertz, where the results are in excellent agree-
ment with the current state-of-the-art (e.g., glass transition
temperature using Differential Scanning Calorimetry) [41].
These hallmark characteristics of THz waves signify its suit-
ability for integration in experimental mechanics studies, or in
situ mechano-chemical experimentation.
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The overarching objective of this research is to disseminate
a new framework for the behavior of elastomeric polymers by
leveraging the advantages of dielectric elastomer actuator
structures and terahertz time-domain spectroscopy. The for-
mer was used as the sample structure that was subjected to
remotely controlled varying levels of stresses, while the latter
was concurrently used as a non-invasive, non-contact, non-
destructive bulk spectroscopy technique. A novel analysis
technique (not reported in the literature before for analysis of
spectroscopic data) is presented and discussed.

Experimental Protocol

The DEA structure was used to apply a varying amplitude me-
chanical stress remotely by changing the applied voltage across
two parallel electrodes, whereas the observation site was charac-
terized using terahertz time-domain spectroscopy (THz-TDS)
operating in the transmission mode. The following sections de-
lineate the process used to prepare and characterize the sample
using the non-invasive, non-contact, and non-destructive THz
spectroscopy technique [42]. A finite element simulation was
used to quantify the stress in the observation site by replicating
the experimental conditions in the solver environment.

Test Sample Structure

The DEA sample consisted of an elastomeric dielectric insula-
tor film with areas covered with a flexible conductive material
to apply an electric field across the thickness selectively. A
double-sided acrylic tape (3 M™ VHB™ Tape 4905) with an
as-received thickness of 0.5 mm was manually stretched from
an initial diameter of 25.4 mm to a final diameter of 76.2 mm

(Fig. 1(a-b)), which resulted in a film thickness of 30 ± 6 μm
(estimated from the time domain spectroscopy signals). Pre-
straining the VHB has two advantages. First, by equi-
biaxially stretching the film, the thickness consequently de-
creases; therefore, a lower applied voltage is required to obtain
the same mechanical response. Second, pull-in instability can
be avoided by pre-straining the film, which is kept in tension
and effectively avoids buckling [43]. The pull-in failure mode
occurs when the Maxwell pressure exceeds the third principal
compressive stress of the elastomeric film. Plante and
Dubowsky experimentally demonstrated that at a low pre-
stretch ratio, the dominant failure mode for DEA is pull-in;
however, at a high pre-stretch ratio, the dominant mode of
failure is the dielectric breakdown [43]. While these two failure
modes constitute the dominant mechanisms, material strength
remains a concern based on the stretch rate and the pre-
stretching percent [43].

After the elastomer film was stretched, it was then at-
tached to a rigid plastic ring (Fig. 1(c)) with a 76 mm ID
and 102 mm OD to avoid inducing unintended external
strains during testing and data collection, while providing
the necessary mechanical boundary conditions for proper
operation of the actuator as discussed by Plante et al. [43].
Templates of the electrode configuration (Fig. 1(d)), includ-
ing the lead locations, were prepared a priori by printing on
a single-sided adhesive paper that was used as a mask dur-
ing the application of the conductive graphene powder (AZ
Laboratories, Ultra Conductive Graphene Powder) to both
sides of the adhesive elastomer (Fig. 1(e-f)). Since the VHB
film exhibits intrinsic tackiness, the conductive graphene
powder stuck to the surface upon lightly tapping the powder
using a foam applicator. Upon removal of the mask, the
conductive electrodes were revealed (Fig. 1(g)), and two

Fig. 1 Fabrication steps of the DEA samples showing the initial stretching, deposition of the electrode, and the application of the electric field during
testing
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copper tape strips, which were used as conductive leads to
connect the applied field to the active electrode area, were
then attached, (Fig. 1(h)). To actuate the DEA, a positive
DC voltage was applied to one side of the VHB film while
the other side was grounded using a DC power supply
(Circuit Specialists, CSI3020X) and a high-voltage ampli-
fier (Trek 609B-3). It is worth noting that the spot size of the
THz wave is <<3 mm, which was focused at the middle of
the sample (as discussed next). At 1 THz, the beam diam-
eter of the terahertz propagating wave is ~300 μm. The
remoteness of the THz characterization site with respect
to the inner diameter of the electrode (38 mm) excludes
the effect of the electric field on the spectroscopy THz
wave. Furthermore, the self-boundedness of the electrode
geometry indicates that the effect of the electric field is
localized and limited to the active electrode area. Future
research will focus on determining the bounds of applica-
bility, relating the inner diameter of the electrode to the
attributes of the THz wave. The applied voltage ranged
from 0 V (used thereafter as the control) up to a voltage
where the mechanical failure occurred (exhibited by the
tearing of the VHB film due to localized wrinkling around
the electrodes). On average, after performing the same
testing protocol on seven different DEA samples, the me-
chanical failure corresponded to approximately 3250 V.
Consistent with the previous investigation of Plante
et al. and Wissler, this voltage and the pre-stretched ratio
construed that the VHB was marginally stable to guard
against pull-in failure [43, 44]. Moreover, the tearing of
the film occurred due to the straightening and unfolding
of the polymer chains [43]. It is worth noting that the
applied voltage was increased at an increment of 250 V.
In all, seven DEA samples were constructed and tested
until mechanical failure, leading to the results summarized
below.

Terahertz Time-Domain Spectroscopy (THz-TDS)

Terahertz time-domain spectroscopy (THz-TDS) was set up in
transmission mode to facilitate the objective of in situ charac-
terization of the stressed-area in the middle of the DEA sam-
ple, referred to as the observation site, where the VHB sample
was situated at the focal point of the terahertz beam path with a
spot size of 300 μm at 1 THz. It is important to note that the
area of observation for the investigation using terahertz was
not obstructed by the electrode materials or the leads (Fig. 1
shows a schematic of the DEA structure). A schematic of the
transmission mode of the terahertz time-domain spectroscopy
can also be seen in Fig. 2. Here, a pulsed femtosecond
laser (Menlo Systems, ELMO 780 HP) with a pulse width of
100 fs was split into two different paths. The first path of the
optical beamwas focused on a photoconductive antenna trans-
mitter (PCA Tx, TeTechS, T-Era-100A-800) to generate
terahertz waves. The transmitter PCA was biased with a 45
Vpp square wave of 8000 Hz using a square wave generator
(TeTechS Square Wave Generator). Using a series of off-axis
parabolic (OAP) mirrors, the emitted terahertz beam was first
focused onto the observation site of the sample. The refraction
from the sample was then collimated and focused onto a pho-
toconductive receiver antenna (PCA Rx, TeTechS, T-Era-
20D40P-800) at the same instant the delayed second half of
the optical beam activated the photoconductive receiver to
convert the terahertz waves into a measurable electrical signal.
The signal was measured using a low-noise amplifier
(TeTechS, LNA) and was recorded using a built in-house data
acquisition system. The collected data only underwent time-
domain signal analysis given the limitation of frequency-
domain based analysis [45], noting that the changes in the
attributes of the terahertz pulse are implicitly associated with
the complex index of refraction [45–58]. In here, the time-
domain signals at each level of applied electric field were

Fig. 2 Schematic of the non-contact, non-destructive, non-invasive THz-TDS setup operating in the transmission mode to provide evidence on the
conformational changes due to the applied stress
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analyzed to report the amplitude, full-width half maximum
(FWHM), the 0–100% rise time, and the time-delay between
the arrival of the reference time signal (referring to sample-
free, baseline measurement) and the signal of the VHB at the
observation site.

Stress Estimation Using Finite Element Simulation

The full-field state of stress at the observation site was esti-
mated using a finite element simulation based on the Maxwell
stresses developed under the surfaces of the electrode. That is
to say, the application of an electric field across the thickness
of the stretched VHB film resulted in the accumulation of
opposite polarity charges at the electrode surfaces; hence, it
attracted them closer to each other and induced localized com-
pressive stresses that resulted in the reduction of the thickness
under the electrode, which in turns causes an increase of the
thickness of the middle area of the DEA. At the onset, a ge-
ometry analogous to that of the sample used in the physical
testing (Fig. 3) was modeled in the finite element analysis
(FEA) environment (Comsol Multi-Physics®) with a fixed
constraint boundary condition applied to the most outer pe-
rimeter of the DEA sample resembling the rigid plastic ring
used in the experiment to prevent rigid-body motion and ex-
ternal deformation. The boundary conditions are shown on
Fig. 3. The VHB continuum was spatially discretized using
a linear element with an average element size of 3 mm, where-
as the thickness direction had at least two scaled elements. It is
worth noting that the computational model can be simplified
using axisymmetric assumptions, however, a full model was
solved herein given the low required computational power. In
addition, the computational framework may be used in future
work for complex, nonsymmetrical electrode configurations.

Following the work of Pelrine [16], the electrostatic pres-
sure (pes) due to the applied electric field was converted a
priori to an elastic compressive force (pe) such that

pe ¼ −pes ¼ −εrεo U�
t

� �2
ð1Þ

where, εr is the relative dielectric constant of the VHB

material (taken to be 3.2), εo is the free-space permittivity
(8.85 × 10−12 F/m), U is the applied voltage ([0:250:3500]
V) at the conductive electrodes across the thickness, and t is
the thickness of the stretched film. The elastic compressive
force (pe) was then parametrically applied on the electrode
area in lieu of the electric field. In short, Eq. 1 provides two
alternative approaches to accomplish the same applied pres-
sure via changing the electric field, namely, reducing the
thickness or increasing the applied voltage. The latter ap-
proach was adopted herein.

Given the stretchability of the VHB materials, the above
FEA model was then resolved by prescribing the material to
obey hyperelasticity following the incompressible Yeoh mod-
el, whereas the strain energy density function (W) is given by

W ¼ C10 I1−3ð Þ þ C20 I1−3ð Þ2 þ C30 I1−3ð Þ3 ð2Þ
where, I1 is the first invariant of the left Cauchy-Green defor-
mation tensor, and C10, C20, and C30 are material parameters
determined by fitting the experimental data of the material to
the stress expression derived from the energy potential, which
were taken to be 80.3, −0.765, and 9.84 × 10−3 kPa, respec-
tively [44, 59]. The third-order dependence on the first invari-
ant is a characteristic advantage of the Yeoh model enabling
higher accuracy while avoiding instabilities associated with
other hyperelastic models, i.e., Yeoh model is Drucker stable
since it has no dependence on the second invariant [7]. The
latter is justified since the free energy of elastomers (as it is the
case herein) is weakly dependent on the second invari-
ant. In all, the FEA simulation is an uncoupled
hyperelastic-electrostatic model, which was previously
reported by Pelrine [16] to adequately represent the be-
havior of the DEA structure.

A final note is warranted about the time-dependent re-
sponse of the VHB polymer undergoing constant stress over
the scanning period. The strains of the VHB were shown
experimentally by Wissler to reach a steady-state value of
120 s, which means the viscoelastic effect is negligible within
the experimental time frame [44]. This supposition was further
explained by Plante et al., explicating the inadequacy of DEAs
for long-term actuation [43]. However, it is the objective of
future research to systematically (experimentally and compu-
tationally) investigate the viscoelastic response of polymers
(including VHB) using THz-TDS following the same frame-
work established herein. The extraction of the dynamic me-
chanical properties of polymers will assist in the construction
of a fully coupled, electrostatic, visco-hyperelastic simulation.

Results and Discussion

While it is well-known that the applied voltage on the elec-
trode area in a DEA structure consequently results in

Fig. 3 Schematic representation of the FEAmodel showing the boundary
conditions
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mechanical stresses in both the active and passive areas, it was
important to quantify the amplitude of the stresses, as well as
its spatial distribution, corresponding to each operating condi-
tion based on the results from the FEA simulations. Figure 4
shows the results of the computational simulations elucidating
the effective Von Mises stresses at two different applied elec-
tric fields. The Mises effective stress as a function of radial
distance from the observation site towards the edge of the
active electrode region at 2000 V and 3000 V are shown in
Fig. 4(a) and (b), respectively. At the bottom panels of these
figures, the Von Mises contour plots elucidate the full-field
results of the stress. The effective stresses within the observa-
tion site as a function of the entire range of investigated elec-
tric field are also shown in Fig. 4(c). The full-field stress con-
tour plots demonstrated nearly a uniform state of stress in the
middle of the passive area, where the THz-TDS characteriza-
tion took place. The Mises stress increased from 0.6 kPa at
1000 V to 2.5 kPa at 2000 V and finally reached a value of
7.3 kPa at 3000 V. However, it corresponded, not surprising-
ly, to approximately zero out-of-plane stresses regardless of
the applied voltages which is due to the incompressibility of
the VHBmaterial and the resulting equi-biaxial stretching due
to the symmetric geometry of the electrodes. Quantitatively,
the plots in Fig. 4 shows the Mises stresses within the passive
area varied between 7.3 kPa at the center to 7.2 kPa at 1.9 mm
radially away from the center at 3000 V. This implies that the
mechanical response was spatially uniform within the 3 mm
maximum THz wave spot size used to interrogate the
material. It is worth noting that the results shown in
Fig. 4 omitted the effect of pre-stretching due to the
sample fabrication process (Fig. 1) given the static na-
ture of the simulation, where the time-dependent prop-
erties are suppressed. In other words, accounting for the
pre-stretch stress would offset the result linearly.

The Maxwell stress under the active electrode region is
directly proportional to the square of the applied electric field
(Eq. 1), while the induced stresses at the observation site also
exhibited nonlinear dependence on the stretch as described by

the expression of the Yeoh Helmholtz free-energy potential in
Eq. 2. Therefore, the reported Mises stresses showed a non-
linear dependence on the applied voltage. The results signify
that the applied voltage can remotely control the amplitude of
the stress (however, nonlinearly) in the passive area, as shown
in Fig. 4(c). The stress contour plots also explicated the dis-
continuity behavior at the boundary between the active area
where the electric field was applied and the surrounding pas-
sive areas, which were found to be in good agreement with the
results in [43]. This can be leveraged in future research to
concurrently explicate the dependence of the polymer re-
sponse on the spatial variation of stress by developing novel
electrode geometries. In all, as deduced from the contour plots
shown in Fig. 4, the applied voltage in the active area resulted
in uniform in-plane stresses that loaded the macromolecule
chains in the vicinity of the observation site and effectively
resulted in uncoiling and straightening of the chains, as
discussed next.

Figure 5(a) shows the time-domain signals collected using
the THz-TDS setup. The results include the signal without the
DEA sample in the terahertz beam path (denoted as
‘Reference’). It also encompasses the signals with the sample
in the terahertz beam path while it was being subjected to an
increasing voltage from 0 V (referred to as ‘Control’) to
3000 V. On the other hand, Fig. 5(b) plots the same time-
domain signals but with a focus on the major terahertz peak
arriving between 20 ps and 30 ps, clearly showing the drifting
locations and changes in the amplitude of the peaks with vary-
ing applied voltage. As soon as the applied voltage increased
beyond 3000 V, mechanical failure occurred, where the VHB
sample was ripped into two pieces starting at the electrode
area. That is, the localized induced mechanical stresses under
the electrodes due to the applied electric field exceeded the
intrinsic mechanical strength of the material, as discussed
above. This indicates that mechanical stress is indeed devel-
oping and compressing at the observation site as demonstrated
based on the FEA simulation results. Additional physical ev-
idence of the generation of mechanical stress under the

Fig. 4 Computational results from the DEA finite element simulation showing the (a) contour surface plots of the effective Von Mises stresses at
different applied voltages, (b) VonMises effective stress as function of the radial location from the center of the DEA to the edge of the electrode active
area, and (c) Von Mises effective stress in the vicinity of the THz observation site as function of voltage
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electrode was the dilation of the electrode surface, where the
region between the inner and outer diameter of the electrode
annulus widened (Fig. 6(b)) to 10.4 mm at 3000 V constitut-
ing a 30% increase from the 8.0 mm initial width when no
electric potential was applied (Fig. 6(a)). The increase in the
annulus width changed non-monotonically as a function of the
voltage such that the width of the annulus increased to
8.35 mm, 8.48 mm, 8.86 mm, 9.79 mm, and 10.35 mm cor-
responding to 500 V, 1000 V, 1500 V, 2000 V, and 2500 V,
respectively. The nonlinear widening of the electrode surface
is consistent with the suppositions set forth by Eqs. 1 and 2.
Notably, the distance between the markers (black dots on the

surface of the DEA sample) located outside and inside the
electrode area were also found to decrease, indicating that
the external and internal areas were experiencing compressive
stress. In all, the dilation of the electrode areas in response to
the Maxwell stresses under the surface due to the oppositely
poled electrodes coming closer together resulted in a uniform
state of stress in the observation site. This points toward the
validity of using the DEA framework as a method of applying
mechanical stresses to elastomeric polymers without obscur-
ing the observation site. Plante et al. analytically and experi-
mentally demonstrated the development of stresses in the ac-
tive area (i.e., under the electrode) as well as the passive area

Fig. 6. (a) starting DEA structure
at 0 V showing the electrode
configuration and (b) dilated
electrode and stressed passive
areas at 3000 V

Fig. 5 Terahertz time-domain signals (a) of sample-free (reference), unbiased-sample (control), and at increasing applied voltage ranging from 250 V to
3000 V at an increment of 250 V with (b) truncated signals between 20 and 30 ps to show the shifting temporal locations of the peaks and changes in the
signal characteristics
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surrounding the electrode area [43]. Future research will focus
on dynamically loading the sample using an AC electric field,
which will result in cyclic mechanical stresses, i.e., giving rise
to the viscoelastic response of the material. It is important to
reiterate that the focus herein is not on the ability of the DEA
to exert mechanical work, nor on investigating the failure,
rather the objective is to demonstrate the effect of applied
stress on the conformational entropy as discussed later.

The results, shown in Fig. 5, also point to changes in the
signal characteristics based on the interactions between the
propagating terahertz waves and the observation site of the
DEA structure. Table 1 succinctly summarizes the extracted
signal attributes as a function of the applied stresses in the
electrode area (noting that stress is corresponding to the ap-
plied voltage across the thickness). Table 1 lists the estimated
change in the thickness under the electrode and the estimated
change in the thickness of the VHB film at the observation site
as well as the amplitude, full-width at half-max (FWHM), rise
time, and time delay of signal arrival between the correspond-
ing applied voltage and the reference. First, the terahertz am-
plitude is found to change slightly (0.81 ± 0.03 a.u.) compared
to the reference signal (0.88 a.u.), representing an 8% reduc-
tion in the amplitude. The initial reduction in the amplitude
between the reference and control conditions is attributed to
the change in the imaginary part of the index of refraction (i.e.,
absorption coefficient) due to the presence of the stretched
VHB film. Regardless of the cellular microstructure of
VHB, the resulting change in the signal characteristics are
associated with the interaction of the propagating terahertz
wave with the polymer solid occupying the observation site.
As the voltage increases the compression of the thickness
under the electrode will induce a stretching of the annular
electrode width and consequently compress the area inside
the inner diameter of the ring, thus, the thickness of the

VHB at the observation site will increase. This can be con-
firmed by the FEA simulation results seen in Table 1. That is
to say, the reported further change of the signal amplitude is
due to the change in the sample complex index of refraction
upon applying the mechanical stress. The compression of the
VHB due to the radial stress at the observation site results in
an increase in the refractive and the absorption coefficient. As
discussed above, the self-boundedness of the annular elec-
trode, the distance between the opposing electrodes, the insu-
lation properties of the VHB polymer, and the remoteness of
the observation site from the inner diameter of the electrode
indicate the negligible effect of the applied electric field on the
THz waves. The change in the amplitudes, whether from the
reference sample-free to control (unbiased sample) or from the
control to the biased conditions, are implicitly related to the
change in the extinction coefficient since the reduction in the
amplitude is a measure of damping.

In addition to the amplitude variations, the temporal char-
acteristics of the waves are also dependent on the applied
stresses, which can be connected to changes in the real part
of the index of refraction. These temporal attributes include
the FWHM, the rise time, and the delay time of arrival, shown
graphically in Fig. 7(a), (b), and (c), respectively, based on the
data from Table 1. A sudden change in the attributes of the
time domain signals around 1250 V can be seen, where the
FWHM and delay time were found to be 0.5104 ps and
0.08 ps, respectively. This change is thought to be associated
with an initiated material instability resulting in a change in
the mechanical deformation behavior under the electrode and
at the observation site, after which, and once, the DEA struc-
ture re-equilibrated, the quasi-linear relationship between the
applied voltages and induced stretches commenced. The peak
width leading to the loading condition at 1250 V (14.1 kPa)
continues to decrease due to an increase in the strains at the

Table 1 Summary of signal
characteristics as a function of the
applied voltage (mechanical
stress) and estimated thickness
(Δde is change in the thickness
under the active electrode area
and Δdos change in the thickness
at the observation site)

Applied
potential (V)

%
Δde

pressure
(kPa)

%
Δdos

Terahertz
Amplitude (a.u.)

FWHM
(ps)

Peak Rise
Time (ps)

Delay
(ps)

0 0.00 0.00 0.00 0.8060 0.5113 0.3491 0.0700

250 0.04 −0.56 0.00 0.8039 0.5087 0.3460 0.0633

500 0.13 −2.25 0.04 0.8205 0.5071 0.3434 0.0667

750 0.29 −5.07 0.07 0.8249 0.5069 0.3441 0.0750

1000 0.50 −9.01 0.13 0.8279 0.5077 0.3441 0.0875

1250 0.80 −14.07 0.20 0.8272 0.5104 0.3451 0.0833

1500 1.16 −20.26 0.29 0.8310 0.5085 0.3459 0.0667

1750 1.61 −27.58 0.39 0.8331 0.5088 0.3464 0.0767

2000 2.14 −36.02 0.52 0.8325 0.5090 0.3457 0.0733

2250 2.75 −45.59 0.68 0.8361 0.5104 0.3452 0.0800

2500 3.48 −56.28 0.86 0.8365 0.5097 0.3453 0.0867

2750 4.32 −68.10 1.07 0.8380 0.5055 0.3439 0.0750

3000 5.30 −81.05 1.55 0.8511 0.5060 0.3492 0.0667
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observation site, which, in turn, affects the local values of the
strain energy. To better elucidate the underlying molecular
changes, the FEA analysis should be coupled with molecular
modeling and simulation to discern associated entropic evolu-
tion from conformational changes. This will be the focus of
future in silico studies. The broadening in the peak width at

14.1 kPa also corresponds to inflection of the delay time,
where the difference between the arrival of the reference
(sample-free) wave and the arrival of the terahertz wave after
passing through the stressed-sample is found to be 0.0833 ps.
This suggests a drop in the index of refraction (i.e., getting
closer to the index of air). The real part of the index of

Fig. 7 The temporal
characteristics of the terahertz
time-domain signals including (a)
full-width at half-max (FWHM),
(b) time rise, and (c) delay time of
arrival based on data from Table 1
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refraction can be calculated from the delay time (Δt) between
the initial arrival of the reference wave and the sample signal
such that n = 1 + (cΔt/δ), where c is the speed of light in vac-
uum and δ is the thickness of the VHB film. Therefore, any
changes in the delay time signify a variation in the index of
refraction (n). Using the data in Table 1, the index of refraction
is estimated to be 1.71, which is in good agreement with the
published index by the manufacturer by considering the
stretching effects on the optical properties of the material.

Due to the limitation of the existing state-of-the-art analysis
techniques, terahertz time-domain signals of ultrathin sam-
ples, as it is the case herein, are not suitable for transformation
to the frequency domain based on the limits set by Scheller
et al. as a function of frequency resolution, and bandwidth of
the signal [45]. In Fourier Transform based analysis tech-
nique, Scheller et al. discussed that the prerequisite for the
lower bound of the sample thickness using terahertz spectros-
copy is defined based on, δmin = c/2nΔf, where, the refractive
index is taken here to be 1.79 [60] and Δf is the bandwidth
(estimated to be 1.5 THz for our setup). That is, the time-
domain signal from a sample with a thickness below 56 μm
cannot be effectively analyzed in the frequency domain. This
is a shortcoming of the post-processing step rather than the
spectroscopy technique itself. Therefore, in an attempt to fur-
ther elucidate the underlying changes in the microstructure,
we abandon the Fourier Transform approach and adopt (for
the first time in the analysis of spectroscopic data) the Hilbert-

Huang transform (HHT) through a sifting process, also known
as Empirical Mode Decomposition (EMD) [61, 62]. EMD
deconvolves the signal into its Intrinsic Mode Functions
(IMF), whereas each IMF is monotonic, including the signal
information at a single frequency component but still repre-
sented in terms of time. The first three IMFs of each investi-
gated condition are represented in Fig. 8, where it is essential
to note that IMFs pertaining to high-frequency noise were
omitted and replaced by the next mode.

The resulting intrinsic mode functions shown in Fig. 8 are
the first three oscillation modes embedded in the signals.
Generally, the first and second intrinsic mode functions of
the THz-TDS signals exhibit distinct behaviors expressed by
an individual wave packet centered approximately at 25 ps
with notable changes in the attributes of each wave packet.
The apparent increase in the amplitude of the wave in the first
modes compared to the amplitude of the reference signal is
attributed to the change in the index of refraction due to the
presence of the VHB samples in the terahertz wave path. The
shape and characteristics of the wave packet at 1250 V con-
tinue to support the previous observations of an inflection
point in the response, where the wave packets at higher levels
of stresses (i.e., voltage) are distinctively different from their
low stresses counterparts. Finally, the third intrinsic mode
function for the reference signal contains higher energy,
whereas the 3rd IMFs of the VHB sample appear to represent
the trend of the data rather than an oscillation mode. Indeed,

Fig. 8 First (a), Second (b), and Third (c) intrinsic mode functions (high-frequency noise modes were omitted) of the THz time-domain signal
elucidating the difference in the fundamental characteristics of the samples’ waveforms as a function of applied voltage in comparison to the sample-
free reference and zero-voltage conditions
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the concentration of the energy in the first and second mode
functions is in excellent agreement with the association of the
conformational orders, as discussed above, given that higher
frequencies (higher energy) are linked to lower-order modes.
Future research will focus on establishing a strong correlation
between the results of the IMFs and the optical and electrical
properties of polymers. The correlation between conforma-
tional changes in conjunction with loading-based variation
in the time-domain signals, or IMFs, stems from the essence
of the spectroscopic data and its association with molecular
vibrational modes. The latter is detected within a frequency
range based on the interaction of the propagating electromag-
netic wave with the test structure, resulting, for exam-
ple, in oscillations due to bond stretching or bending.
The vibrations are usually elucidated using spectral
analysis, which was not possible herein due to the cur-
rent bandwidth limitations, as discussed before.

At the outset, using the DEA structure was found to be a
reliable way to remotely apply a uniform state of stress with-
out obscuring the observation site, hence, providing a pathway
to non-invasively and non-destructively interrogate the poly-
mer using non-contact terahertz time-domain spectroscopy
technique. All reported loadings thus far were normal stresses
due to the configuration of the active electrode area; however,
the mechanical response of polymers has been shown to ex-
hibit sensitivity to shear deformation due to the sliding and
rearrangement of chains in response to mechanical work. To
remedy this shortcoming of our approach, we propose a novel
electrode area configuration that selectively gives rise to shear
and normal stresses on the same or different locations within
the same DEA structure. As discussed before, the actuation
performance of the DEA is not the objective here but rather to
use the coupling between electrostatic and mechanics to re-
motely and systemically apply mechanical stresses.

Conclusion

The eminence of polymers in a plethora of load-bearing engi-
neering applications necessitates the fundamental understand-
ing of the concurrent effect of stress on the conformational
changes in the macromolecule. A new experimental mechan-
ics framework was introduced to investigate the mechanical
response of polymers using THz-TDS while the sample was
under varying levels of stresses that were remotely controlled
using an input voltage. A localized Maxwell stress due to the
attraction of opposing polarity electrodes resulted in the ex-
pansion of the thickness of the unobscured remote observation
area that was interrogated by terahertz waves. The results pro-
vide physical evidence on the effect of conformational chang-
es of polymers through analyses of time-domain signals that
signified changes in the optical properties of the sample (index
of refraction). HHT was introduced to decompose the time-

domain signals into its fundamental modes, hence, decoying
the shortcomings of the current state-of-the-art analysis tech-
nique in the frequency domain. Future research will focus on
the dynamic response of polymers by subjecting the samples
to alternating mechanical stress as well as on establish-
ing the predictive and correlative relationship between
the output of the Hilbert-Huang transform and the opti-
cal properties of the material.
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