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ABSTRACT: Stretchable piezoelectric stress/strain sensing materials
have attract‘ed .substant‘ial researc.h interest in the flelds of wearable ‘ ~—~ —
health monitoring, motion capturing, and soft robotics. These sensors 6
require operation under dynamic loading conditions with high strain \\// PVOF/NBR Blend
range, changing strain/loading rates, and varying pre-stretch states, ) i
which are challenging conditions for existing sensors to produce reliable Y '
measurements. To overcome these challenges, an intrinsically
stretchable poly(vinylidene fluoride) (PVDF) sensor is developed
through the polymer blending of PVDF and acrylonitrile butadiene
rubber (NBR). Through precipitation printing and vulcanization, the
resulting PVDF/NBR blends exhibit strong # phase PVDF and a blend .
morphology with submicron-level phase separation, but also strains up - MWF;\:DTF/NBR ’ :

q , s/NBR Time
to 544%. Both the blend morphology and the mechanical properties
indicate that this PVDF/NBR blend can be considered as a continuous elastomer phase above micron scale. After electric poling and
adding electrodes, the PVDF/NBR blends have excellent piezoelectric properties to be used as both stretching mode strain sensors
and compression mode stress/force sensors. The stretching mode sensors can measure strain up to 70% without strain rate and pre-
stretch dependence, while the compression mode sensors have a loading-rate-independent linear voltage—stress relationship up to
4.8 MPa stress and a negligible pre-stretch dependence. Therefore, the PVDF/NBR sensors can provide accurate and reliable stress/
strain measurements when attached to soft structures, which paves the way for sensing and calibration of soft robots under dynamic
loading conditions.
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1. INTRODUCTION deformation up to 110% strain.” Ji and Zhang showed a
serpentine patterned PVDF sensor with stretchability up to 35%
and a voltage sensitivity of 0.97 mV ue™" that could monitor
respiratory and heartbeat signals in real time.'' Kim et al.
developed piezoelectric strain sensors with stretchability up to
320% based on kirigami designs, which were demonstrated on
virtual reality haptic gloves for finger motion sensing.'”
Although creative pattern design allows for high device
stretchability using inextensible piezoelectric materials, complex
geometries also cause limitations such as calibration difficulty,
high strain rate dependence, and short fatigue life at the joints.

Developing new piezoelectric materials with intrinsic
stretchability is the other approach for stretchable piezoelectric
sensors, which can be combined with smart pattern designs to

further boost the device stretchability. The main type of

Stress and strain sensing using multifunctional materials is one of
the key functions of smart structures to achieve structural health
monitoring, deformation measurement, and actuator calibration
and control. Flexible and stretchable stress/strain sensing
materials have gained substantial research interest over the
past decade due to the development of wearable electronics for
biomedical applications,"”> biomechanical study,” motion
capture technology,” and soft robotics.” Based on the sensing
mechanism, stress/strain sensing materials have three main
categories: capacitive, piezoresistive, and piezoelectric.6 Among
the three, piezoelectric materials have excellent sensing linearity,
ultralow response time, and no intrinsic power consumption,
which are suitable for dynamic sensing applications. However,
since most piezoelectric materials are nearly inextensible, many
research studies on stretchable piezoelectric devices focus on -~
pattern design that can improve the device stretchability by Received: January 25, 2023 ey
using meshes,” wavy shapes,® serpentine interconnects,' "’ Accepted:  April 11, 2023
and kirigami designs.'>'® For example, Duan et al. used direct Published: April 29, 2023
ink writing of poly(vinylidene fluoride) (PVDEF) fiber on pre-

stretched poly(dimethylsiloxane) (PDMS) to produce in-plane

wavy piezoelectric structures that were able to measure in-plane
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Figure 1. Fabrication process and characterization of PVDF/NBR blends. (A) Fabrication process of PVDF/NBR sensors. (B) FTIR spectra of
PVDF/NBR blends. (C) XRD patterns of PVDF/NBR blends. (D) SEM images and EDS mappings of PVDF/NBR blend formed by precipitation
printing and hot pressing (60PVDF40NBR as an example). (E) SEM images and EDS mappings of reference 60PVDF40NBR blend formed by solvent
evaporation. (F) SEM images of hot DMF-etched precipitation-printed then hot-pressed 60PVDF40NBR, where the remaining continuous phase is

NBR.

stretchable piezoelectric materials are nanocomposites that
consist of piezoelectric nanofillers and an elastomer matrix."*~"”
Chou et al. mixed 65 vol % lead zirconate titanate (PZT)
particles into silicone rubber and showed that the nano-
composite had a high open-circuit voltage output of 20 V and up
to 200% stretchability, allowing it to be used for energy
harvesters or stretchable load sensors.'® Similarly, Quinsaat et al.
developed elastic piezoelectric nanocomposites of 38 vol % PZT
in a PDMS matrix with dy; = 3.6 pC N, d;; = =30 pC N}, and
a strain at break of 254%, which was used as a compression
detection sensor."” Although nanocomposites with piezoelectric
ceramic fillers generally have high voltage outputs, poor sensing
performance under high strain (>50%) can be expected due to
the significant difference in modulus between the matrix and
filler, which results in low stress transfer efficiency, slip, and
interfacial failure. Another type of stretchable piezoelectric
materials are sandwich composites, which contain a piezo-

electric center layer sandwiched by two elastomer shell layers.
Electrospun PVDF and its copolymer poly(vinylidene fluoride)-
co-trifluoroethylene (PVDF-TtFE) are popular piezoelectric
layer materials for the sandwich composite due to their
convenient self-polarized electrospinning process.”’ Thus,
researchers have developed flexible sandwich composites
consisting of electrospun PVDF-TrFE embedded in PDMS for
high-resolution pressure sensing applications.”*> However,
most PVDF-based sandwich composites have limited stretch-
ability (~30%) and cannot be used in applications that require
large extension.

With the recent development of soft robotics, strain/stress
sensors used on soft actuators and passive structures that require
a large strain sensing range (>50%) under dynamic loading
conditions are in great demand. When under dynamic loading
conditions, the strain/loading rates of the soft structures can
change and the pre-stretch strain of the quasi-static states may
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vary, which are challenging for existing stretchable piezoelectric
sensors to produce reliable strain/stress measurements. To
overcome these limitations of sensors based on either smart
pattern design or piezoelectric composites, intrinsically
stretchable piezoelectric materials in the form of polymer blends
with tailored macroscopically uniform properties can be
developed. Polymer blends containing the polar f# phase
PVDF have been widely studied as piezoelectric films and
nanofibers, such as PVDF/poly(methyl-methacrylate)
(PMMA),**~** PVDE/poly(vinyl alcohol) (PVA),*® PVDF/
thermoplastic polyurethane (TPU),”” and PVDE/photopol-
ymers,” and their piezoelectric properties and stretchability are
compared in Table S1. In particular, for stretchable sensor
materials, PVDF/acrylonitrile butadiene rubber (NBR) blend
can be a potential candidate that possesses both stretchability
and piezoelectricity. Researchers have shown that the PVDE/
NBR blend formed by melt mixing is a compatible polymer
blend that has excellent toughness and stretchability, while
vulcanization of the NBR phase can further stabilize the blend
morphology and improve the interfacial bonding between
phases.”””" However, the potential of using PVDF/NBR blend
as a stretchable piezoelectric material has not been explored. In
this research, PVDF/NBR blends were formed using a
precipitation printing method, where a solution of both PVDF
and unvulcanized NBR dissolved in N,N-dimethylformamide
(DMF) are precipitated inside a water bath and solidified as
polymer blends that can be vulcanized by subsequent hot
pressing.”’ This polymer blending method was inspired by
previous studies that have shown the promotion of § phase
PVDF for piezoelectricity through solvent exchange and phase
inversion of the PVDF/DMEF /water system.32_35 Therefore,
phase composition, blend morphology, piezoelectric properties,
and stretchability of the precipitation-printed then hot-pressed
PVDF/NBR blends were characterized in this paper as the
fundamentals for stretchable sensor applications. In addition,
the developed piezoelectric PVDF/NBR sensors have been
verified to have reliable and accurate strain/stress sensing
performance in a large strain range with negligible strain/loading
rate and pre-stretch dependence, which can overcome some
limitations of existing stretchable strain/stress sensors under
dynamic loading conditions.'>'**°~*

2. RESULTS AND DISCUSSION

2.1. Fabrication of PVDF/NBR Blends. Four different
weight ratios of the PVDF/NBR printing inks (20PVDFS8ONBR,
40PVDF60NBR, 60PVDF40NBR, 80PVDF20NBR, where the
number in front of each polymer component is its weight
percent out of total solid) along with neat PVDF (100PVDF)
and neat NBR (100NBR) inks were obtained by dissolving the
corresponding polymers and vulcanization agents in DMF to
form 15 wt % solutions. The polymer inks were then
precipitation-printed in a water bath to produce thick films
(ca.0.2—1.5 mm thickness) of unvulcanized PVDF/NBR blends
using a solution dispensing three dimensional (3D) printer
(Figures 1A and S1). Based on literature studies and our own
experiments, lower water bath temperature promotes polar
phase formation during the precipitation process (Figure S2 and
Section 2.2 in the Supporting Information).”****>** B
considering both 8 phase formation and printability, 0 °C ice/
water mixture was selected as the printing bath. After
precipitation printing, unvulcanized PVDF/NBR blends were
hot-pressed at 150 °C, which was also optimized for  phase

preservation (Figure S3 and Section 2.3 in the Supporting
Information) to induce vulcanization and reduce porosity.

2.2. Characterization of PVDF/NBR Blends. The
chemical structure of the precipitation-printed and hot-pressed
PVDE/NBR blends was investigated through Fourier transform
infrared (FTIR) spectroscopy, and the resulting spectra of six
different mixing ratio samples are shown in Figure 1B. The
intensity of C—H stretching absorption band increases as the
NBR amount increases, which is attributed to the methylene
group of the butadiene part (symmetrical stretching at 2850
cm™' and asymmetrical stretching at 2920 cm™'). Similar
increasing trends can also be seen at 2237 and 968 cm™!, which
are C=N stretching of the acrylonitrile part and C—H wagging
of the trans-1,4-structure of the butadiene part. The crystalline
phases of PVDF can be determined by the characteristic peaks of
a, ff, and y phases. For all samples that contain PVDF, no clear o
phase peak at 762 cm ™' can be seen, yet an intense /3 phase peak
at 1275 cm ™" and a y phase shoulder at 1234 cm™" can be clearly
observed. The quantitative phase fraction calculation based on
the FTIR absorption peaks in Table S2 also shows that up to
88.2% [ phase fraction can be achieved in PVDF/NBR. This
means the prepared PVDF/NBR blends have dominant polar
phase and some extent of less polar y phase in the crystalline
region of PVDF, which provides the chemical structure basis of
piezoelectricity. The crystalline phases of the PVDF/NBR blend
can be further verified through X-ray diffraction (XRD), which is
presented in Figure 1C. All samples with PVDF content exhibita
main f phase peak around 26 = 20.7° (200/110) and a y phase
shoulder at 26 = 18.5° (020), while no clear a_/phase peakat20=
17.6° (100) and 19.9° (021) can be seen.*~*” As an amorphous
polymer, 100NBR only shows an amorphous dome without any
diffraction peak. Moreover, by using differential scanning
calorimetry (DSC) to study the melting and glass transition
behaviors (Figures S4 and S5, Table S3), the PVDF/NBR blend
is found to be an immiscible (heterogeneous) polymer blend
with three phases: crystalline PVDF, amorphous PVDF, and
amorphous NBR.

To further study the morphology of the PVDF/NBR blends,
scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) were performed on the surfaces of
PVDF/NBR films. Figures S6—S11 show the large-area SEM
images and EDS mappings of the chemical elements C, F, N, and
S, where uniformly distributed PVDF (F mapping), NBR (N
mapping), and sulfur (S mapping) are observed for all PVDF/
NBR blends. Higher-magnification SEM images and EDS
mappings in Figure 1D show a unique blend morphology of
the surface of the PVDF/NBR formed by precipitation printing
then hot pressing (S0PVDF40NBR as an example). Unlike the
surface of the reference 60PVDF40NBR blend formed by
casting then solvent evaporation that has large NBR craters
(diameters of 10—20 pm) in Figure 1E, the 60PVDF40NBR
produced by precipitation printing then hot pressing in this work
has a submicron-level phase separation which remains stable
after vulcanization. The mechanism of this polymer blend
morphology formation is similar to the widely studied
immersion precipitation method to produce porous membranes,
where the DMF has nearly instantaneous diffusion into water to
facilitate solvent exchange while NBR and PVDF nucleate
simultaneously without enough time and mobility for polymer—
polymer diffusion.”® The lack of polymer—polymer diffusion
allows the precipitation-printed PVDF/NBR blend to keep a
submicron-level demixing of PVDF and NBR without NBR
phase coarsening like cast PVDF/NBR films. To have a better
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Figure 2. Mechanical, dielectric, and piezoelectric properties of PVDF/NBR blends. (A) Young’s modulus and modulus at 100% elongation of the
different blends. (B) Tensile strength and elongation at break of the different blends. (C) Stretchability of a 20PVDF8ONBR sample. (D) Five
consecutive loading—unloading cycles of a 20PVDF80NBR sample and the three stages of the first loading—unloading cycle: (i) initial state, (ii) peak
strain state, (iii) unloaded state. (E) Dielectric constant of different blends with respect to frequency. (F) Loss tangent of different blends with respect
to frequency. (G) Piezoelectric charge coefficients of the different blends. (H) Piezoelectric voltage coefficients of the different blends.

understanding of the blend morphology, the precipitation- about 25% remaining strain, which mainly came from its
printed then hot-pressed 60PVDF40NBR is also etched by hot viscoelasticity and plastic deformation from the PVDF phase
DMF to remove the PVDF phases. The resulting surfaces in due to its low yield strain.”"*° However, after the PVDF phase
Figure 1F show that the remaining crosslinked NBR phase has a was plastically deformed, the following four consecutive cycles
continuous and highly interlocked morphology with removed had almost identical stress—strain curves, lower hysteresis, and
PVDEF pores, but the average size of the PVDF phase cannot be lower peak stress compared to the first cycle. The remaining
determined due to the swelling of NBR after DMF etching. In strain in these four cycles was only caused by the time-
addition, more SEM images and EDS mappings of the surfaces dependent viscoelasticity, which could be recovered if given
and tensile fracture cross sections of different blend ratios in enough settling time. Thus, preconditioning of the PVDF/NBR
Figures S12—S14 further support the submicron-level phase sensor before application by stretching through the operating
separation. Therefore, the precipitation-printed then hot- strain range and then releasing is a simple and effective approach
pressed PVDF/NBR can be considered as a continuous to improve repeatability and reduce the hysteresis of this
elastomer phase above the micron level, which is different material (Figure S15). It has also been shown that the
from typical two-phase piezoelectric nanocomposites with phase viscoelastic hysteresis is strain-rate-dependent, which reduces
sizes from several to tens of microns.'®'** as the strain rate increases (Supporting Information Section

2.3. Mechanical, Dielectric, and Piezoelectric Proper- 7.3). Therefore, to be used as a stretchable sensing material,
ties. The mechanical properties of the PVDF/NBR blends were high-NBR-content PVDF/NBR exhibits high elongation,
tested through tensile testing and are shown in Figure 2A,B. In consistent stress—strain curves under cyclic loading, and low

Figure 2A, the Young’s modulus drops significantly from 1045 hysteresis under high strain rates, which is highly desirable for
MPa (100PVDF) to 16.2 MPa (20PVDFSONBR) as the NBR dynamic sensing conditions.

weight fraction increases, and the modulus at 100% elongation The dielectric properties of the PVDF/NBR blends are
of 20PVDF80NBR is only 2.8 MPa. Similarly, the tensile measured in the frequency range from 20 Hz to 2 MHz. In
strength of the blends decreases as the NBR weight fraction Figure 2E, the dielectric constant of all blends drops as the
increases (Figure 2B). However, the addition of NBR provides frequency increases, while the drop above 100 kHz is more
exceptional stretchability to the blend. The average elongation at significant with higher NBR content. In addition, we noticed an
break increases from 7% (100PVDF) to 544% abnormal phenomenon that the dielectric constant of the

(20PVDF80NBR), which is attributed to the high elongation PVDFE/NBR blend is higher than both neat PVDF and NBR
(902%) of neat NBR. The stretchability of PVDF/NBR blend (Figure S16a). This phenomenon has been previously

using 20PVDF80NBR as the example is demonstrated in Figure discovered for other polymer blends, where the nanoscale
2C and a tensile test video (Movie S1). Figure 2D shows the mixing of two dipolar polymers can slightly increase the chain
stress—strain curves of a 20PVDF80NBR sample under 100% spacing and thus reduce the dipole reorientation barriers.”" In
strain cyclic loading with a 0.1 s7! strain rate. After the first Figure 2F, the loss tangent curves of the blends show an a
loading—unloading cycle, the 20PVDF80NBR sample had relaxation that moves toward the lower frequency and has a

22323 https://doi.org/10.1021/acsami.3c01168
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Figure 3. Characterization of the stretching mode 20PVDF80NBR sensors. (A) Schematic of its working principle. (B) Normalized voltage and stress
response to a triangle strain excitation. (C) Voltage—stress response with a linear fit and nonlinear voltage—strain response. (D) Linear range and
operating range of the voltage—stress curve with error bands. (E) Operating range of the voltage—strain curve with error bands. (F) Frequency-
independent and strain-rate-independent voltage—stress slopes. (G) Frequency-independent and strain-rate-independent voltage—strain curves up to
60% strain. (H) Strain-rate-independent voltage—strain curves with various strain amplitude excitations at 0.5 Hz. (I) Effect of pre-stretch strain on
dynamic stress sensing. (J) Effect of pre-stretch strain (10—50%) on dynamic strain sensing.

higher peak value with an increasing amount of NBR.*” The loss
tangent on the low-frequency end (Figure S16b) has a dramatic
increase as the NBR content increases, which can be explained
by the Maxwell-Wagner polarization of heterogeneous materials.
The high loss tangent of NBR attributes to the dielectric
constant difference between the NBR and remaining sulfur or
accelerator that induces interfacial charges.”

The longitudinal and transverse piezoelectric properties of the
blends after electric poling are shown in Figure 2G,H. By using a
0/90° alternating infill pattern for precipitation printing, PVDF/
NBR blends are expected to have transversely isotropic
piezoelectric properties, which has been verified for 100PVDF
(Figure S17). Thus, d;; and g3, are measured to represent the
transverse piezoelectric properties, and the piezoelectric proper-
ties of 100PVDF and commercial stretched PVDF films are
compared in Table S4. In Figure 2G, both piezoelectric charge
coeflicients dy; and d;; decrease as the PVDF content reduces,
yet the decrease in d; is more significant than ds;. Similarly, after
considering the dielectric constant of the blends, the piezo-
electric voltage coeflicient g3 in Figure 2H has a steeper drop
than g3, as the PVDF weight fraction decreases, due to the
anisotropy between the longitudinal and transverse modulus of
the hot-pressed blends (Figure S18). For low-PVDF-content
blends such as 20PVDF80NBR, the transverse piezoelectric
coefficients are higher than the longitudinal piezoelectric
coeflicients, indicating a more sensitive stretching mode sensing
performance than the compression mode.
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2.4. Characterization of PVDF/NBR Sensors. To be used
as a stretchable piezoelectric sensor, the electrode material must
also have high stretchability. In this research, an electrically
conductive nanocomposite consisting of multiwalled carbon
nanotubes (MWCNTs), NBR, and photocuring agents was
developed. This conductive nanocomposite electrode was
formed by solvent evaporation from its suspension in a DMF/
tetrahydrofuran (THF) mixed solvent, which was then cross-
linked via a photocuring process according to the literature.>* It
should be noted that a fast-drying and photocurable electrode
material is desired for piezoelectric sensors because it avoids
additional high-temperature curing after application onto
already electrically poled piezoelectric materials which may
experience dielectric relaxation at the elevated temperature
required for thermally cured electrodes. The stretchability and
resistance of the MWCNTs/NBR electrode are shown in Figure
S19, where the electrode can be stretched to 100% strain without
any permanent damage. The Young’s modulus of the
MWCNTSs/NBR nanocomposite is measured to be 14.5 MPa,
which matches the Young’s modulus of high-NBR-content
PVDE/NBR blends like 20PVDEFSONBR and ensures low
overall stiffness of the sensors. After coating and curing the
stretchable electrode on the poled PVDF/NBR, open-circuit
voltage (Vo) instead of charge (Q) was measured as the
piezoelectric signal for sensing, due to a lower temperature
sensitivity of V¢ near room temperature (Figure $20).

The PVDE/NBR piezoelectric sensors have two operation
modes: stretching mode (g3, mode) and compression mode (g35
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Table 1. Comparison of the Stretching Mode Piezoelectric PVDF/NBR Sensor in This Work with other Stretchable Piezoelectric

Sensors
category type material
pattern design kirigami PVDF film and PDMS
kirigami PVDF film and PET film

PVDF film and UV film
PVDF microfibers and VHB film
PVDF nanofibers and PDMS

serpentine structure
wavy structure

wavy structure

material design nanocomposite PZT /silicone
nanocomposite PZT/PDMS
nanocomposite PMN-PT/MWCNTs/silicone
nanocomposite BaTiO;/PDMS
sandwich composite PVDEF-TrFE nanofibers/PDMS
polymer blend PVDF/NBR

stretchability ~maximum sensing strain ~ strain rate dependence  reference
30% yes 13
320% yes 12
35% 11
>350% yes 8
110% 100% yes 9
>200% 50% yes 18
254% 19
> 200% yes 16
yes 49
>30% 21
544% 70% no this work

mode). Stretching mode sensors are used for elongation and
bending curvature measurements in wearable sensors or soft
actuator calibrations where the dynamic excitation is in the
transverse direction, so the 20PVDFS8ONBR blend is chosen
based on its high stretchability, low modulus, and hysteresis.
Figure 3 presents the characteristics of the stretching mode
20PVDF80ONBR sensors including the working principle
(Figure 3A). When subjected to a triangle wave strain excitation,
the corresponding stress and voltage generation of a
20PVDF80NBR sensor were plotted in Figure 3B. Although
the strain excitation is a linear triangle wave, the stress response
is nonlinear due to viscoelasticity and hysteresis. The generated
voltage follows a similar trend as the stress. At the end of the
cycle, the unrecovered strain causes buckling (Figure 2D) which
explains the negative stress and voltage due to slight
compression. If only observing the first half-cycle and plotting
the voltage against the stress and strain, it is clear that the
generated voltage is proportional to the stress but has a
nonlinear relationship with the strain (Figure 3C). This study
reveals that although exhibiting nonlinearity with hysteresis,
20PVDF80NBR has sufficient stress transfer efficiency between
the phases even under high strains because the piezoelectric
voltage generated by the crystalline f phase PVDF is
proportional to the apparent stress experienced by the entire
polymer blend. However, the voltage—strain curve is nonlinear
which is attributed to the nonlinear stress—strain curve of the
polymer blend (Figure 2D). Next, the operating range of
20PVDF80NBR sensors was measured by repeatedly stretching
a 20PVDF80NBR sensor to 100% strain. In Figure 3D, the
20PVDF80NBR sensor has a monotonic voltage—stress curve
with an operating stress range up to 2.2 MPa, including a linear
range up to 1.4 MPa. The voltage—strain curve is monotonic
below 70% strain, indicating the maximum operating strain (&,,)
for strain sensing is 70% (Figure 3E). When the strain is above
70%, the generated voltage tends to saturate, which can be
explained as an equilibrium between the voltage generation rate
from the piezoelectric effect and the voltage draining rate based
on the system time constant. Furthermore, the frequency
dependence of the sensing behavior was investigated by using
triangle wave excitations with various frequencies and
amplitudes. Figure 3F shows the linear fitting slope of the
voltage—stress (V-0) response of a 20PVDF8ONBR sensor
under excitation frequencies from 0.25 to 4 Hz with a constant
strain amplitude of 60%, which corresponds to strain rates
ranging from 0.3 to 4.8 s™". The results show that the voltage—
stress slope is frequency-independent and strain-rate-independ-
ent according to a one-way analysis of variance (ANOVA, p =
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0.945). Similarly, the nonlinear voltage—strain response is also
frequency and strain rate-insensitive for strains up to 60%
(Figure 3G). Another test was performed on the same sensor
with a fixed frequency of 0.5 Hz and various strain amplitudes,
which corresponded to strain rates from 0.06 to 0.6 5. In Figure
3H, all voltage—strain responses with different strain rates and
strain amplitudes follow a consistent curve, confirming the strain
rate independence of this sensor. In addition, the hysteresis
study in Figure S21 shows that the 20PVDF80NBR sensor has
negligible voltage—stress hysteresis, and its stress—strain and
voltage—strain hysteresis decrease as the strain rate increases,
making the sensor suitable for dynamic stress/strain measure-
ments. Moreover, the influence of pre-stretch strain on the
dynamic sensing performance was investigated by applying a
dynamic sinusoidal strain excitation (Figure S22a) on a pre-
stretched 20PVDF80NBR sensor. In Figure 31, the measured
voltage—stress slopes do not have significant dependence on the
pre-stretch strain below 60% according to one-way ANOVA (p
= 0.939), while the slope decreases as the pre-stretch strain
exceeds 70%. On the other hand, the voltage—strain curves
exhibit a consistent trend when the pre-stretch strain is below
50% (Figure 3]) but start having a significant dependence on the
pre-stretch strain when it is above 60% (Figure $22b). Finally,
the 20PVDF80NBR sensor was also shown to be capable of
sensing small changes in stress and strain, such as dynamic
strains as low as 0.15% (Figure $23). Therefore, stretching mode
20PVDF80NBR can be used as both stretchable strain and stress
sensors that only require calibrations prior to operation, which
can provide simple and repeatable dynamic strain/stress
measurements with a 70% operating strain range. It also allows
for highly reliable strain/stress sensing up to 50% strain with
advantages such as strain rate independence and negligible pre-
stretch influence. These unique features make the stretching
mode PVDF/NBR blend an outstanding strain sensing material
with intrinsic stretchability compared to other existing works
(Table 1), especially under dynamic loading conditions. To
further improve stretchability and operating strain range, smart
pattern design can be applied to PVDF/NBR blend as the base
material to fabricate ultrastretchable piezoelectric sensors in the
future.

Compression mode sensors are used for tactile sensing,
pressure, and normal force measurements, where the dynamic
excitations are in the longitudinal direction. Considering the
balance between transverse stretchability and longitudinal
piezoelectric sensitivity (gs33), both 40PVDF60NBR and
20PVDF80NBR were tested as compression mode sensors in
this research, yet 40PVDF60NBR was preferred for better
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Figure 4. Characterization of the compression mode 40PVDF60NBR sensors. (A) Schematic of its working principle. (B) Voltage response with
respect to stress and strain. (C) Voltage response to triangular compressive stresses with increasing amplitudes. (D) Linear range of the voltage—stress
curves. (E) Voltage response to small-amplitude sinusoidal compressive stresses. (F) Linear voltage—stress relationship for small amplitudes. (G)
Frequency- and loading-rate-independent voltage—stress slopes. (H) Frequency- and loading-rate-independent nonlinear voltage—strain curves. (I)
Effect of transverse direction pre-stretch strain on longitudinal stress sensing.

sensitivity with moderate stretchability (274%). The character-
istics of the 40PVDF60NBR compression mode sensors are
presented in Figure 4 including the working principle (Figure
4A), while the characteristics of the more stretchable but less
sensitive 20PVDF80NBR compression mode sensors are
discussed in Figure S24 in the Supporting Information. It
should be noted that during all compression tests, the two
compression plates were never released from the sensor surfaces
and a small compressive preload was always applied to the sensor
to avoid any triboelectric effect. When a 40PVDF60NBR sensor
was subjected to an increasing compressive load, the voltage—
stress response was linear and the voltage—strain relationship
was nonlinear (Figure 4B), which is attributed to the nonlinear
compressive modulus. Moreover, for large-amplitude compres-
sive stress sensing, a 40PVDF60NBR sensor was excited by
triangular compressions with increasing amplitude, and the
voltage generation aligned with the stress input after high-pass
filtering out the low-frequency drift due to the time constant of
the system (Figure 4C). By plotting peak voltages with respect
to peak stresses (Figure 4D), the voltage is again proportional to
the stress in the compression mode, with a linear range up to
about 4.8 MPa compressive stress (corresponding compressive
strain 16%). In addition, the resolution of its dynamic sensing
ability was demonstrated by measuring the voltage output under
small-amplitude sinusoidal compressive excitations (Figure 4E),
which can be as low as 0.01 MPa. The various voltage amplitudes
and stress amplitudes in this test were plotted in Figure 4F, and
they could be well fitted by a linear function (R* = 0.998).
Furthermore, the frequency and loading rate dependence of the
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compression mode 40PVDF60NBR was investigated by
applying triangular compressive loads with different frequencies
but a constant load amplitude. When under 0.25—4 Hz
triangular compressive wave excitations, which correspond to
loading rates from 0.07 to 1.12 kN s/, the slopes of the linear
voltage—stress relationships show no significant dependence on
the excitation frequency or loading rate according to one-way
ANOVA (p = 0.782, Figure 4G). On the other hand, although
the voltage—strain curves are nonlinear, they consistently follow
the same trend regardless of frequency or loading rate (Figure
4H). Finally, the effect of transverse direction pre-stretch strain
on longitudinal sensing performance was investigated by
stretching a 40PVDF60NBR sensor to target strains and
measuring the longitudinal piezoelectric responses simulta-
neously. From Figure 4], it can be seen that the slope of voltage—
stress relationships is almost identical when the pre-stretch
strain is below 40%, which allows for reliable compression
stress/force sensing even on stretched substrates. Thus, when
used as a stress/force sensor in the compression mode, with only
a voltage—stress slope calibration prior to operation,
40PVDF60NBR sensors can measure dynamic stress or force
based on the voltage with high resolution and repeatability,
which is also loading rate and pre-stretch insensitive.

2.5. Verification and Application of PVDF/NBR
Sensors. To be used as reliable and accurate strain/stress
sensors for various applications, PVDF/NBR sensors were
bonded to multiple substrates to verify their sensing perform-
ance. The strain measurement accuracy of stretching mode
20PVDF80ONBR sensors on three different materials was verified
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Figure S. Verification and application of PVDF/NBR sensors. Strain verification of stretching mode 20PVDF80NBR sensors when bonded to: (A)
Shore 30A silicone rubber, (B) Shore 62A silicone rubber, and (C) polyester fabric. (D) Force verification of a compression mode 40PVDF60NBR
sensor when embedded in a silicone structure. (E) Schematics of a pneumatic soft actuator with an inflation sensor and a contact sensor. (F) Sensing
demonstration in a free actuation case without any external load. (G) Sensing demonstration in a loaded actuation case. (H) Compression mode force
sensing demonstration in unstretched and pre-stretched (33% strain) cases.

through digital image correlation (DIC). In Figure SA, a
20PVDENBR sensor was bonded to a soft silicone rubber
(Shore 30A) by a silicone adhesive and tested uniaxially, and the
voltage output was recorded to predict the tensile strain
according to the previously calibrated voltage—strain curve for
this sensor. The local strain under the sensor covered area
measured by DIC agreed with the strain prediction using the
voltage measurement, indicating a reliable local strain prediction
after bonding to a substrate. However, the far-field strain of the
soft silicone measured by the tensile test frame was always higher
than the sensor local strain, which was caused by the modulus
mismatch between the soft silicone and the sensor with adhesive.
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When a sensor was attached on a stiffer silicone rubber substrate
(Shore 62A), not only the local strain but also the far-field strain
matched the strain prediction based on voltage reading due to
the lower sensor modulus than the substrate (Figure SB). A
20PVDF80NBR sensor was also bonded to a less stretchable but
porous polyester fabric to test a different type of substrate, and
the strain prediction was verified by both the local and far-field
strain measurements (Figure SC). Thus, stretching mode
20PVDF80NBR sensors can accurately measure local strain of
any substrates after bonding, without affecting the substrate
strain distribution if substrates have comparable or higher
modulus than the sensor and adhesive. For ultrasoft substrates,
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sensors made of higher-NBR-content blends (e.g.,
10PVDF90NBR) can be fabricated and bonded with softer
silicone adhesives. The stress (or force) measurement accuracy
of a compression mode 40PVDF60NBR sensor embedded in
soft structures was verified based on a commercial piezoceramic
force sensor. It should be noted that only force is directly
measurable because of unknown contact area. When applying
external forces to a 40PVDF60NBR sensor in a silicone structure
on top of a fixed piezoceramic force sensor (Figure S25), the
force predicted by the 40PVDF60NBR sensor, and the same
force measured by the piezoceramic force sensor is shown in
Figure SD. The force prediction and reference measurement are
in close agreement with each other, while some slight
distinctions still exist due to the contact surface alignment
error and discharging time constant difference between the two
sensors. Similarly, the force measurement verification of a
compression mode 20PVDF80NBR sensor is presented in
Figure S26. In general, the verification results confirm that these
two modes of PVDF/NBR sensors can be used on soft structures
for reliable strain and force measurements.

Furthermore, a 20PVDF80NBR inflation sensor (stretching
mode) on the top and a 40PVDF6ONBR contact sensor
(compression mode) on the bottom of a finger-shaped
pneumatic soft actuator (Figure SE) demonstrated the
application of stretchable PVDF/NBR sensors. Two open-
circuit voltages, V; and V,, were measured from the inflation
sensor and contact sensor, respectively, and then were used to
calculate the top surface inflation strain and bottom tip contact
force based on calibration curves. Figure SF shows a free
actuation case without any external load, where the actuator was
inflated and deflated twice with different inflating times (Movie
S2). The inflation sensor had active strain measurements when it
was stretched during the inflation process, and its strain
measurements tracked the two different bending curvatures.
On the other hand, the contact sensor on the less stretchable
bottom surface showed negligible force change during the
inflating and deflating cycles, which was caused by the voltage
generation from unavoidable bottom surface stretching in the
transverse direction and undesirable wire vibration-induced
high-impedance voltage change. Figure 5G shows a loaded
actuation case, where the actuator was inflated, blocked by a
cylindrical obstacle, and deflated (Movie S3). In this case, the
inflation sensor picked up a change in strain as the inflating
process began, and then had a reduction in strain rate after the
actuator touched the obstacle. Though having a similar inflating
time, the peak strain in the loaded actuation case was lower than
the second inflating cycle in the free actuation case, indicating a
decreased bending curvature due to the blockage. The tip
contact sensor started showing significant force reading after the
actuator touched the obstacle, and the force exerted on the
contact sensor went up as the inflating process continued. It
should be noted that at the time of deflation, the actuator was
suddenly released from the obstacle, causing a strong voltage
spike in the contact sensor measurement due to the triboelectric
effect (Section 8.2 in the Supporting Information). This resulted
in a meaningless force prediction from the contact sensor right
after it was detached from the obstacle.

To further demonstrate the force sensing capability of
stretchable compression mode PVDF/NBR sensors, a
40PVDFG60NBR sensor bonded to a Shore 62A silicone was
tested with and without transverse pre-stretch strains. A
compressed air source with a constant pressure was used as
the longitudinal force excitation to the sensor, which had no

direct contact with the sensor surface to avoid triboelectric
effect. In Figure SH, at the moment when the compressed air
was turned on, a sudden spike of force (~4 N) was measured by
the sensor due to the impulse, followed by a stabilized force of 2
N with slow decay due to the constant air pressure. When the
compressed air was turned off, a sudden drop in force reading
followed by slow decay was observed. Comparing the force
measurements in both unstretched and pre-stretched (33%
strain) cases, the peak impulse force and the stabilized force are
consistent, confirming a reliable force measurement from the
sensor regardless of the pre-stretch strain. The main difference
between the two cases is the signal decay rate, which is caused by
the change of sensor capacitance and resistance after stretching.
In general, the stretchable PVDF/NBR sensors demonstrate
promising dynamic strain and stress (force) sensing capabilities
for soft structures, while additional methods to remove
triboelectric contribution such as flexible shielding>> and using
flexible electronics®®*” to enable in situ signal conditioning are
needed for future practical operations.

3. CONCLUSIONS

A novel stretchable piezoelectric PVDF/NBR polymer blend is
produced through precipitation printing then hot pressing for
vulcanization, which exhibits strong # phase PVDEF, a blend
morphology of submicron-level phase separation, and a high
stretchability up to 544%. The resulting PVDF/NBR blend can
be considered as a continuous elastomer phase above the micron
scale, which behaves like rubber and is different from typical
two-phase piezoelectric nanocomposites. After electric poling
and adding stretchable electrodes, the PVDF/NBR blend shows
outstanding piezoelectric properties, which can be used as both
stretchable dynamic strain (stretching mode) and stress
(compression mode) sensors. The stretching mode
20PVDF80NBR sensors have an operating sensing range up
to 70% strain, which is strain-rate-independent in the range from
0.06 to 4.8 s and insensitive to pre-stretch up to 50% strain.
The compression mode 40PVDF60NBR sensors have a linear
voltage—stress relationship below 4.8 MPa stress, with loading
rate independence in the range from 0.07 to 1.12 kN s™! and
transverse pre-stretch independence up to 40% strain. Based on
these advantages, the two demonstrations of the pneumatic soft
actuator with two sensors and the sensor on a pre-stretched soft
substrate show the potential application of PVDF/NBR sensors
for reliable and accurate sensing of stretchable structures under
dynamic loading conditions, which can be used for wearable
sensing devices, soft actuator calibration, and soft robot control.

4. EXPERIMENTAL SECTION

4.1. PVDF/NBR Printing Ink Preparation. PVDF powder (Kynar
301F) was first dissolved in DMF (ACS certified, Fisher Chemical) to
form a 15 wt % clear solution (100PVDF ink) via magnetic stirring and
sonication (Branson M2800), while unvulcanized NBR (KNB 40M,
Kumho Petrochemical) was also dissolved in DMF to form a 15 wt %
uniform but opaque solution via sonication (sonic dismembrator model
500, Fisher Scientific). 1 wt % sulfur (Akrochem) and 1 wt % N-
cyclohexyl-2-benzothioazole sulfenamide (Accelerator CBTS, Akro-
chem) based on the NBR solid weight were added into the NBR/DMF
solution for further mixing to obtain I00NBR ink. For different ratios of
PVDE/NBR blend inks, 100PVDF and 100NBR inks were mixed based
on the corresponding weight ratios, followed by vortex mixing.

4.2. MWCNTs/NBR Conductive Paste Preparation. First, 0.87 g
of unvulcanized NBR was dissolved in 3.48 g of DMF via sonication.
Then, 8.08 g of THF (ACS certified, Fisher Chemical) was added to the
solution and mixed again. Next, 0.13 g of MWCNTs (Cheap Tubes)
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were added into the solution and dispersed uniformly through
sonication and magnetic stirring to form a conductive paste. Before
painting the electrodes, 87 mg of trimethylolpropane tris(3-
mercaptopropionate) (Sigma-Aldrich) and 17 mg of diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (Sigma-Aldrich) were also added to
the paste for subsequent photocuring.

4.3. PVDF/NBR Piezoelectric Sensor Fabrication. Prepared
PVDF/NBR printing inks were precipitation-printed inside an ice/
water mixture bath with a 24-gauge nozzle, 7 mm s~ printing speed,
and 3—4.5 psi pressure (Table SS), using a gantry system (AGS1500,
Aerotech) and a high-precision dispenser (Ultimus V, Nordson EFD).
After precipitation printing, rectangular shape samples (thickness
ranging from 0.2 to 1.5 mm) were dried at 80 °C for 4 h to remove
residual water and DMF inside the samples. Subsequent hot pressing
was performed on the rectangular shape samples at 150 °C and 0.5—60
MPa (Table S5) for 2 h to reduce the porosity of the samples and
induce vulcanization at the same time. Direct contact electric poling was
applied to hot-pressed samples using flat aluminum blocks as electrodes
in an 80 °C oil bath. The poling electric field strength was set to be the
highest before breakdown for different types of samples (Table S2),
ranging from 30 to 100 MV m~ L After poling, both sides of the PVDF/
NBR piezoelectric sensors were painted with the prepared MWCNT/
NBR conductive paste, which was dried at room temperature for 4 h
and UV-light-cured to form highly stretchable electrodes.

4.4. Characterization and Testing Methods. The detailed
characterization and testing procedures, setups, and methods are
provided in Section 9.2 in the Supporting Information and Figure S27.
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