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Skin-Integrated Graphene-Embedded Lead Zirconate Titanate
Rubber for Energy Harvesting and Mechanical Sensing

Yiming Liu, Ling Zhao, Lingyun Wang, Huanxi Zheng, Dengfeng Li, Raudel Avila,
King W. C. Lai, Zuankai Wang, Zhaogian Xie,* Yunlong Zi,* and Xinge Yu*

Thin, soft, skin-like electronics capable of transforming body mechanical
motions to electrical signals have broad potential applications in biosensing
and energy harvesting. Forming piezoelectric materials into flexible

and stretchable formats and integrating with soft substrate would be

a considerable strategy for this aspect. Here, a skin-integrated rubbery
electronic device that associates with a simple low-cost fabrication method
for a ternary piezoelectric rubber composite of graphene, lead zirconate
tinanate (PZT), and polydimethylsiloxane (PDMS) is introduced. Comparing
to the binary composite that blend with PZT and PDMS, the graphene-
embedded ternary composite exhibits a significant enhancement of self-
powered behavior, with a maximum power density of 972.43 pW cm~ under
human walking. Combined experimental and theoretical studies of the
graphene-embedded PZT rubber allow the skin-integrated electronic device
to exhibit excellent mechanical tolerance to bending, stretching, and twisting
for thousands of cycles. Customized device geometries guided by optimized
mechanical design enable a more comprehensive integration of the rubbery
electronics with the human body. For instance, annulus-shape devices can
perfectly mount on the joints and ensure great power output and stability
under continuous and large deformations. This work demonstrates the
potential of large-area, skin-integrated, self-powered electronics for energy

1. Introduction

Thin, soft skin-integrated electronics
have attracted great attentions due to
their advantages such as flexible, light-
weight, and mechanical compatible with
human body, thus offer unique capa-
bilities in detecting vital information
and continuous monitoring human
health.'"8]  Recent advances in mate-
rials  development,®  electronics
miniaturization,'*2% mechanics optimi-
zation, 182124 and system-level integra-
tion'7:2>-28 build up the foundations for
flexible and stretchable electronics(2%-32
which are able to be integrated together
with skin. Considering power supply for
this new kind of soft electronics, conver-
sion of mechanical energy from human
body activities and motions to elec-
tricity is a considerable route.[>133334
Various kinds of technologies, such as
piezoelectric,35-49 triboelectric,[*1-47]
electromagnetic,*® and pyroelectric/**->1
have been considered and studied.

harvesting as well as human health related mechanical sensing.
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Among these self-powered technologies,
piezoelectric generators have proven to
be a great candidate as energy harvesters
for skin-integrated or even biointegrated electronics, due to
the combination of their excellent electrical properties and
advanced mechanical designs.>!8°2°3 Materials and mechan-
ical engineering in piezoelectric materials, including lead zir-
conate tinanate (PZT),[1:11:18:19.2438] pyDF [20.2153] BaTi0,, 36254
NaNbO;, > and ZnOP>3¢ have been made great progress and
realized outstanding electromechanical properties. However,
complicated fabrication processes involving high temperature
deposition, multiple steps photolithographs, physical/chemical
etchings, and transfer printings are typically needed to meet the
requirement of flexibility.l'7:18:57-5]

To realize rapid and low-cost processing techniques for
soft piezoelectric based electronics, inherent flexibility of the
materials should be carefully considered, as which affords
the possibility for large-area fabrication relevant routes, such
as screen-printing and roll to roll technologies.”) One prom-
ising method for realizing inherent flexible piezoelectric
materials is designing polymer-matrix composites which
typically consist of piezoelectric ceramic powders and sili-
cone rubbers (polydimethylsiloxane, PDMS).[111560-63] Thig
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kind of composite enables significant decrease of modulus
from tens of GPa in pure piezoelectric ceramic to 10>~10* kPa,
and therefore enhance their stretchability.'"1>% However,
these reported composites are mostly utilized as strain sen-
sors for mechanical sensing, rather than energy harvesters,
which is due to the extremely high internal impedance and
very limited current output.®¥ The conductivity of such com-
posite (=10 S m™!) is extremely low, even when the ratio
of PZT is enhanced to 50%.°1 Notably, the composite of
PZT:PDMS = 50:50 is already very stiff, sacrificing its advan-
tage of flexibility.l)! Therefore, decreasing the internal imped-
ance of the composite could effectively improve the piezo-
electric properties, and thus provide the possibility for soft
energy harvesters.® We summarize the performances of
the piezoelectric materials in energy harvesting as shown in
Table S1 of the Supporting Information.

Here, we present a simple rubbery like piezoelectric thin film
associating with a ternary composite with graphene-embedded
PZT:silicone blends, which provides a low-cost skin-like plat-
form for conversion of mechanical motions to electricity and
sensing of human activities. This kind of piezoelectric rubber
exploits advances in materials, electronics, mechanics, and
microfabrication schemes, which serve as the foundations
for self-powered, ultrathin (thickness of 1.2 mm), lightweight
(67.3 mg cm~2), and soft, skin-integrated electronics. The mod-
ulus of the best graphene-embedded PZT rubber was measured
to be =1 MPa (Figure S1, Supporting Information). Comparing
to the binary piezoelectric (PZT:PDMS) rubbery system, the
optimized ternary-based piezoelectric rubber with 0.33%
graphene exhibits slightly smaller output voltage but much
greater short-circuit current density of 13.23 pA cm™ under
foot stepping. Under the guidance of the theoretical calculation,
advanced device geometries are experimentally realized, and
the corresponding devices allow seamless, conformal integra-
tion with skin under extreme deformation and normal daily
activities.

2. Results and Discussion

Figure 1a shows schematic illustrations of the soft rubbery
piezoelectric-based electronic device. The construction took
the form of a multilayer stack that started with a thin soft
PDMS (thickness of 0.25 mm, modulus of 70 kPa) as a revers-
ible, soft adhesive substrate and interface to the skin. Flexible
metal traces (10 nm Cr/200 nm Au, 200 um width) serving
as in-plane electrodes for piezoelectric thin films were sup-
ported and selectively encapsulated by thin polyimide layers
(PI, 2 um). The double layers of PI not only acted as electrical
encapsulation, but also provided mechanical strain isolation.
The exposed area of the metal traces was in direct contact with
the piezoelectric layers. Ternary piezoelectric rubbers served
as the active elements, which consisted of 81.70 wt% PZT
powders (average size of 0.9 um), 0.33 wt% graphene, and
17.97 wt% PDMS (thickness of 0.68 mm, Figure 1b; Figure S2,
Supporting Information). Another 0.25 mm thick soft silicone
(PDMS, 70 kPa) was coated on top as overall encapsulation
layer. The fabrication details can be found in the Experimental
Section. The overall dimension of the rubbery piezoelectric
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based device was 44 x 27 mm (length x width) and 1.2 mm of
thickness. The majority parts of the electronic device consist
of thin, soft silicones or rubbers, which can afford conformal
and comfortable mounting onto various regions of the body
(Figure S3, Supporting Information). The only high modulus
component in this system was the metal electrodes, however,
whose stretchability was excellent attributing to the optimized
mechanical property (Figure 1c). Figure 1d presents the details
of the metal electrode for the piezoelectric rubbers, which used
symmetric design of serpentine patterns on both sides of the
electrodes for ensuring great stretchability in various directions.
After integration the thin piezoelectric rubbers and top PDMS
encapsulation layers with the stretchable electrodes, the entire
system still maintained excellent flexibility and stretchability,
which was soft enough to be mounted on the skin without any
irritation (Figure 1e,f).

Figure 1g presents the scanning electron microscopy (SEM)
image and the energy-dispersive X-ray spectroscopy (EDX) of
the ternary piezoelectric rubbery thin film that consisted of
81.70% of PZT, 17.97% of PDMS, and 0.33 wt% of graphene,
where we can observe uniform distributions of lead (Pb),
zirconium (Zr), and titanium (Ti) elements over the test area
in the piezoelectric rubber film. Figure S4 of the Supporting
Information shows more EDX distributions including carbon,
oxygen, and silicon elements. The results indicate great uni-
formity of PZT particles in the rubbery film. The 3D finite
element analysis (FEA) guided the design of the metal elec-
trode geometries and entire device layout to achieve a high
mechanical performance while minimizing the strain in the
Au traces under various skin deformations (see the Supporting
Information for details). The simulated strain distribution in
the Au traces and corresponding optical images for a repre-
sentative device mounted on a phantom skin (75 X 50 x 5 mm?
soft PDMS with a modulus of 130 kPa similar to that of skin)
are shown in Figure 1h,i for stretching, bending and twisting
deformations (for additional optical images refer to Figure S5,
Supporting Information). To simulate the deformation in the
device, the phantom skin was subjected to a set of displace-
ment and rotational boundary conditions corresponding to
the specific loading conditions. For stretching, a displacement
boundary condition corresponding to 20% stretch was applied
to the two ends of the phantom skin, which stretched the device
by =15.2%. For bending, a 160° bending angle was applied to
the two ends of the phantom skin, which subjected the device
to a =30 mm bending radius. For twisting, the two ends of the
phantom skin were subjected to a 90° twisting angle. For all
the cases, the maximum principal strains in the Au traces are
=~1%, significantly less than the fracture strain 5% of Au,[®!
which demonstrates the capabilities of the device to experience
large deformation during operation without fracturing.

Figure 2a shows the output electrical signals (open-circuit
voltage and short-circuit current) of the soft PZT rubbers asso-
ciating with different graphene concentrations as a function
of various stresses at a constant frequency of 16 Hz. Both the
open-circuit voltage and short-circuit current of all the PZT
rubbers showed strong dependence on the mechanical stress,
where output signals increased with the increase of the stress.
Compared to the pure PZT rubbers without any graphene
embedding, those graphene-based PZT rubbers showed an
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Figure 1. Soft, skin-integrated rubbery electronics with a graphene-embedded PZT/PDMS composite as functional layer. a) Schematic illustration
of a skin-like piezoelectric rubbery electronic device. b) Schematic diagram of the ternary piezoelectric rubbers consist of PZT powders, PDMS, and
graphene. c) Optical image of the in-plane electrodes for piezoelectric thin films with Pl supporting layer and PDMS substrate. d) Enlarged optical image
of the electrode pattern. e,f) Optical images of the rubbery piezoelectric electronics attached on the surface of forearm, and deformations together
with skin. g) Scanning electron microscope of surface morphology for a PZT/PDMS/0.33 wt% graphene thin film, and the corresponding energy-
dispersive X-ray spectroscopy (EDX) images illustrating the distribution of Pb, Zr, and Ti. h,i) FEA results of strain distribution and optical images of

the piezoelectric rubbery device under bending, stretching, and twisting.

obvious decrease of the output voltage with the growing weight
ratio of graphene at a stress of 20.9 kPa (Figure S6, Supporting
Information). However, the output current increased with the
increasing graphene contents and achieved a maximum point
as the graphene weight ratio of 0.33%, then decreased with
further increase of the weight ratio of graphene (Figure S6,
Supporting Information). As a result, the output power of the
0.33% graphene-embedded PZT rubbers of 32 nW enhanced
~17 times that of the pure PZT rubbers (1.9 nW). Figure 2b
shows the plots of output voltage and current for PZT rub-
bers with different graphene ratios as functions of frequencies
(the input stress is fixed at 20.9 kPa). Similar trends were
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observed as the output signal versus stresses, where both the
output voltage and current of the graphene embed PZT rubbers
increased with the input frequencies, whereas the pure PZT
rubbers showed little dependence on the input frequencies.
Meanwhile, the trade-off behaviors between current and voltage
of the graphene-embedded system could result in significant
enhancement of the overall output power.

The results showed that the open-circuit voltage decreased
significantly with growing weight fraction of graphene, which
was due to the difficulty of poling such piezoelectric rub-
bers with higher dielectric constants (g,).1°? Meanwhile, it is
found that the output voltage and current of the composites
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Figure 2. Studies of the electrical properties for the graphene-embedded piezoelectric rubbers. a) Open-circuit voltage, short-circuit current of the
piezoelectric rubbers with various graphene weight ratios as function of stress under a constant frequency of 16 Hz, and b) as function of frequency
under a constant stress of 20.9 kPa as the contact area is 2 cm X 2 cm. c) Dielectric constant in the frequency range of 3 x 102 to 10° of the piezoelectric
rubbers with different graphene weight ratios. d) Mechanical durability characterizations of the rubbery device with 15 000 continuous working cycles

under the load and frequency of 20 kPa and 10 Hz, respectively.

increased with the increasing of the stress. At the stress of
20.9 kPa with the frequency of 16 Hz, the power output of the
device incorporated with 0.33 wt% graphene reached to the
highest value (32 nW) with voltage and current of 59 mV and
553 nA, respectively. Dielectric properties of the PZT rubbers
with different graphene ratios were measured using an imped-
ance analyzer (Zahner, Germany) in a broad range of frequen-
cies with an AC input (voltage amplitude of 10 mV) at room
temperature (Figure 2c), where it can be observed that the
¢, increased with the growing ratio of graphene. The results
suggested that the &, enhancement resulted in the output
electricity improvement. Graphene is a well-known high con-
ductivity material, which could increase the conductivity of
the PZT rubbers and thus lead to a lower the inherent resist-
ance and higher €. However, too low inherent resistance of
graphene-embedded composites prevents their poling.[646768]
As a summary, PZT rubbers with 0.33 wt% graphene was
proved to be the best rubbery piezoelectric thin films, which was
then conducted for a fatigue measurement to investigate the
stability. Figure 2d shows the output voltage of the 0.33 wt%
graphene-embedded PZT rubbers under 18 000 cycles of
20 kPa mechanical stress loading at a frequency of 10 Hz.
No changes in amplitudes observed after thousands of tests
proved the great stability and durability of the graphene-
embedded PZT rubbers, which indicated the system can
be integrated with skin or wearable parts for long-term
use. The repeatable and stable electrical output signals in
these graphene-embedded PZT rubbers indicate the great
uniformity and distribution of the graphene and PZT.
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External force applied to the 0.33 wt% graphene-embedded
PZT rubbers by finger touching, poking, tapping and fist
striking yielded corresponding responses associating with
output voltage and current variations (Figure 3a—c). The
uniform responses of both current and voltage afforded the
skin-integrated devices for accurate sensing external pressure
across a broad range from several kPa to MPa. For instance,
the measured electrical range (voltage from 0.38 to 3 V, cur-
rent from 13.5 nA to 1 pA) indicated pressures of touching
of =2.5 kPa, poking of =12.5 kPa, tapping of =37.5 kPa, and
striking of 0.15 MPa (Figure 3b,c). Here the measurement
was conducted based on contact and separation between the
finger and the sensor. Moreover, the self-powered nature in the
piezoelectric materials allowed the skin-integrated PZT rubbers
for energy harvesting from daily body activities. Continuously
striking the device by a fist yielded a maximum output power of
3 uW (voltage of 3 V and current of 1 nA), which was sufficient
to power many kinds of wearable electronics.’*”] Connecting
these PZT rubbery devices to rectifier bridges could rectify
the voltage for capacitor charging, which demonstrated their
capability for energy harvesting and management (Figure S7,
Supporting Information). Figure 3d demonstrates the superior
sensitivity of the soft PZT rubbers, as the response is very clear
to the breath (the examiner blew to the device perpendicularly,
the distance is =9 cm). Four different intensities of breathing,
corresponding with flow range from 0.71 standard liter per
minute (SPLM) to 7.38 SPLM stimulated the PZT rubbers
yielding output voltage from 0.06 to 6.47 mV (Figure 3d). These
sensing measurement and results demonstrated the potential
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Figure 3. The output signals of the rubbery devices under different external loads. a) Optical images illustrating four different external loads on a
representative piezoelectric rubbery device: (i) touching (=2.5 kPa), (ii) poking (=12.5 kPa), (iii) tapping (=37.5 kPa), and (iv) fist striking (0.15 MPa).
b,c) Electrical responses in the piezoelectric rubbery devices to four loads, open-circuit voltage (b) and short-circuit current (c) versus loads. d) Open-
circuit voltages of the piezoelectric rubbery devices under loads induced by various flows: (i) halitus (0.71 SPLM), (ii) blowing slightly (1.88 SPLM),
(iii) blowing a little harder (2.81 SPLM), and (iv) blowing hard (7.38 SPLM).

applications of the soft piezoelectric rubbers in clinically rele-
vant tests and more fields of biomedical engineering.

Large deformations of human bodies typically happen at the
joints areas, such as wrists, elbows, and knees, which can afford
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greater strains for mechanical energy harvesting. Therefore,
wearable devices that can conformally integrate on these joint
areas and enhance the power conversion efficiency. Figure 4a
shows photos of a representative graphene-embedded PZT
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Figure 4. Integration of the piezoelectric rubbery devices on the joints. a) Optical images of a rectangle-shape rubbery device mounted on the wrist,
and two motions, including wrist swinging slightly and normally. b,c) Open-circuit voltage and short-circuit current of the piezoelectric rubbery devices
under four wrist bending modes, (i) bending slightly and slowly (5°, 1 Hz), (ii) slightly and fast (5°, 4 Hz), (iii) normally and slowly (15°, 1 Hz), and
(iv) normally and fast (15°, 4 Hz). d) Schematic illustration of the annulus-shape device. e) Optical image of the annulus-shape electrode pattern.
f) Optical image of the annular-shape device mounted on the knee. g) Optical images of the annular-shape device under three mechanical distortions,
including bending, stretching, and twisting, and its corresponding FEA results of strain distribution. h,i) Comparison of open-circuit voltage and short-
circuit current of the annular-shape device under four external distortions, associating with knee bending of 0°, 45°, 90°, and 135° (the inset images).
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rubber device mounted a wrist under different bending angles.
Figure 4b,c summarizes the open-circuit voltage and short-
circuit current signals of the device under the four different
stimuli, (i) bending slightly and slowly (5°, 1 Hz), (ii) slightly
and fast (5°, 4 Hz), (iii) normally and slowly (15°, 1 Hz), and
(iv) normally and fast (15°, 4 Hz). The output signals showed
strong relevance to both frequencies and bending angles, which
was consistent with the results shown in Figure 2. A maximum
voltage of 0.8 V and current of 58 nA were achieved by the
PZT rubbers when the wrist bended at a normal angle and
4 Hz of frequency. It is obvious that the voltage output is more
relevance to strain while current output is more sensitive to
frequency (Figure 4b,c). These PZT rubbery electronics can also
be integrated on some highly pressing relevant locations of the
body for collecting energy from large forces, such as stepping
by foot. Figure S7 of the Supporting Information shows a PZT
rubbery device integrated to a heel of a person (weight, =80 kg),
and thus harvesting energy from daily motions such as walking
and running. Due to the high pressure induced by the heel, the
PZT rubbery device mounted on the heel yielded an average
output voltage and current of 5 V and 52.9 A, respectively.
Largely deformed joints (knees and elbows) often provide
more mechanical forces, however, the rectangle-shaped PZT
rubbery devices cannot guarantee completely conformal lami-
nation due to the unique curvatures of these joints. Combing
materials engineering and advanced mechanical designing
could overcome this shortcoming. Here, we designed an
annulus-shaped PZT rubbery devices with a center hollow
layout, which ensured sufficient stress applied on the piezo-
electric areas and avoided delamination in the center area
at the same time (Figure 4d—f). Figure 4d shows schematic
illustration of the annular-shape PZT rubbery device that shares
the same layout with the device shown in Figure la. However,
this geometry adopted an annular-shape along with serpentine
interconnects as electrodes (Figure 4e), that avoided stress con-
centrated on certain areas and provide “empty” area for joints.
The design can protect the device from too large deformations
(over 90°) caused damage such as the knee bending largely
and fast. Computed distributions of strain in the Au traces of
the metal electrodes and corresponding optical images of the
device on a phantom skin (75 x 50 X 5 mm? soft PDMS with a
modulus of 130 kPa) in Figure 4g show the results for bending,
stretching, and twisting deformations. The device with circular
electrodes was modeled in the phantom skin, which was sub-
jected to a set of displacement and rotational boundary con-
ditions corresponding to the loading conditions of the joint
areas. For stretching, a displacement boundary condition cor-
responding to 16% stretch was applied to the two ends of the
phantom skin, which stretched the circular device by =14.2%.
For bending, a 160° bending angle was applied to the two ends
of the phantom skin, which subjected the device to a =45 mm
bending radius. For twisting, the two ends of the phantom skin
were subjected to a 70° twisting angle. The maximum principal
strains in the Au traces are mainly distributed in the center area
for the bending and stretching modes and =1%, significantly
less than the fracture strain 5% of Au, which demonstrated the
excellent conformal (flexibility and stretchability) and operating
capabilities of the device in the joint areas where large defor-
mation was expected. Figure 4h,i present the outputs of the
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annulus-shaped PZT rubbery device under three different knee
motions (insets of Figure 4h,i), where the maximum open-
circuit voltage and short-circuit current were 1.2 V and 2.6 pA
as the knee bends at 135°.

3. Conclusion

In summary, we introduced a thin, soft piezoelectric device
capable of laminating on nearly every parts of the body, as a
skin-integrated system for energy conversion from mechanical
activity to electricity and strain sensing. This platform com-
bined the advances in materials engineering and mechanical
designing, provided a new route for realizing self-powered elec-
tronic skins. Simply introducing graphene into the PZT, PDMS
blend films could effectively enhance the piezoelectric output
performance and improve the flexibility, thus significantly lower
the fabrication cost simply the processing steps. Experimental
and theoretical studies of the piezoelectric rubbery materials and
device architectures build foundations and guidelines for the
design of skin-like piezoelectric devices. Demonstrations of such
devices in pressure sensing in a broad range and energy har-
vesting from daily body monitions indicate potential applications
in self-charging wearable electronics, clinical relevance breathing
monitoring and others in skin-electronics related areas.

4. Experimental Section

Fabrication of the Piezoelectric Rubbers: As shown in Figure 1b, the ternary
piezoelectric rubbers consist of PZT, PDMS, and graphene, where the PZT
powder was purchased commercially (diameter of 0.9 um on average,
Xi’an Yisheng Electronics Co. Ltd., China), PDMS used was Sylgard 184
from Dow Corning Corporation, and graphene powder (average thickness
of 1.75 nm; the purity >99 wt%) was purchased from Suzhou Hengzhu
Graphite Technology Co., Ltd., China. PZT (10 g), graphene powders (30,
40, 45, and 50 mg), and PDMS (2.2 g, 10:1 weight ratio) were pour into a
speed mixer at speed of 500 rpm for 1 h to form rubbery precursors with
different blend ratios. Then, the mixtures were transferred into an agate
mortar and subsequently grinded for 1 h at room temperature. After fully
dispersion, the PZT/PDMS composites with graphene of varying weight
ratios were poured into marked beakers for film casting.

Assembly of the Piezoelectric Rubbery Devices: Figure S9 of the
Supporting Information shows the assembling process of the device. The
fabrication started on a quartz glass, which was first cleaned by acetone,
isopropanol and deionized water (DI water) sequentially. A PMMA thin
film was spin-coated onto the glass at 2000 rpm (20 mg mL™") for 30 s
and then baked on a hotplate at 200 °C for 20 min, which served as the
sacrificial layer. A thin layer of Pl was spin-coated on the PMMA (poly,
amic acid solution 12.0 £ 0.5 wt%, 2 um) at 3000 rpm for 30 s, baked at
250 °C for 30 min. Next, Au/Cr (200/10 nm) were sputtered onto the PI
film, and then patterned by photolithography and etching yielding metal
traces in the desired geometries. Here a positive photoresist (PR, AZ
5214, AZ Electronic Materials) was spin-coated at 3000 rpm for 30 s,
soft bake on a hot plate at 110 °C for 4 min, then exposed to ultraviolet
light for 5 s, and finally developed for 15 s in a solution (AZ 300MIF).
After development, the PR was removed by acetone and rinsed by DI
water. Then, spin casting another layer of PI (2 um at 3000 rpm for 30 s
(annealed at 250 °C for 30 min) and then selectively etched by Oxford
Plasma-Therm 790 RIE system (patterns defined by photolithography
similar as previous step) at the power of 200 W for 10 min, to form
encapsulation layers for all the interconnection areas besides the
electrodes areas. Immerse the sample, covered by a glass sheet wrapped
by dustless cloth, in acetone for 12 h, dissolving the PMMA layer.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Next, water soluble tapes (WSTs) were used to as stamps to pick up
the patterns. Exposing the receiving PDMS substrates and the WSTs to
UV induced ozone to create chemical groups between the electrodes
and PDMS substrates to enhance the bonding strength. Attaching the
WSTs on the PDMS and then heated in an oven at 70 °C for 10 min
formed strong bonding. Immersing the sample in water to remove the
WSTs successfully realized soft stretchable electrodes. Next piezoelectric
rubbery precursors were screen-printed onto the stretchable electrodes
via screen-printing assisted by a laser cut steel mask (0.68 mm thick,
area of 44 x 27 mm). After blade-coating the piezoelectric rubbery
precursor, the sample along with the steel mask were heated at 120 °C
for 30 min until the PZT rubber completed cured. Finally, the top PDMS
encapsulation layer with a thickness of 2 um was spin-coated and cured.

Characterization: The voltage output data were collected by a
PL3516/P Powerlab 16/35 with a constant sampling frequency of
2 x 10* Hz. The current output data were collected by a Keysight B1500A
Semiconductor Analyzer. The surface morphology was observed by
a scanning electron microscopy (FEI Quanta 450 FESEM). The elastic
modulus of PZT/PDMS/0.33 wt% graphene composite was measured
using a material testing machine (Lloyd LS1, AMETEK, USA) with an
elongation speed of 50 mm min~' at room temperature. The dimension
of the composite is 50 x 10 mm.

FEA: The commercial software ABAQUS (User's Manual V6.10) was
used to design the devices and optimize their mechanical performance.
The focus of the optimization is to minimize the strain in Au layer
when the device undergoes different types of external loads (stretching,
bending, and twisting). The PDMS phantom skin and PZT/PDMS/
graphene composite were modeled by hexahedron elements (C3D&R)
while the thin Au layer and Pl films were modeled by composite shell
elements (S4R). The number of elements in the model is =1.2 x 107,
and the minimal element size is 1/8th of the width of the narrowest
interconnects (200 um). The mesh convergence of the simulation
was guaranteed for all cases. The elastic modulus (E) and Poisson’s
ratio (V) of the materials are Ep, = 79 GPa, v5, = 0.4, Ep = 2.5 GPa,
Vo = 0.34, Egin = 130 kPa, Vg, = 0.49, Eppus = 70 kPa, Vepus = 0.49,
Ecomposite = 22 GPa, and Veomposite = 0.32 for the PZT/PDMS/graphene
composite.

The experiments involving human subjects have been performed with
the full, informed consent of the volunteers.
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Supporting Information is available from the Wiley Online Library or
from the author.
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