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ABSTRACT: Structures such as 3D buckling have been widely used to impart stretchability to devices. However,
these structures have limitations when applied to piezoelectric devices due to the uneven distribution of internal
strain during deformation. When strains with opposite directions simultaneously affect piezoelectric materials, the
electric output can decrease due to cancellation. Here, we report an electrode design tailored to the direction of
strain and a circuit configuration that prevents electric output cancellation. These designs not only provide
stretchability to piezoelectric nanogenerators (PENGs) but also effectively minimize electric output loss, achieving
stretchable PENGs with minimal energy loss. These improvements were demonstrated using an inorganic
piezoelectric material (PZT thin film) with a high piezoelectric coefficient, achieving a substantial maximum output
power of 8.34 mW/cm®. Theoretical modeling of the coupling between mechanical and electrical properties
demonstrates the dynamics of energy harvesting, emphasizing the electrode design. In vitro and in vivo experiments
validate the device’s effectiveness in biomechanical energy harvesting. These results represent a significant
advancement in stretchable PENGs, offering robust and efficient solutions for wearable electronics and biomedical
devices.

KEYWORDS: piezoelectric nanogenerators, stretchable electronics, inorganic, 3D structure, energy harvesting

Piezoelectric nanogenerators (PENGs) are utilized across frequency vibration.'"'”~*" However, these conventional
various engineering fields. PENG devicle§ are extensiy_e}}or designs are limited when they are applied to flexible and
adopted in applications such as wearable,”” implantable, stretchable formats.

structural monitoring,“_14 and environmental >~'® due to
their ability to harvest energy from natural movements to
power electronic components. This capability is particularly
advantageous in scenarios where battery replacement is
challenging or when a continuous, low-power supply is
essential. In the early stages of PENG research, cantilever-
shaped inorganic piezoelectric devices were extensively
studied, enabling efficient energy harvesting from high-
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Figure 1. Principle and design of the S-PENG with curvature-specific electrodes. (a) Structure of the S-PENG. Compressive buckling induces
regions with positive (red) and negative (blue) curvatures, generating opposite local polarity across the PZT layer in response to strain. (b)
Representation of the conventional electrode design that electrically coupled regions with different curvatures. (c) Finite element analysis
(FEA) for the 3D PZT nanogenerator with conventional electrodes, showing output voltage and strain after compressive buckling. Scale
bars, 100 gm. (d) Output voltage and (e) electrical energy fraction generated during elongation with a strain rate of 90% per second. (f)
Illustration of the curvature-specific electrode design. (g—i) Output voltage and strain (g), output voltage (h), and electrical energy fraction

(i) of the device with curvature-specific electrodes, respectively.

There have been ongoing efforts to develop stretchable
PENGs (S-PENGs), which can be categorized into two

approaches: using polymer-based piezoelectric materials™* ™’

or employing strain-insensitive structures (e.g., serpentine,?’l’32
3D buckling,**™** and kirigami*****”). Polymer-based piezo-
electric materials, such as polyvinylidene fluoride (PVDF) and
copolymers like poly(vinylidene fluoride—trifluoroethylene)
(P(VDF-TrFE)), offer a high mechanical stretchability
(~2%) and low stiffness (~2.5 GPa), thereby broadening the

potential applications of S-PENGs.”® However, their piezo-
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electric coefficient is more than 10 times lower than those of
ceramic-based piezoelectric materials, leading to significantly
reduced output power.39 To enhance the performance of
organic polymer-based S-PENGs, organic—inorganic hybrid
materials have been developed.””™** While these composite-
based S-PENGs have demonstrated improved energy efficiency
over polymer-based PENGs, they exhibit a low piezoelectric
coefficient and electric output.”** (Table S1)

Conversely, various studies have investigated the use of
strain-insensitive structures in piezoelectric materials as a
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promising approach for developing S-PENGs.””*'~>"*" The

pioneering studies in this field demonstrated the potential of
inorganic ceramic-based S-PENGs by imparting stretchability
(~8%) to buckled PZT films.”* However, the 3D buckling
structure simultaneously generates local internal strains in
opposite directions within the PZT, significantly reducing the
electrical output. Not only buckling structures but also most
strain-insensitive designs induce uneven local strain distribu-
tions, resulting in electrical output cancellation and consid-
erable energy loss. Due to these structural limitations, despite
the high piezoelectric coeficients and potential of inorganic
piezoelectric materials, the integration of strain-insensitive
structures with inorganic-based S-PENGs has not been
successfully achieved. Similarly, despite recent efforts to design
S-PENGs using organic piezoelectric materials combined with
strain-insensitive structures, the issues of low piezoelectric
coefficients and energy loss have not been re-
solved 2931,32,36,37,41

In this study, we report an approach that imparts
stretchability to inorganic piezoelectric materials while
minimizing energy loss through a curvature-specific coupling
electrode design tailored for strain-insensitive structures (i.e.,
3D buckling). To prevent the opposing local strains in the
buckled PZT from canceling out the electrical output, the
electrodes were divided into convex and concave regions
according to the direction of the induced output voltage.
Additionally, electrodes with outputs in the same direction
were connected in parallel, whereas those with outputs in
opposite directions were connected in series. This electrode
design and circuit configuration ensure that the induced
electrical energy is effectively used in the external load. To
validate the effectiveness of this approach, theoretical and
numerical analyses were conducted, demonstrating that the
predicted electrical output of the S-PENGs closely matched
the experimentally measured values. We show that this S-
PENG achieves a power density of 8.34 mW/cm?, higher than
those of conventional stretchable PENGs. The performance
was further confirmed through wearable applications and in
vivo energy harvesting from a porcine heart.

RESULTS AND DISCUSSION

Principle and Design of the S-PENG. The S-PENG is
realized through the compressive buckling of planar devices,
addressing the inherent challenges posed by the material’s
limited elastic modulus and maximum tensile strain. This
approach incorporates 3D structures featuring wavy piezo-
electric ribbons that partially detach from elastomeric
substrates. The structure is induced by locally bonding flat
PZT thin films to prestrained substrates. As the prestrain is
released, the unrestrained regions (buckling regions) of the
PZT thin film buckle upward (Figure la). By exploiting the
buckled PZT layers, the global strain of the device is converted
into flattening of the curvature, thereby mitigating strain within
the thin PZT film. The precise control over the 3D buckling
shape, including wavelength and amplitude, is achieved
through the extent of prestrain of the substrate and other
design parameters such as the location of bonding sites
between the device and prestrained substrates.”* ™"’

The electrical polarity induced by the deformation of the
PZT surface during stretching motion is governed by the strain
exerted on the local region. When the neutral plane of the S-
PENG is positioned beneath the PZT layer, the areas with
negative curvature (convex regions) near the apex of the

curved configuration (blue region in Figure la) experience
tensile strain, whereas the areas with positive curvature
(concave regions) near the trough anchored to the substrate
endure compressive strain (red region in Figure la). The
difference in the local strain causes the output voltage in the
opposite direction when the device is subject to mechanical
deformation.

Conventional PENGs operating in the d31 mode induce an
electric field femendicular to the direction of the mechanical
stress.””>¥** These devices typically utilize a sandwich
structure with two electrodes covering either the top or the
bottom sides of the PZT layer (Figure 1b). However, the
conventional design’s electrical connection between regions
with opposite curvatures significantly undermines the energy
efficiency. The equivalent circuit model shown in the bottom
diagram of Figure 1b elucidates the diminished output voltage
of these nanogenerators. The piezoelectric layer with varying
curvatures within one buckling period was modeled as four
capacitors connected in parallel. These capacitors are directly
interconnected through the Au and Pt, which induces
immediate internal current flow between the capacitors with
opposite curvature during stretching motion. This internal
current lasts until it invalidates the vertical voltage difference of
the PZT layer and dissipates the capacitive energy in each
region (Eccc and Ecyc) into Joule heating energy (E;,)
through the internal resistance.

Figure lc depicts the finite element analysis (FEA)
simulation results of the strain in the xx direction (g;) in
the buckling structure after the release of prestrain of the
substrate to estimate the output voltage. Despite the locally
nonzero deformation in the xx direction, the average value is
zero, and the temporal output voltage essentially approaches
zero. Figure 1d illustrates the output voltage during the more
realistic scenario of elongation of the device with a strain rate
of 90% per second. The analytical solution (Supporting Note
1) for the output voltage demonstrates the decay of output
voltage of convex (blue) and concave (red) regions within
approximately 10 ns due to the internal current. The electrical
energy fraction over time, summarized in Figure le, shows that
conventional electrodes dissipate the generated total electrical
energy (E,.) as Joule heating (E;,) due to internal current,
rather than harvesting it through external load (E,,) elements.

In contrast, Figure 1f introduces a segmented electrode
structure based on their corresponding curvature. Unlike
conventional electrode designs, our approach involves precisely
patterning electrodes segmented within regions that share the
same curvature. Subsequently, these curvature-specific cou-
pling electrodes are connected at their terminals in a series
configuration, effectively consolidating regions with the same
curvature (polarity) and interconnecting regions with opposite
polarities in series. The equivalent circuit model in the bottom
of Figure 1f demonstrates electrical insulation between
electrodes with different curvatures in principle due to the
large resistance across polyimide gap, resulting in the dominant
current flow through the external load. By connecting the
capacitors with opposite curvature in series, the averaging out
of the total output voltages is prevented. Figure 1g shows the
simulation results for the strain and output voltage. While the
strain level shows little difference, depending on the electrode
design, the output voltage is clearly distinguishable. The
analytical solution results for the transient dynamics of the
voltage generated in the S-PENG with the curvature-specific
coupling electrodes design are demonstrated in Figure 1h.

https://doi.org/10.1021/acsnano.4c09933
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Figure 2. Fabrication process of the S-PENG. (a) Schematic illustration of the fabrication process for the S-PENG. Scale bars, 1 cm. (b—d)
Optical images of the device on PI after the first transfer printing (b) and on the strained (c) or sequentially released (d) Ecoflex after the
second transfer printing. (e) Optical images of the uni- and biaxially stretchable 3D PZT nanogenerators with curvature-specific coupling

electrodes. Scale bars: 500 pum.

Unlike the conventional S-PENG, where the local output
voltage decays rapidly, the proposed S-PENG design inhibits
the decay of the output voltage in the convex (blue) and
concave (red) regions. This is achieved by preventing internal
current through the separated electrode design. Additionally,
the serial connection between regions with opposite curvature
results in the total output voltage being twice the magnitude of
the local output voltage. This increase in the output voltage
leads to improved energy efficiency. Unlike the conventional
design, where energy waste due to internal current was
dominant, the curvature-specific coupling electrode design
allows all the electrical energy generated in the S-PENG to be
utilized by the external load (Figure 1i).

Fabrication Process. The implementation of the curva-
ture-specific coupling electrode design requires a fabrication
technique capable of controlling local curvature in a

34099

predetermined manner while remaining compatible with planar
photolithography for electrode segmentation and global
interconnection. Compressive buckling based on residual-
stress-induced bending addresses these requirements effec-
tively. Figure 2a illustrates the fabrication process for an S-
PENG with curvature-specific electrodes. A two-step trans-
ferring process was developed, first from the wafer to a
polyimide (PI) layer and then from the PI layer to a
prestrained elastomeric substrate. This process accommodates
the high-temperature annealing process of PZT, protects it
from process chemicals, and forms bonding sites to the
substrate for a controlled buckling structure.

The process begins with a bare silicon wafer serving as a
temporary substrate. Before the bottom electrode is deposited,
a double-layer stack of Cr and SiO, is deposited. The Cr layer
maintains mechanical stability during the high-temperature

https://doi.org/10.1021/acsnano.4c09933
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Figure 3. Validation of the S-PENG. (a, b) Open-circuit voltages of the convex (blue) and concave (red) regions. (c) Voltage measured
between electrodes with conventional (yellow) and curvature-specific design (red). (d) Experimental and analytical output voltages of the S-
PENG, measured with external loads of S0 Mohm. (e) Measured (dots) and theoretically calculated (solid line) voltage and current under
different external resistances varying from 0.1 MQ to 1 GQ at 2 Hz. (f) Comparison of current density of the S-PENG from this work and
other references as a function of deformability. Detailed information can be found in Table S1. (g—i) On-body evaluation of the S-PENG.
Output voltage and current recordings from the S-PENG, attached to the knee (g), hand (h), and finger (i) in wearable applications, with an

external load of 100 Mohm. Scale bars: 5 cm.

annealing process of the PZT and serves as a sacrificial layer
subsequently. The SiO, upper layer acts as a protective barrier
for the PZT during exposure to the Cr etchant used for
separating the device from the silicon wafer. Next, Pt is
deposited to create the bottom electrodes, chosen for their
stability during the PZT annealing process and their ability to
enhance the crystallinity of the PZT material. The PZT thin
film has a nominal thickness of approximately 500 nm to
ensure mechanical flexibility of the curved structure. The
sputtered PZT layer is lifted off using prepatterned photoresist
to minimize chemical damage, offering advantages over wet
etching methods involving nitric acid (HNOj;) and hydrogen
fluoride.

34100

Following annealing of the PZT thin film layer at 650 °C
(Figure S1), the top and interconnect metals are patterned,
and the top side of the device is encapsulated with polyimide
(PI). In the first transfer-printing step, a poly-
(dimethylsiloxane) (PDMS) stamp is utilized to transfer the
device to the PI film by dissolving the sacrificial Cr layer.
Anchoring sites are incorporated to hold the device before the
pick-up process. Bonding sites to the elastomeric substrate are
defined using patterned SiO, after the first transfer to PL
Figure 2b illustrates the top and bottom sides of the device
after the first transfer-printing (Figure S2). The adhesive
region is covered with SiO, to ensure local fixation of the
device to the elastomeric substrate via siloxane bonding. The
second transfer to the prestrained elastomeric substrate and the

https://doi.org/10.1021/acsnano.4c09933
ACS Nano 2024, 18, 34096—34106
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Figure 4. In vivo evaluation of the S-PENG. (a) Schematic illustration of a 30 kg porcine model and the attachment position of the S-PENG
for biomedical applications. (b) Open-circuit voltage at an orientation of 0°. (c, d) Open-circuit voltage (c) and magnified views (d) at an
orientation of 90°. (e) Maximum peak values of the open-circuit voltage measured at each orientation (0 and 90°). The error bar is the
calculated standard error (95% confidence interval). (f) Mechanical stability of output voltage generated from the S-PENG. The output
voltage increases in correlation with the bending strain induced by the porcine heart movement and maintains high stability over 1700
cycles. (g) Open-circuit voltages as a function of time, measured before and after epinephrine injection, and (h) corresponding heart rates,

increasing from 148 to 170 bpm.

release of the prestrain complete the fabrication process. Poling
was performed prior to compressive buckling in silicone oil at
150 °C with an applied voltage of 80 kV/mm. A temporary
parallel connection circuit was constructed to match the
direction of poling in vertical direction (Figure S3a,b). This
temporary circuit configuration is replaced by serial inter-
connection after poling to maximize the efficiency of energy
harvesting (Figure S3c,d).

Figure 2¢,d depicts the images of the device attached to
prestrained and sequentially released elastomeric substrates,
respectively (Figure S4). The bottom images show the FEA
results visualizing the local strain in the xx direction after the
formation of compressive buckling, indicating opposite strain
depending on the curvature. These local strains in opposite

34101

directions enhance the dielectric polarization in the concave
regions and weaken it in the convex regions, creating a voltage
difference between these regions (Figure S3e—g). Figure 2e
presents the images of uni- and biaxially stretchable PENGs
with curvature-dependent coupling electrodes. The biaxially
stretchable PENG can maximize energy harvesting from the
2D motion exhibited by the surface of human organs. Various
design configurations can be explored to tailor the performance
to the varying stretching scenarios.

Experimental Demonstration and On-Body Applica-
tions. To experimentally demonstrate the feasibility of
utilizing stretchable PZT ribbons with curvature-specific
coupling electrodes, the output of a single strap of the S-
PENG was tested under various circumstances. The stretch-
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ing/bending stage and the ribbons under test are depicted in
Figure SS. Figure 3ab illustrates the opposite signs of the
change in the open-circuit voltages depending on the curvature
(convex or concave). In the initial state without global strain,
the PZT ribbons are in a 3D buckling shape, and there is no
voltage difference between the top and bottom electrodes. As
the PZT ribbons flatten with global strain, the regions return to
their original polarization levels (poling), resulting in decreased
polarization in concave regions and increased polarization in
convex regions. During this process, the capacitive charges in
the top and bottom electrodes remain mostly stationary in
open circuit, leading to the concave region (blue) exhibiting a
negative output voltage, while the convex region (red) shows a
positive output voltage (Figures S6 and S7). Figure 3c shows
the output voltage of the S-PENG depending on the circuit
configuration (serial or parallel interconnection) (Figure S8).
When the convex and concave regions are electrically
interconnected in parallel, the equivalent circuit of the S-
PENG is shown in Figure S8a and is equivalent to the circuit
configuration of the S-PENG with conventional electrodes
described in Figure 1b. Therefore, the voltage generated in
each region cancels out, significantly reducing the energy
harvesting efficiency. Conversely, when they are connected in
series, the voltages generated in each region undergo
constructive interference, resulting in an enhanced overall
output voltage. The trends observed in the experimental data
align with those predicted by theoretical analysis, lending
credibility to the mechanisms of the curvature-specific coupling
design.

Figure 3d and Figure S9 show the output voltages of the S-
PENG, both experimentally measured and theoretically
predicted (Supporting Note 1), with external loads of 10, 50,
and 100 Mohm. The theoretically predicted voltage—time
curve (eq S16) accurately conforms to the observed
experimental data.
4Empztbpzt(dpzt - Zn)

kAW,

pzt " 'in

‘/output(t) =
e_anintRexttpzt/kiApz((anext-'—Rim)t

/t a(l + €pre)A eanint‘Rexttpzt/EApzt(anext+Rint)tdt
0 ot

where ¢ represents the effective piezoelectric constant and t,,,
by, and A, denote the thickness, width, and area of the PZT
layer, respectively. d,. and z, are the z-positions of the center
of the PZT layer and the neutral plane, respectively. k is the
effective dielectric constant, Wy, is the length of the buckling
region, n represents the number of the periodic buckling
structures, and R, and R, are the internal resistance and
external load, respectively. Further demonstrating a character-
istic of the S-PENG, the switching polarity test showed polarity
inversion when electrical lead-out connections are reversed
(Figure S10), thus validating the piezoelectric effect of the S-
PENG.

Figure 3e and Figure S11 illustrate the output characteristics
of the S-PENG under varying external load resistances ranging
from 0.1 MQ to 1 GQ. The measured voltage and current
outputs (red and blue dots) align closely with the theoretical
predictions (solid lines), showing an increase in the voltage
and a corresponding decrease in the current as the resistance
increases. The power density, derived from these measure-
ments, peaked at approximately 8.34 mW/cm® at S0 MQ,

demonstrating optimal performance under this condition.
Peaks in the current signal (external load; 100 Mohm) were
observed during moments of stretching and releasing. Based on
these peaks, the current density of the S-PENG, calculated as
15.64 puA/mm? is comparatively higher than those of other
reported PENGs (Figure 3f and Table S1).%207%304050758
The volume used to calculate the current density is based on
the effective area and the thickness of active materials.
Additional measurements with the device wrapped around
the curved surface of the body, such as knees, hands, and
fingers, are shown in Figure 3g—i. The stretching and releasing
motion of the body parts deform the attached device,
generating peaks in output voltage.

Energy Harvesting in an Animal Model. In vivo
evaluations were conducted to leverage biomechanical energy
from cardiac motions. The S-PENG was implanted near the
left ventricle (LV) of a porcine heart, as shown in Figure 4a
and Figure S12. Following anesthesia, a median sternotomy
was performed and the S-PENG was sutured onto the
epicardium. The device, encapsulated in a polyimide film,
effectively isolates the PZT from biofluids and tissues, similar
to previous studies on implantable PENGs.**>****~%* This
encapsulation mitigates the inherent cytotoxicity of PZT,
ensuring biocompatibility of the device. The -elastomeric
substrate (Ecoflex-0030; thickness of 1 mm) adhered naturally
to the epicardium and was secured at its four corners with
sutures. To investigate the electrical output in relation to the
implantation site, the device was attached to the LV area (0°)
and across the direction between the LV and RV (90°) of the
porcine heart, as illustrated in Figure 4a.

Figure 4b—d shows the open-circuit output voltages from
the device mounted at the 0 and 90° mounting sites, with the
averaged half the absolute value of the difference between the
positive and negative peaks reaching 6.94 V at 0° and 7.61 V at
90° (Figure 4e). These results indicate that the device
mounted at the 90° site generates an output voltage higher
than that at the 0° site of the porcine heart. This enhanced
output voltage at the 90° site not only underscores the
significance of attachment location in optimizing energy
harvest but also aligns with findings from previous studies.
The device also consistently generates stable output voltages
over 1700 cycles, as shown in Figure 4f. The buckling
structure’s adaptability to the heart’s contraction and relaxation
phases enhances the durability, contributing significantly to its
effective energy harvesting.

To assess the S-PENG’s performance under variable cardiac
conditions, an experiment involving the administration of
epinephrine was conducted to increase the heart rate. Before
administration of epinephrine, the heart rate was 148 bpm,
which increased to 170 bpm following the injection. Figure 4g
illustrates the open-circuit output voltages, captured both
before and after epinephrine administration. Corresponding to
the rise in the heart rate, the voltage generation frequency
increased. While the heart rate rise led to an increase in the
voltage generation frequency, the magnitude of the output
voltage showed no significant change due to the modest
increase in the heart rate from epinephrine injection and the
minimal impact of frequency on the open-circuit voltage
measurement method (Figure S13). Additionally, converting
the output voltage data into the frequency domain revealed
that the peak intensity aligned with the heart rates measured
pre- and postepinephrine injection (Figure 4h).
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CONCLUSIONS

In this study, we introduced an approach to stretchable energy
harvesting by developing a 3D buckling structure in PZT
materials complemented by a curvature-specific coupling
electrode design and an optimized circuit configuration. This
approach has validated the feasibility of realizing an S-PENG
with buckling structures, setting it apart from conventional
PENG designs. Our proposed S-PENG design enables efficient
electrical energy harvesting even when the buckling structure
exhibits a geometrically distributed curvature with zero
average. This design circumvents the typical cancellation of
electrical output observed in conventional systems, ensuring
that each segment of the nanogenerator effectively contributes
to overall energy production. We confirmed the reliability of
our design through theoretical and simulation analyses.
Additionally, by demonstrating that the characteristics of the
S-PENG predicted by simulations and theory align with
experimental data, we have experimentally proven the
feasibility of our design. This S-PENG achieves a maximum
output of 8.34 mW/cm® at an optimal load resistance of SO
MQ. The practical applications of our technology were
underscored through wearable applications and implantable
in vivo experiments using a porcine heart. Our device has
proven its capability to harvest energy from body movements
when attached to various body parts (knee, hand, and finger).
Moreover, we verified that it can successfully harvest energy
from the surface of a porcine heart during repeated expansion
and contraction. These experiments not only confirmed the
mechanical and functional viability of our device but also
showcased its potential as a PZT-based stretchable PENG, a
task that was extremely challenging with conventional designs.
Additionally, this strategy is versatile, as it is not limited by the
type of piezoelectric material or strain-insensitive structure.
While we used PZT as the piezoelectric material in this study,
our strategy remains theoretically valid for other materials,
such as PVDF or composite-based piezoelectric materials.
Furthermore, as long as the distribution of local strain can be
accurately predicted, efficient electrode and circuit designs can
be achieved by using our method with various strain-insensitive
structures, such as woven, serpentine, helical, and kirigami
structures. Although our strategy theoretically offers broad
applicability, further experimental validation and further future
studies are required to fully explore and confirm its
effectiveness. In conclusion, our study represents a significant
breakthrough in piezoelectric energy harvesting technology. By
overcoming the limitations of conventional S-PENGs systems,
we have opened possibilities for the development of
stretchable, efficient, and robust S-PENGs.

METHODS

Fabrication of the 2D Precursor for the Piezoelectric PENG.
The process began with the deposition of a Cr sacrificial layer on
silicon wafers, followed by the deposition of a SiO, barrier layer on
top of the Cr layer. The bottom electrode was formed using Pt/Ti
layers (100 nm/10 nm in thickness), deposited via electron beam
evaporation, and then defined through a lift-off process (AZ 5214E,
MicroChem). A PZT film (500 nm in thickness) was deposited
through sputtering and then patterned using a double-layer lift-off
method (LOR 5B and AZ 4620, MicroChem). The annealing process
was performed in a conventional furnace at 650 °C for 1.5 h. The Au/
Cr layer (S0 nm/S nm in thickness) was patterned as the top
electrode using a lift-off process, followed by a coating of polyimide.
To connect the top electrode to the interconnect layer, a via hole was
created by using photolithography and dry etching via reactive ion

etching. Next, the interconnect layer, composed of Au/Cr (50/5 nm
in thickness), was deposited via sputtering and subsequently
patterned using a wet etching process. Polyimide was then applied
for encapsulation, patterned using photoresist, and dry etched via
reactive ion etching. Subsequently, the SiO, barrier layer was also dry
etched by using reactive ion etching. To form a bottom polyimide
layer, which acts as the bottom encapsulation and controls the neutral
plane, photoresist anchoring and Cr sacrificial layer removal processes
were applied to the 2D precursor. The temporary substrate, consisting
of a silicon wafer layered with PMMA and topped with a cured
polyimide layer, was further coated with an uncured thin polyimide
layer (6000 rpm, 30 s). The 2D precursor was then picked up using a
PDMS stamp with a 1:4 ratio (Sylgard 184, Dow Corning) and
transfer-printed onto the temporary substrate. During the transfer
printing process, the 2D precursor was attached to the temporary
substrate and then heated on a hot plate at 110 °C for 10 min. Any
photoresist residue was removed from the 2D precursor, and it was
cured on a hot plate at 150 °C for 10 min. Afterward, a final
encapsulation layer of polyimide was coated and cured in a vacuum
oven at 250 °C for 2 h. The device configuration and the via holes for
the contact pads were defined using photolithography and dry etched
via reactive ion etching.

Preparation of the S-PENG. Transfer of the 2D precursor onto
the elastomeric substrate began with the removal of the PMMA
sacrificial layer by using acetone. Next, the 2D precursor was picked
up with a PDMS stamp, and a shadow mask was attached to define
the bonding site. The bonding layer of SiO,/Ti (50/10 nm in
thickness) was deposited via sputtering, and the shadow mask was
then removed from the device. The elastomeric substrate (Ecoflex 00-
30, Smooth-On) was stretched by using a custom mechanical
stretcher. Subsequently, the substrate was exposed to ultraviolet-
induced ozone for S min to chemically functionalize it for bonding.
The 2D precursor was attached onto the elastomeric substrate and
heated at 70 °C for 20 min to achieve siloxane bonding. After
removing the PDMS stamp and releasing the prestrain, the 3D PZT
device was completed.

Poling and Measurement of Piezoelectric Characteristics.
The PZT thin film at the end step of the 2D precursor fabrication was
poled at 80 kV/cm of electric field at 150 °C for 2 h. The electrical
data acquisition equipment included a 6514 electrometer (Keithley),
a bending machine system (SNM), a DMA 850 (TA Instruments),
and a LabVIEW interface. The electrometer with the LabVIEW
system measured open-circuit voltage and short-circuit current. The
bending machine and DMA system produced linear motions of the
device.

In Vivo Study. The study protocol was approved by the Korea
Research Institute of Bioscience & Biotechnology — IACUC
(approved number KRIBB-AEC-23108). A pig (male, 30 kg) was
anesthetized by intramuscular injection of zolazepam and tiletamine
(2.5 mg/kg), xylazine (3 mg/kg), and atropine (0.05 mg/kg).
Inhalant anesthesia was maintained with isoflurane (1—2%) and
oxygen (2 L/h) using an anesthesia machine (vaporizer + ventilator)
and an endotracheal tube. After achieving adequate anesthesia, a
median sternotomy was performed using standard surgical instru-
ments. The S-PENG was sutured onto the epicardium with a stitch at
each corner of the device. The S-PENG was connected to an
electrometer (Keithley 6514) to measure the electrical output voltage
from cardiac motion. Emergency and heart rate control drugs,
including epinephrine and beta-blockers, were prepared and kept
ready. An intravenous saline set was used to maintain hydration.

Simulation Analysis of the S-PENG. Software (COMSOL
MULTIPHYSICS) was employed to numerically analyze the
mechanical stability and electrical performance of the S-PENG. The
structural mechanics module set up layered shell and linear elastic
materials to study strain as a result of deformations in the S-PENG.
Additionally, the AC/DC and circuit modules were used to analyze
the electrical characteristics of the S-PENG, implementing a
multiphysics setting (Piezoelectric materials) in the PZT domain to
model the piezoelectric effect. All materials composing the S-PENG,
except for PZT, were configured as isotropic materials, while PZT was
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set as anisotropic. The properties of each material appear in Table S2.
To implement the buckling structure of the S-PENG and increase
computational convergence, a negligible vertical force (0.1 uN) was
applied along a straight line at the center of each concave region. This
force, considerably smaller than the device’s flexural modulus, does
not affect the results. The entire bottom electrode (Pt) was set to
ground, and the circuit configuration was established as an open
circuit. For accurate numerical analysis, a much denser mesh was
formed around the center of concave regions and along the edges of
convex regions.
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