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ABSTRACT

The development of ultrathin, stretchable piezoelectric biointerfaces is fundamentally constrained by the lack of manufacturing
strategies capable of simultaneously delivering precise microarchitectural patterning and stable polarization in mechanically
compliant formats. Here, we report a one-step electrohydrodynamic (EHD) direct-writing strategy with in situ poling, enabling
the concurrent fabrication and polarization of free-standing, ultrathin piezoelectric microarchitectures without post-processing.
By coupling this manufacturing approach with a mechanism-guided design based on thermoplastic polyurethane (TPU) and
piezoelectric P(VDF-TrFE) through controlled modulation of EHD deposition and polymer crystallization, we manipulate grain
size and flatten the polarization barrier by introducing structural heterogeneity to achieve a high and stable piezoelectric
coefficient of 34.5 pm V! in a highly stretchable architecture. The resulting sub-20 um serpentine microarchitectures exhibit
excellent mechanical compliance, long-term piezoelectric stability and deterministic architectural programmability. Integration
with a breathable, controlled-adhesion elastomeric biointerface ensures robust conformal coupling to soft, wet tissue. Ex vivo
demonstrations validate reliable detection and classification of gastric mechanical states, highlighting a manufacturing-enabled
platform for organ-conformal piezoelectric biointerfaces. This work offers a generalizable strategy to overcome long-standing
trade-offs between piezoelectric performance, stretchability, and ultrathin form factors, paving the way for diverse applications in
biointegrated electronics and soft sensing, and healthcare systems.

1 | Introduction

applications, where mechanical signals encode rich informa-

Ultrathin, stretchable piezoelectric biointerfaces hold signifi-
cant promise for seamless, conformal integration of electronics
with soft, dynamic organs, enabling continuous monitoring of
mechanical activity in physiological biological environments
[1-6]. Such platforms are particularly attractive for biomedical

tion about organ function, motility, and health status [7-11].
Despite rapid progress in flexible and wearable electronics,
the realization of truly organ-conformal piezoelectric systems
remains fundamentally constrained by materials manufacturing
challenges rather than device concepts alone, particularly the
difficulty of simultaneously achieving precise microarchitectural
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patterning, stable piezoelectric polarization, and mechanical
compliance in ultrathin formats [12-16]. Piezoelectric polymers,
most notably poly(vinylidene fluoride)-based materials, are well
suited for biointerfacing due to their intrinsic flexibility, bio-
compatibility, and ability to transduce mechanical deformation
into electrical signals without external power sources [17-23].
Nevertheless, conventional fabrication routes, including blade
coating, spin coating, hot pressing, and electrospinning, typically
produce continuous films or fiber mats that lack architectural
programmability. More critically, these approaches require sep-
arate, high-field electrical poling steps to induce piezoelectricity
[24-27]. These post-processing steps are often incompatible with
ultrathin, stretchable geometries and can lead to non-uniform
polarization, mechanical damage, or long-term performance
instability [28, 29]. As a result, scalable and reliable strategies for
fabricating ultrathin, polarized piezoelectric microarchitectures
remain limited.

Beyond fabrication limitations, intrinsic materials-level chal-
lenges further complicate the design of stretchable piezoelec-
tric systems [30, 31]. Enhancing mechanical compliance often
necessitates soft polymer incorporation, which tends to disrupt
ferroelectric ordering and reduce remanent polarization. Conse-
quently, improvements in stretchability frequently come at the
expense of piezoelectric performance. Although this trade-off is
well recognized, most existing strategies address it empirically
rather than through a mechanism-guided design framework that
explicitly considers the interplay between ferroelectric domain
size, polarization magnitude, and polarization switching barrier
to maximize effective piezoelectric response [32-34]. Overcoming
this limitation requires an integrated approach that couples
processing, materials chemistry, and domain structure design.

Here, we introduce a one-step electrohydrodynamic (EHD)
direct-writing strategy with in situ poling that enables the simul-
taneous patterning and polarization of ultrathin piezoelectric
microarchitectures without post-processing. The strong local
electric field generated during EHD jetting aligns dipoles in
real time during deposition, producing intrinsically polarized
piezoelectric architectures directly in their final form. This
material manufacturing approach allows deterministic writing
of serpentine microarchitectures with sub-10-um piezoelectric
layers, combining architectural programmability, uniform polar-
ization and mechanical compliance in ultrathin formats. To
complement this fabrication strategy, we develop a mechanism-
guided materials design based on TPU/P(VDF-TrFE) composites,
in which the trade-off between domain size and polarization
barrier is systematically tuned. By introducing soft thermo-
plastic polyurethane chains at controlled concentrations, the
heterogeneous nucleation during printing leads to reduced grain
size while preserving sufficient ferroelectric ordering, thereby
maximizing the effective piezoelectric coefficient. This rational
materials design yields a high and stable piezoelectric coefficient
of 34.5 pm V! in a highly stretchable composite, maintaining
performance over 30 days. The resulting ultrathin piezoelectric
microarchitectures are further integrated with a breathable, con-
trollably adhesive elastomeric biointerface that enables robust,
conformal coupling to soft, wet tissue. The combined architecture
exhibits excellent mechanical compliance, stable electromechan-
ical transduction, and reliable signal acquisition under large,
reversible deformation. As a proof-of-concept demonstration of

functional relevance, ex vivo studies validate the platform’s ability
to detect and classify gastric mechanical states when integrated
with machine-learning. More broadly, this work establishes a
manufacturing-enabled platform for organ-conformal piezoelec-
tric biointerfaces, in which one-step direct writing with in situ
poling, mechanism-guided ferroelectric polymer design, and
microarchitectural design converge to overcome long-standing
limitations in ultrathin, stretchable piezoelectric systems.

2 | Results and Discussion

21 | Structure Design and EHD Printing of the
Ultrathin-Stretchable Piezoelectric Sensor

The serpentine TPU/P(VDF-TrFE) piezoelectric microarchitec-
ture was fabricated by one-step EHD direct writing (Figure 1a).
During jetting, the localized DC electric field established between
the nozzle and the conductive substrate not only overcomes
surface tension to form a stable Taylor cone, but also aligns
dipoles of P(VDF-TrFE) chain, thereby enabling in situ pol-
ing [35, 36]. Simultaneously, electric field-induced stretching
generates elongated fibers with enlarged specific surface area.
Coupled with the fast evaporation of volatile mixed solvent
(N,N-dimethylformamide and acetone), this promotes rapid
solidification and confined crystallization of polymer within
the printed fibers. Owing to the steric hindrance of the -
TrFE group, the P(VDF-TrFE) preferentially crystallizes into the
polar § phase, forming intrinsically piezoelectric microstructures.
To further verify the in situ poling during the EHD printing
process, piezoelectric force microscopy (PFM) and quasi-static
piezoelectric coefficient measurements were performed on both
printing film and cast film (Figure S1). While both types of
film showed homogeneous phase mapping images, local PFM
spectroscopy revealed that only the EHD printed film exhibited
hysteresis phase switching and a typical butterfly-shaped ampli-
tude response. In contrast, the cast film showed nearly linear
amplitude response, which may be attributed to electrostatic
interaction between the tip and the sample surface rather than
from piezoelectric response of P(VDF-TrFE). Consistently, the
printed film showed a d,; of about 36.3 pC N7, whereas the cast
film did not display obvious piezoelectric response. These results
provide direct evidence for effective in situ poling during the
direct-writing process.

To understand and optimize the electromechanical response, we
further elucidate the TPU-manipulated crystallization from a
mechanism-guided perspective. According to classic nucleation
theory, crystallization is governed by the competition between
volume (AGy) and surface (4G) free energies. Compared with
the homogeneous P(VDF-TrFE) system, the incorporation of
TPU creates heterogeneous interfaces that reduce the effective
interfacial energy and decrease the critical nucleation radius
(r.), leading to higher nucleation density (Figure 1b). This
microstructural regulation refines crystalline grains and ferro-
electric domains, balancing the polarization and its switching
barrier to regulate piezoelectricity (Figure 1c). It is noted that this
benefit is non-monotonic; excessive interfacial disruption will
suppress long-range ferroelectric ordering, driving a transition
from ferroelectric to paraelectric behaviors and diminishing
piezoelectricity. Therefore, optimizing the composite component
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FIGURE 1 | One-step fabrication and mechanical design of ultrathin piezoelectric microarchitectures. (a) Schematic illustration of the one-step

EHD printing to fabricate intrinsically piezoelectric stretchable architectures; inset shows the optical microscope of needle and jet during printing (Scale
bar is 2 mm). (b) Illustration of free energy profile as a function of crystal radius (r) in nucleation theory. AGy, AGs, and r, represent volume, surface
free energies, and critical radius, respectively. (c) Phenomenological illustration of the piezoelectricity in different ferroelectric systems with structural
heterogeneity. P and E represent polarization and free energy. (d) Photograph of the printed free-standing, ultrathin and stretchable piezoelectric device;
inset shows cross-sectional morphology of the device (Scale bar is 1 cm). (e) Illustration of stretched device, and simulation results of stress distribution

in the serpentine piezoelectric film-substrate composite system, with different modulus of the serpentine layer.

provides a rational route for maximizing piezoelectricity in the
printed ultrathin, stretchable architectures.

Building upon the EHD-printed, intrinsically polarized serpen-
tine architecture, a polydimethylsiloxane (PDMS) layer was
subsequently spin-coated onto the polymer network to serve as a
transfer substrate for delaminating the piezoelectric layer (Figure
S2). In addition, an ethoxylated polyethyleneimine (PEIE)-
modified PDMS layer was introduced as both the encapsulation
and adhesion layer, enabling a robust and cohesive interface
between the ultrathin-stretchable piezoelectric sensor and bio-
tissue. An optical photograph of the printed device is shown in
Figure 1d, where the synergistic integration of the serpentine
geometry and elastic substrate endows the device with excellent
flexibility and stretchability. A representative cross-sectional view
of the device (Figure S3a-c and inset in Figure 1d) reveals an
overall thickness of less than 20 um, enabling intimate and
conformal attachment to curved surfaces (Figure S3d). The
incorporation of soft TPU chains also effectively reduces the
elastic modulus of P(VDF-TrFE) [37], thereby alleviating the
local stress concentration arising from the mechanical mismatch
between the piezoelectric layer and elastic substrate during defor-
mation, as confirmed by simulated stress distribution (Figure 1e).

This combined structural and materials-level design enhances
mechanical compliance and mitigates interfacial failure during
prolonged operation.

2.2 | Piezoelectric Performance and Regulation
Mechanism of the Printed Architecture

The incorporation of soft TPU chains leads to partial co-
crystallization with P(VDF-TrFE), where the TPU segments
are embedded within the polymer lamellar, acting as physical
pinning sites that disrupt the formation of large crystalline
domains (Figure 2a) [30]. This embedded structure effectively
reduces the lamellar stiffness, thereby improving the flexibility
and elasticity of the polymer composite. As a result, the tensile
modulus decreases from 1.10 GPa for pristine P(VDF-TrFE) to
0.52 GPa at a TPU content of 25 wt%, while the elongation
at break increases from 15.36% to 113.33% (Figure S4). More
importantly, TPU chains also change the structure and continuity
of the ferroelectric phase, which directly affects the effective
electromechanical response of the composite. Since the piezo-
electricity of P(VDF-TrFE) mainly originates from polarization
of ferroelectric dipoles under mechanical stimulation rather than
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FIGURE 2 | Mechanism-guided optimization of piezoelectric composites and electromechanical performance measurement. (a) Structural
illustration of the polymer lamellar crystal comprising amorphous TPU chains (left part), enlarged schematic of partial co-crystallization shows disrupted
ferroelectric ordering (upper right part). (b) Extracted saturated (Pg) and remanent (P,) polarizations of composites with different TPU contents.
(c) Piezoelectric coefficient (ds3) of the composites varying with TPU content. (d) Simulated distribution of polymer phases in the composite with
different TPU contents. (e) Dependence between grain size, ferroelectric polarization, and piezoelectric coefficient in TPU/P(VDF-TrFE) composites.
Insets present morphologies at different TPU contents (Scale bars are 100 nm). (f) Dielectric loss of samples versus frequency; the inset shows the
extracted dielectric constant at selected frequencies. (g) Piezoelectric responses and calculated sensitivities at different pressure ranges. (h) Response
time of the device under vertical loading, defined as the time of response signal from 10% to 90%. (i) Voltage responses of the device under various tensile
strains. (j) ds; of the piezoelectric composite before and after storage for 30 days (temperature = 25°C, relative humidity = 2%-3%).

carrier transport in composites, the key issue here is whether so effective polarization can still be maintained. In addition,
sufficient continuity of the ferroelectric phase can be maintained the reduction in grain size lowers the polarization switching

after TPU incorporation. barrier, which facilitates the piezoelectric response. At a TPU
content of 10 wt%, the composite exhibits the highest piezoelectric
Furthermore, the effects of TPU incorporation on crystal struc- coefficient (34.5 pm V=, Figure 2c). This performance remains

ture and piezoelectricity were investigated (Figure 2b,c and competitive when considering its ultrathin form factor, stretcha-
Figures S5 and S6). FTIR results indicate that the incorporation bility, as well as the functionality (Table S1). Overall, the present
of TPU does not alter the polar chain conformation of P(VDF- system demonstrates a favorable balance between piezoelectric
TrFE), whereas the XRD, DSC and morphological results reveal performance and device-level applicability.

a pronounced effect on crystallization behavior (Figures S7 and

S8). At low TPU content (<10 wt%), interfacial interactions and With further increases in TPU content, the orderly packing of
chain coupling promote heterogeneous nucleation, leading to P(VDF-TrFE) chain is progressively hindered, thereby suppress-

refined grains and improved crystallinity. In this regime, P(VDF- ing crystallization [38]. This evolution in crystallization behavior
TrFE) remains the dominant and continuous ferroelectric phase, plays a key role in manipulating polarization and accompanying
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piezoelectricity. Phase-field simulations of the phase morphology
indicate that the incorporation of high TPU content promotes
heterogeneous nucleation and grain refinement (Figure 2d),
thereby enabling effective modulation of the piezoelectricity. By
correlating the piezoelectric performance with the grain size
and polarization (Figure 2e), it is found that composites with
relatively large grains exhibit limited piezoelectricity, which can
be attributed to higher energy barrier of polarization switching.
Upon reducing grain size through TPU incorporation (10 wt%),
the polarization switching barrier decreases, facilitating domain
activation and enhances the piezoelectricity (34.5 pm V7).
With further increasing TPU content (20 wt%), the formation
of discrete and finer grains is promoted. These fine grains
cause a sharp decay in polarization, inducing a ferroelectric-
to-paraelectric phase transition and ultimately reducing the
piezoelectric response [32, 39, 40]. The dielectric results further
support this interpretation (Figure 2f and Figure S9), where the
increased dielectric loss and permittivity at low frequencies (<
10* Hz) are indicative of increased interfacial regions arising
from the finely divided crystalline domains [41, 42]. There-
fore, the piezoelectricity of the TPU/P(VDF-TrFE) composite is
determined not only by maximizing the intrinsic piezoelectric
coefficient but also by balancing polarization capability with
mechanical compliance. In this system, the incorporation of
TPU modulates crystallization behavior, polarization switching
barrier, and flexibility. Thus, TPU introduction is essential for
achieving a mechanically compliant, stretchable, and tissue-
conformal piezoelectric system while maintaining an appreciable
electromechanical response.

To further evaluate piezoelectric performance of the designed
TPU/P(VDF-TrFE) device, its electromechanical responses were
investigated comprehensively. Pressure-voltage outputs of dif-
ferent composites with varying TPU contents were measured
(Figure S10), showing strong agreement with the d;; trends
(Figure 2c). Notably, the 10 wt% TPU film yields a voltage response
of 0.35 V under 50 kPa. The pressure sensitivity of the fabricated
device was subsequently determined (Figure 2g and Figure SI1),
exhibiting an excellent value of 23.8 mV kPa™' in the low-
pressure range of 1-10 kPa, which corresponds well to the typical
physiological pressure range encountered in human or animal
organs [43, 44]. Upon further increasing the applied pressure, the
sensitivity decreases to 1.5 mV kPa~!, which is attributed to strain
saturation in the piezoelectric sensing layer. Meanwhile, the
device exhibits a rapid dynamic response, with rise and fall times
of 18.3 and 25.6 ms, respectively (Figure 2h). Considering that
mechanical deformation in biological tissue typically involves
a combination of stress and strain, the strain response of the
device was further evaluated (Figure 2i and Figure S12). At small
tensile strains, the device maintained a stable and nearly linear
piezoelectric output, as the serpentine structure could release the
strain through geometric unfolding. A stable voltage sensitivity
of 0.47 mV/% was obtained within a strain range of 0%-20%. As
the strain increases further, the piezoelectric response rises more
markedly due to the larger overall deformation of the serpentine
unit. The device also exhibited excellent cyclic tensile stability,
with only a slight decrease in signal amplitude at the initial stage
and nearly unchanged output during subsequent cycling (Figure
S13a). Moreover, both the piezoelectric output and device mor-
phology remained essentially stable after repeated loading cycles
(Figures S13b,c), confirming its good mechanical durability and

fatigue resistance. In addition, long-term stability tests confirm
the robustness of the composite, as the piezoelectric coefficient
remains unchanged after 30 days storage (Figure 2j). Overall, the
printed architecture demonstrates strong and stable piezoelectric
responses to both stress and strain, laying a solid foundation for
reliable physiological mechanical activity monitoring.

2.3 | Wearable Performance and Biointerfacial
Compatibility of the Device

To demonstrate the applicability of the printed ultrathin-
stretchable piezoelectric sensor (UPS) on biological tissues, its
wearability was systematically evaluated by analyzing adhe-
sion, permeability and conformal deformation capabilities in
biointerfaces. As illustrated in Figure 3a, the PDMS elastomer
encapsulation was modified with PEIE to improve adhesion [45],
leveraging hydrogen bonding between the abundant -OH groups
of PEIE and biological tissue (Figure S14). Adhesion strengths
of the pristine PDMS, PDMS/PEIE and commercial tape were
compared to validate this design (Figure 3b, test method is shown
in Figure S15). The modified PDMS/PEIE exhibits an adhesion
strength of 10.5 kPa, representing a fivefold improvement over
pristine PDMS (2.1 kPa) while remaining approximately half that
of commercial tape (23.7 kPa). Moreover, repeated attachment-
detachment tests show that the adhesion strength remains nearly
unchanged over multiple cycles (Figure S16), confirming the
stable interfacial adhesion of the device under sustained use. Such
appropriately robust adhesion is crucial for wearable sensors to
ensure conformal deformation and high-fidelity signal transduc-
tion, while avoiding excessive interfacial skin stress irritation.
To assess the impact of adhesion on sensing performance, the
piezoelectric responses of the UPS were investigated under
different contact states (Figure 3c,d and Figure S17). By analyzing
the potential, strain, and stress extracted from the marked traces,
it was confirmed that conformal contact enables precise detection
of substrate deformation. These results demonstrate that the
PEIE-modified adhesion design significantly improves sensing
fidelity of the UPS by ensuring stable mechanical coupling
between the device and the underlying tissue.

Adhesion stability of the UPS was further validated under
rigorous conditions. The UPS remained firmly attached to the
skin during vigorous water rinsing, while an unmodified PDMS
film detached easily (Figure 3e and Figure S18). To rigorously
evaluate the device’s stability in fluid environments, repeated
washing tests were further performed. The piezoelectric voltage
output before and after washing, as well as after multiple repeated
washing cycles, showed negligible degradation in both response
amplitude and signal profile (Figure 3f and Figure S19). This
indicates that the device can maintain stable electromechani-
cal performance under repeated aqueous exposure. Moreover,
permeability of the UPS was evaluated (Figure S20), revealing
a water vapor transmission rate (WVTR) of 1.32 kg m=2 d7},
significantly higher than that of a traditional P(VDF-TrFE) film
(0.27 kg m™ d™') and exceeding the average permeability of
human skin (~0.6 kg m™ d7'). This enhanced breathability
is expected to maintain skin comfort and minimize irritation
during long-term monitoring [46, 47]. Mechanical stretchabil-
ity was further evaluated using a balloon deformation test
(Figure 3g), during which the UPS withstood strains of up to
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FIGURE 3 | Characterizations of wearable performance and biointerfacial compatibility of the UPS. (a) Structural illustration of the PEIE-modified
PDMS adhering to skin tissue through hydrogen bond interaction. (b) Adhesion strength of pristine PDMS, PEIE-modified PDMS, and commercial
tape; the insert shows the peeling process of PEIE/PDMS from human skin (scale bar is 10 mm). (c) Simulation results of voltage responses during
device stretching with different contact states. (d) Extracted voltage signal from figure (c) along the traces. (e) Optical images of the UPS and PDMS film
attached to artificial skin after washing (scale bars are 500 pm). (f) Voltage responses of the device under pressure and tensile stimulus before and after
repeated washing cycles. (g) Optical image of the UPS on an inflated balloon (Scale bar is 2 cm). (h) Simulated stress distribution in the device during
inflating. (i) Simulated stress distribution of a single piezoelectric serpentine structure unit under different strains. (j) Calculated stress of the selected
arc as marked in figure (i) with different strains. (k) Stress distribution, mean stress, and max displacement in a serpentine piezoelectric unit within

different structural factors.

200% without structural failure. Finite element analysis (FEA)
showed a uniform stress distribution under substrate stretching
(Figure 3h), indicating that the serpentine network effectively
dissipates energy and mitigates structural damage caused by local
stress concentration [48]. In addition, FEA was performed to
analyze the evolution of stress in the serpentine structure as a
function of applied deformation (Figure 3i,j). For applied strain
below 50%, deformation of the serpentine network is primarily
accommodated by geometric unfolding, which enables the device
to tolerate large overall deformation. The geometrical scale of
the serpentine network plays a critical role in modulating both
its deformability and piezoelectric response. Compared with
the selected structural scale (scale factor = 1), larger unit sizes
accommodate greater deformation but induce lower strain in the

piezoelectric layer, resulting in a weaker electrical output, and
vice versa (Figure 3k). Collectively, the combination of strong
yet skin-friendly adhesion, high permeability, and excellent
mechanical compliance of the UPS establishes a robust platform
for stable and accurate monitoring of physiological mechanical
information.

2.4 | ExVivo Assessment of Gastric Status
Monitoring Using the UPS

Gastric mechanical activity provides direct insight into digestive
dynamics and functional states of the stomach, making it an
important physiological indicator for assessing gastrointestinal
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FIGURE 4 | Exvivoassessment of stomach physiological activity monitoring using the UPS. (a) Schematic illustration of gastric motility monitoring
based on UPS and optical image of the UPS conformally attached to an ex vivo porcine stomach (scale bar is 3 cm). (b) Photography of the stomach after
different attachment durations of the UPS (scale bars are 3 cm). (c) Live/dead fluorescence assay of cell cultured on the piezoelectric and the encapsulation
layers for 72 h. (d) Voltage output of the UPS immersed in simulated gastric fluid with different pH values; inserts show the device morphology before
and after exposure (scale bars are 4 um). (e) Schematic illustration of the in vitro setup to simulate stomach activity under different physiological states.
(f) Continuous voltage signals recorded by the UPS during the stomach infused with air or water. (g) Voltage response under dynamic pressure conditions,
where fluctuating peaks correspond to continuous water infusion into the stomach. (h) Voltage response of the UPS under external pressing at various
internal pressures, showing gradual signal saturation as the stomach bulges. (i) Schematic of the in vitro setup to stimulate gastric stress and strain.
(j) Representative voltage responses under different stimuli applied to the stomach. (k) Identification of gastric physiological states based on collected
signals; the labels S1-S6 correspond to combinations of two stimulations (pressing and stretching) under three stomach conditions: empty, water-filled,
and air-filled, respectively.

function [49-51]. Accurate monitoring of gastric deformation and
pressure variations requires soft and conformal bioelectronics
capable of capturing subtle mechanical signals on compliant
tissues [52, 53]. In this context, the UPS was applied as a proof-
of-concept for gastric monitoring using an ex vivo model to
distinguish different states of the stomach (Figure 4a). To evaluate
the interfacial contact between the device and stomach tissue,

adhesion tests were performed under simulated physiological wet
conditions (Figure 4b and Figure S21). The device maintained
long-term stable and reversible adhesion to the tissue surface
without causing noticeable damage. In addition, the device
remained stably attached to the tissue surface after immersion
in simulated body fluid, and the measured adhesion strength
(10.89 kPa) was comparable to that obtained under dry conditions
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(10.68 kPa), confirming its reliable adhesion in wet conditions
(Figure S22). Cell viability and cytotoxicity tests of the UPS were
further assessed (Figure 4c and Figure S23), and fluorescence
images and quantitative cell viability analysis demonstrated that
cells adhered and proliferated well on both the piezoelectric
sensing layer and the encapsulation layer, supporting the good
biocompatibility of the device. Chemical stability of the device
was evaluated by immersing it in artificial tissue fluid of varying
pH values for 48 h (Figure 4d). The device maintained stable
piezoelectric voltage outputs without structural or functional
degradation, confirming its operational robustness in a gastric
fluid environment.

Furthermore, the sensing functionality of the UPS was eval-
uated using a balloon-based model to simulate gastric expan-
sion (Figure S24). The device exhibits progressively enhanced
piezoelectric signals with increasing pressure, enabling effec-
tive discrimination between normal and overexpanded states.
To better emulate the physiological conditions, a dual-balloon
configuration was employed to test external compression and
different internal filling media (Figure S25). Distinctive signal
responses of the UPS were obtained under different pressure
levels and internal contents, demonstrating its potential for
detecting gastric pressure states and internal conditions. Building
on the balloon-based validation, an ex vivo porcine stomach
system was constructed to assess device performance under
more realistic conditions (Figure 4e and Figure S26). When the
stomach was infused with air or water, characteristic signal
responses demonstrate reliable discrimination of different inter-
nal contents (Figure 4f). Water infusion produced a gradually
increasing voltage output associated with rising internal pressure,
whereas air infusion resulted in an immediate voltage response
followed by a stable signal, reflecting the distinct compress-
ibility and pressure transmission behaviors of water and air.
During water infusion, the piezoelectric signals exhibited a rising
baseline corresponding to gastric swelling, superimposed with
periodic voltage peaks arising from dynamic pressure fluctua-
tions (Figure 4g). The gradual baseline shift further indicates the
transition from an expanding state to a saturated gastric state
(Figure 4h), confirming the capability of the UPS to simulta-
neously monitor both stress and strain signals during gastric
activities.

Based on these results, an ex vivo stomach model was constructed
by encapsulating a fresh porcine stomach with an elastic water-
filled film to mimic physiological conditions (Figure 4i and
Figure S27). This model allowed controlled mechanical stimu-
lation through pressing and stretching, while the UPS recorded
real-time electrical responses associated with gastric motility.
Different signal patterns were observed for air-filled versus water-
filled conditions, as well as under pressing or stretching stimuli
(Figure 4j). In contrast, the empty stomach presented markedly
lower signal amplitudes (Figure S28), as external stimuli were
absorbed by the compliant device architecture. These character-
istic response patterns enabled reliable identification of different
gastric states. Moreover, the integration of the collected sensing
signals with machine learning algorithms allowed classification
of stomach conditions (empty, water-filled, and air-filled) with
an accuracy of 96.7% (Figure 4k). The corresponding accuracy
and loss curves converged rapidly within a few training epochs
(Figure S29), indicating robust signal separability and efficient

feature learning. Collectively, these ex vivo studies demonstrate
that the UPS enables effective monitoring of gastric activities
and states, offering a promising approach for real-time evaluation
of stomach activity and potential diagnosis of feeding-related
disorders.

3 | Conclusions

This work introduces a manufacturing-enabled paradigm and
materials-driven design strategy for conformal piezoelectric
biointerfaces by integrating EHD direct writing, in situ poling,
and mechanism-guided ferroelectric polymer design. By coupling
architectural patterning and real-time dipole alignment, this
approach overcomes long-standing incompatibilities between
mechanically compliant and ultrathin formats, thereby elimi-
nating the need for post-poling steps. Beyond manufacturing
processing, a rational materials strategy based on controlled
incorporation of soft TPU chains into P(VDF-TrFE) regulates
heterogeneous nucleation and grain size, balancing polarization
and switching barrier of the ferroelectric domain, achieving a
high, stable piezoelectric coefficient of 34.5 pm V= over 30
days. After integrating with a breathable and controlled-adhesion
elastomeric substrate, the resulting architecture exhibits excellent
organ conformation and stable electromechanical transduction at
soft, wet biointerfaces. The demonstrated gastric state monitoring
serves as a proof-of-concept, highlighting the broader applica-
bility of this approach for biointegrated sensing and diagnostic
technologies.

The present study demonstrates promising performance in ultra-
thin, stretchable, and conformal piezoelectric biointerfaces, while
highlighting its potential for future in vivo translation owing
to its ultrathin format, mechanical compliance, conformability,
and self-powered sensing capability. However, the current work
remains primarily focused on materials design, manufacturing
strategy, and proof-of-concept application demonstration. Fur-
ther studies are needed to evaluate long-term performance and
signal reliability in more complex physiological environments
and to extend this work toward more realistic in vivo scenarios. In
addition, the material system and device geometry could be fur-
ther optimized for broader biomedical applications. Issues such
as long-term biocompatibility and stable interfacing with more
complex organ surfaces remain important directions for future
research. Overall, this work provides a generalizable manufac-
turing strategy for ultrathin piezoelectric biointerfaces, opening
new opportunities for piezoelectric polymers in bioelectronics,
soft sensing, and personalized healthcare.

4 | Experimental Section
4.1 | Device Fabrication of the UPS

P(VDF-TrFE) and TPU were purchased from Arkema (Piezotech,
70/30) and BASF (1170A), respectively. The P(VDF-TrFE) was
dissolved in a mixture N,N-dimethylformamide/acetone (50/50
wt%) at a concentration of 15 wt% and stirred for 6 h at room
temperature. The TPU was added with selected concentration and
stirred for 6 h to obtain a homogeneous solution for printing.
An EHD printer was utilized to fabricate the polymer serpentine
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network. The solution was delivered using a syringe pump (10 uL
min~!) with a metal needle (25G), while a DC high voltage (~3kV)
was applied between the nozzle and the substrate to induce
jetting fiber. The distance between the nozzle and the substrate
was about 0.5-1 mm. These printing parameters were carefully
optimized, as the applied voltage determines the formation and
stability of the electrified jet and also contributes to dipole
alignment during printing. The printed samples were then dried
on a hotplate at 60°C for 3 h. Then, the magnetron sputtering was
applied to deposit the Ag electrode with a patterned mask, where
the electrode linewidth was smaller than that of the polymer trace
to prevent short circuit.

To transfer the fabricated device, the PDMS (Dow Corning,
Sylgard184) solution was prepared by mixing the base and curing
(A:B = 10:1 in wt) in hexane (1:1 in wt). The mixture was
ultrasonicated for 3 min to remove air bubbles, then it was
spin-coated onto the printed serpentine structure at 500 rpm
for 10 s and dried on a hotplate at 110°C for 10 min to form
a solid PDMS film. A supporting frame (double-sided tape
with a cover) was prepared by laser cutting and attached to
the PDMS surface. The film was then gently peeled off from
the substrate with the support frame, and a back electrode
was deposited on the opposite side by sputtering. Next, a
PDMS/hexane solution containing PEIE (0.4 wt% to PDMS) was
prepared and spin-coated onto a Teflon substrate, followed by
baking at 110°C for 30 s. Then, the fabricated film was uniformly
spread onto this PEIE-modified layer and further baked at 110°C
for 10 min to achieve solidification and encapsulation; then
the entire device was detached from the Teflon substrate. For
electrical measurement, silver wires were used to lead out the
electrode and establish an electrical connection to the external
circuit.

4.2 | Characterizations of the materials and
devices

The morphologies and EDS distribution of elements were char-
acterized by a scanning electron microscope (JSM 7800F), and
the topographies of film with different TPU content were char-
acterized by an AFM (Multimode 8, Bruker). For the grain
size analysis shown in Figure 2e, the statistics were obtained
based on AFM topographic images, and the sizes were analyzed
using ImagelJ software. Specifically, the AFM images were first
processed to improve the visibility of grain boundaries, followed
by grain identification and statistical analysis. For each AFM
image, several tens of grains were typically counted, and the
resulting grain-area distributions were presented in the form of
histograms with fitted curves. The mechanical performance of the
ultrathin film was tested by a universal tensile testing machine
(LDW-1, Songdun Instrument). The chemical composite, crystal
structure and degree of crystallinity were characterized by FTIR
(scan resolution: 1 cm™, INVENIO, Bruker), XRD (Empyrean,
PANalytical) and DSC (heating and cooling rate 10°C min™', Met-
tler Toledo). The ferroelectric and piezoelectric properties were
measured through the TF Analyzer (2000E, aixACCT) equipped
with an amplifier (Trek 610E) and a laser interferometer, in
which the frequency of the electric field is 1 Hz. The dielectric
constant and loss spectrum were tested by a broad dielectric
spectrometer (Concept 80, Novocontrol) at room temperature.

The polymer composite was printed into square sample (10 mm
x 10 mm) for the ferroelectric and dielectric measurements.
The electromechanical responses were tested using a low-noise
voltage preamplifier (SR 560, Stanford Research System), a linear
motor equipped with force probe (M7-50, Mark-10) was applied to
load pressure; the sampling rate was fixed at 10000 Hz to measure
response time.

4.3 | Biocompatibility Evaluation of the UPS

Fresh porcine stomach tissues were directly purchased from a
slaughterhouse. After collection, the tissue was only gently rinsed
with deionized water to remove residual gastric contents, without
any additional treatment. The subsequent adhesion and sensing
tests were then carried out directly on the stomach tissue surface.
For the underwater adhesion test, the porcine stomach tissue was
immersed in phosphate buffered saline (PBS) solution to alleviate
tissue changes caused by osmotic imbalance. For the sensing
tests, the tubes were directly connected to the stomach tissue
and fixed with waterproof sealing tape. All experiments were
conducted under indoor conditions (~25°C). Because the entire
sensing test lasted for several days, the stomach tissue was stored
at -20°C after use. Before reuse, the tissue was thawed in PBS
solution prior to subsequent tests. The water vapor transmission
rate (WVTR) of the device was measured using a home-made
setup (Figure S20). The deionized water was placed into the
container, and the sample was sealed over the opening. Then, the
total weight of the setup was recorded at different times respec-
tively over a period of 5 days. The WVTR was then calculated
based on the weight loss of water over time. Cytotoxicity was
assessed using a fibroblast cell line, the device was attached onto
a glass substrate, which is used for cell adhesion and culture.
The extract solution was collected and added to cell culture wells
to incubate for a defined period. Then, live/dead fluorescence
staining was performed to assess cell viability using a CCK-8
assay. To evaluate the stability of the device under gastric-like
conditions, 200 mL of phosphate-buffered saline (PBS, pH ~ 7.4)
was adjusted to pH values of 1, 3, 5, and 7 using hydrochloric
acid. The devices were immersed in these solutions for assess-
ing durations, then rinsed with deionized water and used for
piezoelectric performance testing to evaluate robustness after
exposure.
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