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ABSTRACT
Three-dimensional printed (3DP) triboelectric nanogenerators (TENGs) provide a versatile approach for complex and cus-
tomizable microstructures tailored for efficient energy harvesting and sensing. Here, we demonstrate the fabrication of flexible
microstructured TENGs produced via stereolithography 3D printing and subsequently coated with a conducting polymer,
PEDOT:PSS (P:P). Three geometries are investigated: pillars, pyramids, and arches, with the arch configuration emerging as a new
design combining enhanced mechanical adaptability and improved triboelectric performance. The arch-shaped TENGs exhibit
superior flexibility, structural stability, and a high active surface area, which collectively facilitate efficient energy conversion
under repetitive deformation. Furthermore, the incorporation of P:P coating substantially enhances performance, resulting in
a more than twentyfold increase in voltage output compared to uncoated counterparts. Among the 3DP structures, the arch
geometry consistently delivers better performance, confirming the geometry-driven performance of 3DP-TENGs. The optimized
arch configuration is found to yield a peak voltage output of∼101 V, corresponding to amaximum power output of∼193.6 mW/m2.
By exploiting the spring-like behavior of the arch-shaped tribolayer, a “zero-gap” TENG architecture is presented, offering a
compact and adaptable energy-harvesting platform as well as pressure-sensing capabilities. Finally, a wireless pressure-sensing
platform configured as a vehicle parking counter is demonstrated, showcasing the potential of this development for integration
into smart infrastructure and environmental monitoring systems.
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Introduction

ver the last decade, advances in materials science, nanotech-
ology, and device engineering have led to the development of
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new solutions in sustainable energy and self-powered devices [1].
The resulting developments have introduced new materials and
device approaches that have enabled efficient energy harvesting
from various environmental sources and biomechanical activities
its use, distribution and reproduction in any medium, provided the original work is properly
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2]. This progress is driving sustainable solutions for power gen-
ration and opening up applications in fields ranging from wear-
ble electronics and biomedical devices to remote sensing and
nvironmental monitoring. Among various energy harvesters,
riboelectric nanogenerators (TENGs) undoubtedly represent one
f the most promising technologies to have emerged, revolu-
ionizing wearable [3, 4] and textile electronics [5, 6] as well
s green energy applications [7–9]. TENGs can typically capture
istributed and irregular low-frequency mechanical energy from
urrounding sources, such as vibrations and human motion,
onverting it into electrical power [10–12]. While the primary
perating principle of TENG is well studied and understood,
he theoretical explanation is still under investigation [13, 14].
tudies have demonstrated that TENG’s operation is based on
ontact electrification and electrostatic induction coupling [15].
he dynamic interaction between different material surfaces
auses fluctuations in potential difference, which induce a flow
f electrons within the external circuit as the surfaces repeatedly
ake and break contact. As such, alterations in the surface
hemistry, charge density, roughness, and microarchitecture of
he functional layers can significantly impact the device’s perfor-
ance [16–19]. Coupling materials with a difference in electron
ffinity, as well as employing micro/nanotextured surfaces, is a
ommon strategy, as these characteristics can enhance charge
eneration andmaximize power output. Specifically, the electron
ffinity difference increases the tendency for electron transfer
pon contact, thereby amplifying the contact electrification
ffect.Meanwhile, surface texture and roughness can increase the
ctive contact area between the two tribolayers, allowing formore
oints of interaction and enhancing the charge transfer capacity
f the device [11, 17, 20, 21]. The multiple variables introduced
ith TENG technology allow for numerous material combi-
ations, with polymers and nanomaterials being particularly
romising [9].

ENGs frequently use structured surfaces, such as micro-
atterned electrodes, gratings, or nanostructured layers, to
nhance electrification effects and charge interactions [22–24].
evertheless, fabricating these nano-/micropatterned domains
nd geometries often requires advanced manufacturing tech-
iques, such as photolithography, which can be complex
nd costly. Apart from that, these techniques may compro-
ise the scalability and deployment in large-scale manufac-
uring. Recently, additive manufacturing has made consider-
ble advancements in the development of energy harvesters
25], including TENGs, driven by new manufacturing tech-
iques, designs, and innovations in printing materials [26–
0]. This has enabled the precise fabrication of patterns and
icro/nanostructures with a complexity level on par with
ther fabrication techniques (i.e., soft lithography). To date,
esearchers have extensively explored a diverse range of com-
ercial materials using fused deposition modeling (FDM) [30,
1], direct ink writing (DIW) [32–34], and resin-based printing
ethods, such as stereolithography (SLA) [35] and digital light
rocessing (DLP) [26]. While FDM and DIW offer a versatile,
asy-to-print, and more environmentally friendly approach, they
enerally lack resolution, and 3DP design precision is rather
imited. On the other hand, resin-based 3D printing methods
tilize photopolymer resins, offering tailorability and produc-
ng highly detailed 3D printouts. In addition, several resin
ormulations have been developed to date, including biocom-
of 13
patible, high-strength, and flexible resins, broadening the range
of applications for 3DP-structures [26, 36]. Beyond the choice
of resin material, 3DP architectures are frequently coated or
modified with additional materials to improve their mechanical
performance, stability, or specific functional response, thereby
tailoring them for targeted applications, such as those of
TENGs.

Building on this, a common strategy to enhance TENG per-
formance involves the use of functional coatings to opti-
mize charge generation, mechanical responsiveness, durability,
and overall energy conversion efficiency [37–39]. Incorporat-
ing polymers or functional molecules can tune their surface
charge affinity by modifying electron-donor/acceptor behavior
during contact electrification. Conducting polymers, such as
polypyrrole and poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS; P:P), have been used in TENGs [40–43],
typically employed as a charge-enhancing transport layer [44, 45].
While these studies have explored the use of conducting polymers
to enhance the performance of TENGs, the integration of such
materials with 3DP-TENGs remains rather unexplored.

In this work, we present the development of flexible 3DP
TENGs fabricated through a dual-processing approach, in which
microstructured tribolayers are produced via stereolithography
3D printing using a commercial polyurethane (PU)-based resin
subsequently spray-coated with a P:P film. To investigate the
structure–performance relationship, three 3D microstructure
geometries, such as pillars, pyramids, and arches, are designed
and fabricated with distinct dimensional features and identi-
cal material compositions. Pillars known to deform primarily
through axial compression and bending, resulting in rather
irregular contact during stress and a limited effective contact
area. Pyramids place stress at their tips, increasing local pressure
but reducing contact area and increasing stiffness. In contrast,
the newly introduced feature in our study, arches, is found to
distribute stress over a large surface, enabling gradual contact
formation, greater mechanical adaptability, improved stability,
and superior durability under repeated loading. Overall, the three
geometries represent fundamentally different mechanical defor-
mation modes, allowing a rational comparison of how geometry
and conductive-polymer functionalization together influence
energy conversion. In all cases, the incorporation of a P:P coating
is found to substantially enhance the electrical output of the
TENGs, demonstrating its effectiveness as a general strategy for
boosting performance in TENGs. The presented approach offers
a design strategy for future geometry-driven optimization of 3DP
TENGs.

2 Results and Discussion

2.1 3DPMicrostructured Tribolayers

SLA types of 3D printing enable the fabrication of accurate
and precise structures at the micron scale. With a resolution
of a few tens of µm, it enables the formation of multiplanar
features essential for applications requiring smooth surface pat-
terns with variable aspect ratios. Exploiting this capability, a
stepwise approach is employed to fabricate microstructured 3DP
tribolayers, as shown in Figure 1a. After designing the desired
Advanced Materials Interfaces, 2026
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FIGURE 1 (a) A schematic showing the fabrication process for the 3DP microstructured tribolayers and an illustration of the TENG device
architecture. Photograph of a flexible 3DP-TENG based on an arch-structured tribolayer paired with a PET film. Both tribolayers used a Cu-adhesive-
based electrode. (created with Biorender) (b) Optical microscopy images at various magnifications reveal the pristine 3D microstructures, including
pillars, pyramids, and arches. (c) Photographic Images showcasing the flexibility and foldability of the pristine 3DP layers. (d) Photographic images of
the P:P spray-coated 3DP structures. (e) SEM image showing a cross-section of the P:P layer on top of the pristine 3DP structures.
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atterns using CAD software, samples measuring 50 × 50 mm2

re 3D-printed, incorporating various shaped microstructures on
thin and flexible support base of ∼100 µm. The base layer

acilitated sufficient structural integrity and ensured integration
nto a TENG device format. Subsequently, following plasma UV
reatment, the structures are spray-coatedwith a P:P film between
and 5 µm thick and then annealed to enhance film stability
nd electrical conductivity. The resulting 3DP tribolayer is then
ntegrated into different TENG device configurations, including
wo-electrode and “zero gap” (ZG)architectures. Figure 1b shows
he uncoated 3DP microstructures prepared here, including pil-
ars, pyramids, and arches. Optical microscopy inspection reveals
ontinuous and precisely patterned motifs with dimensionally
onsistent features over the printed area. The intrinsic flexibility
f the photocurable resin, combinedwith the tailored 3DP design,
nabled the fabrication of foldable and mechanically robust
icrostructured layers, as shown in Figure 1c. As shown in
igure S1, the structures demonstrate mechanical flexibility and
ollability, allowing conformal adaptation to non-planar surfaces
nd repeated rolling about their axis without visible degradation
r breakage.

uilding on previous studies where P:P is being employed as
n electrode or as a charge-transport layer in energy-harvesting
evices [46], we herein apply a P:P coating onto the 3DP
dvanced Materials Interfaces, 2026

ti
microstructures to investigate its role in enhancing triboelectric
performance (Figure 1d). Air-brush spraying has been chosen
for its ability to achieve conformal coating over complex surface
geometries without compromising the micromorphology of the
3DP features. By atomizing the P:P solution into fine droplets, the
sprayer facilitates complete coverage, allowing penetration into
recessed regions and consistent deposition even on high-aspect-
ratio architectures. This leads to the formation of continuous,
µm-thick P:P films. Unlike other conventional deposition meth-
ods, such as spin coating or dip coating, which are well-suited
for flat substrates but often lead to non-uniform coverage, poor
adhesion, or incomplete film formation on textured surfaces,
spraying offers superior adaptability to complex 3D topographies.
Particularly in the case of high-aspect-ratio structures, such as
those used in ourwork.Uponoptimization,we observe that above
12 sequential spraying passes, a continuous P:P layer is formed
over the structures. In such a case, the thickness is estimated to be
in the range of 4–5 µm, (see Figure 1e), confirming the formation
of a complete P:P layer onto 3DP microstructures.

2.2 Mechanical Analysis of the Microstructures

The micro-geometry is critical in optimizing the mechanical
response and triboelectric performance of 3DP-TENGs. Table 1
3 of 13
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TABLE 1 Design parameters used for the development of the various 3DP geometries.

Design ID CAD design Cell geometry

Dimensions

#StructuresD
(mm)

H
(mm) S (mm)

Pillars C 0.5 5 — 400

Pyramids P 1 5 — 400

Arches A1 1 4 1.5 95
A2 0.5 4 1.5 95
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ummarizes the geometrical parameters of the various 3D printed
icrostructures, showcasing the different designs and their cor-
esponding unit cell characteristics. Pillar- and pyramid-based
ribolayers have been previously studied and are considered
romising due to their ability to enhance contact with the
urface and maximize the active surface area for effective tribo-
lectrification [24, 47, 48]. On the other hand, the arch design
ffers a new approach to enhance mechanical response and
tability. To macroscopically inspect the effects of localized
ompression, the 3DP microstructures are subjected to manual
ompression using a simple hand-press action, as shown in
he photographs of Figure 2a. This initiates how the tribolayers
espond to vertical pressure, simulating the types of compression
tresses expected in wearable or surface-mounted applications.
illar and pyramid microstructures, while providing relatively
igh surface area, exhibit limited ability to maintain consistent
urface-to-surface interactions. Their response depends strongly
n their capacity to deform or bend under pressure, which can
nfluence effective contact with opposing layers. Repeated press–
elease cycles (via automated mechanical actuator) are found to
urther compromise their structural integrity, leading to fatigue,
ost notably in the pillars, where collapse or detachment from
he substrate can be observed (see Figure 2b). In contrast, the
rches appear to be fatigue-resistant, which can be attributed
o their curved geometry that induces a spring-like behavior.
his geometry distributes mechanical stresses more evenly and
xhibits superior elasticity and recovery compared with other
icrostructures. As a result, the arches provide a cushioning
ffect that enhances durability under repeated loading while
aintaining consistent surface contact.

he results of monotonic compression tests on the four
icrostructural types are shown in Figure 2c. The load–
isplacement curves reveal a clear dependence on geometry.
s expected, the pillars exhibit the highest stiffness, owing to
heir larger cross-sectional area, which resists compressive loads,
of 13

ti
and their response is nearly linear across the loading range.
Pyramid structures exhibit lower stiffness due to their tapering
cross-section. In contrast, the arch structures display amore grad-
ual deformation profile. This distinct behavior arises because,
under transverse compression, the arches deformmainly through
bending rather than buckling. Among the two arch designs
investigated, A2 exhibits a lower load–displacement response
than A1, which is likely attributable to its smaller cross-sectional
area (D)(see Table 1).

Cyclic compression has also been performed to test the structural
resilience of the 3DP tribolayers up to four cycles (see Figure 2d–
g). The arch structures are found to recover more efficiently
between cycles, maintaining their ability to resist subsequent
loading. In contrast, pillars and pyramids exhibit pronounced
hysteresis, particularly the pillars, which carry progressively less
load after the first cycle and do not fully recover. This finding
highlights the advantages of arch geometries, which combine
a large contact area with improved elasticity and recovery,
thereby enabling more effective charge generation through the
triboelectrification effect.

2.3 TENG Performance Characteristics

To identify the most effective triboelectric pairing, P:P-coated
3DP tribolayers are tested against various counter materials,
including paper, polydimethylsiloxane (PDMS), polyimide (PI),
and polyethylene terephthalate (PET) (Figure S2). Among these,
PET exhibited the highest performance, generating significantly
higher voltage out than PI, the next best-performing material.
Figure 3a illustrates the operating principle of the two-electrode
TENG device, which employs P:P-coated 3DP arches and PET as
the tribolayers operating in a contact–separation mode. Specif-
ically, in the initial state, when the two layers are apart, no
charge is present; however, upon contact, triboelectric charges are
Advanced Materials Interfaces, 2026
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FIGURE 2 (a) Photographs showing the response of the 3DPmicrostructures upon vertical compression using finger-pressing action. Illustrations
describing the observed feedback effect upon pressure. (b) The corresponding photographs show the degradation effects on the various structures
resulting from continuous (> 5000 cycles) press-release cycles. (c) Monotonic compression measurements for the corresponding samples (the test was
stopped at 500 N or 1.5 mm displacement to avoid excessive compression of the microstructures). (d–g) Cyclic compression tests of four cycles for the
pillars, pyramids, and the two arch types.

g
s
t
W
b
T
A

T
o
w
v
8
c
T
t
i
e
c
r
e
s
a
N
w
∼

t
e
s

A

 21967350, 2026, 7, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202500963 by B
runel U

niversity, W
iley O

nline L
ibrary on [14/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
rea
enerated at the interface between the two surfaces. As the layers
eparate, a potential difference is established, causing electrons
o flow between the two electrodes until equilibrium is reached.
hen re-contacting the two tribolayers, the induced charges flow
ack through the external load to balance the potential difference.
herefore, continuous contact and separation cycles cause an
C-like signal output.

o assess the effect of P:P, we first examine the performance
f uncoated 3DP tribolayers (see Figure 3b–e). These TENGs,
hen PET is used as a counter tribolayer, exhibit an overall low
oltage output, with a maximum peak of approximately 5.3 V (at
Hz) and only minor differences across the tested structures. In
ontrast, the introduction of a P:P coating significantly enhances
ENG performance, as shown in Figure 3f–i. We hypothesize
hat the P:P coating may alter the roughness surface, creat-
ng more active sites for triboelectric interactions and thereby
nhancing charge generation efficiency. At the same time, it
an store and transfer the generated charges more efficiently,
educing energy losses and amplifying the triboelectrification
ffect. Clear differences can be observed among the various
tructural geometries. Specifically, the pillar and pyramid designs
re found to reach peak voltages of 15.6 and 11.9 V, respectively.
otably, arch-based TENGs demonstrate superior performance,
ith types A1 and A2 generating peak voltage outputs of
66.6 and 101.3 V, respectively. The significant difference in
he voltage output can be attributed to their geometry, which
nables more effective surface contact during compression and
eparation.
dvanced Materials Interfaces, 2026
The influence of surface-to-surface interaction is further evident
when comparing A1 and A2. During compression, the arch flat-
tens, increasing the effective contact area, while upon release, it
returns to its curved state, retaining triboelectric charges until the
next cycle. The thinner cross-section of the A2 arches (denoted as
D in Table 1) provides better flexibility,which in turn enhances the
charge generation and transfer efficiency compared to the thicker
A1 arch profile. For comparison, a flat (unstructured) P:P-coated
PU tribolayer has also been tested in a TENG configuration. As
shown in Figure S3, the device yielded a peak voltage of 44.0 V,
significantly lower than the outputs of the arch-based designs,
confirming the critical role of surface structuring in triboelectric
performance.

As the arch-based TENGs exhibit themost favorable performance
among the investigated geometries, further electrical characteri-
zation is conducted. Figure 4a,b shows the frequency-dependent
voltage outputs for the A1 and A2 TENG configurations, respec-
tively. As the operating frequency increases (from 6 to 10 Hz),
both A1 and A2 exhibit a rise in output voltage reflecting the
frequency-responsive behavior, typical in TENGs during dynamic
mechanical excitation. This enhancement can be attributed to
the greater charge accumulation occurring within each cycle at
higher frequencies, as well as the increased number of contact–
separation events per unit time, which together amplify the
total output. In addition, long-term stability is then evaluated
through durability tests on both A1 and A2 devices under
repeated contact–separation cycles. Specifically, voltage output is
monitored by recording 20 s samples every five minutes over a
5 of 13
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FIGURE 3 (a) Schematic of the TENG device and its operation, with plots illustrating the TENG voltage output generated for the various 3DP
tribolayers (at 8 Hz). A displaying peak generation during press-release actions. (b–e) Voltage output measurements for the uncoated and (f–i) P:P-
coated 3DP pillars, pyramids, and arches. Insets display photographic images of the 3DP structures. In the case of 3DP arches, two different dimension
conditions (A1 and A2) are tested as indicated in the corresponding insets.
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otal of 60 min (∼28.800 cycles) (see Figure 4c,d). The A1 TENG
s found to maintain a stable output, with average peak voltages
hanging only slightly from −43.2 ± 14.3 V (Vmax = −63.0 V)
o −45.4 ± 14.6 V (Vmax = −66.8 V) after one hour. In contrast,
he A2 devices showed a steady increase in performance, rising
rom −41.2 ± 11.4 V (Vmax = −62.0 V) to −67.0 ± 17.9 V (Vmax =
101.0 V). This behavior is most likely attributed to the enhanced
echanical compliance of A2, which enables adaptation and
onditioning to actuation, thereby promoting efficient charge
issipation and voltage generation. To further assess device
erformance, the transferred charge (Q) is measured for both A1
nd A2-based TENGs, as shown in Figure 4e,f. Measurements are
arried out at ∼6 Hz to ensure stable charge transfer per cycle.
onsistent with the voltage measurements, the charge output
f the A2 TENG is approximately 33% higher than that of A1,
eaching a value of about 46 nC.

he corresponding variations in output power and voltage with
ifferent load resistances are shown in Figure 4g,h. In addition,
hemaximumpower output generated is found to be 54.1 mW/m2

or the A1 and 193.6mW/m2 for the A2 TENG, each achieved at its
ptimal load resistance, indicating the most efficient conditions
or power transfer.

o evaluate the effect of compression displacement on the
utput voltage, the arch-based TENGs (A2) are measured under
rogressively increasing base height, as shown in Figure S4. As
he vertical displacement (D) of the base increases, the separation
istance decreases and the overall voltage amplitude is reduced,
of 13
reaching a plateau beyond a displacement of approximately
4 mm. Under this condition, the arches may not have sufficient
time to elastically recover, resulting in a nearly constant effec-
tive contact area and thereby limiting further changes in the
charge transfer dynamics. The observed plateau indicates that
the device has reached its maximum mechanical deformation,
beyondwhich further compression does not result in a significant
change in electrical output. It should be noted that the origin
position (D = 0 mm) corresponds to the maximum voltage
output.

The force-dependent electrical output of the TENG is evaluated
by applying two different contact forces, 3 and 8 N, as shown in
Figure S5. Under the lower force setting, the device generates a
stable but relativelymodest voltage output. In contrast, increasing
the applied force to 8 N resulted in a significantly enhanced
voltage amplitude, to that observed at 3 N. This improvement can
be attributed to the increased effective contact area and stronger
interfacial interaction between the tribolayers under higher force,
which promotes greater triboelectric charge generation.

Furthermore, to assess the durability of the P:P layer under
repeated mechanical stress, its electrical and structural stability
are examined through sheet resistance measurements and SEM
characterization, respectively. As shown in Figure S6a, the aver-
age sheet resistance values remain within a comparable range
(between 3.4 and 3.9 Ω/sq), and the overall distribution exhib-
ited negligible variation after 10000 cycles, indicating that the
electrical conductivity is preserved under repeated mechanical
Advanced Materials Interfaces, 2026
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FIGURE 4 (a) Frequency-dependent TENG output response for the A1 and (b) A2 arch-based TENG. (c) Voltage output response of the 3DP TENG
with A1 and (d) A2 arches, showing continuous operation over 60min. The data were extracted from 20 s recordings every 5 min at 8 Hz. Charge transfer
versus time for (e) A1 and (f) A2 based-TENGs. (g) Comparative voltage output and (h) power density output as a function of varying loads for A1 and
A2 arch configurations.

FIGURE 5 (a) Photograph showing the on/off switching of an array of blue LEDs upon press and release actuation of the 3DP-TENG. (b) The
electrical diagram shows the TENG-based capacitor circuit. (c) Capacitor charging curves showing voltage vs. time plots and (d) energy stored using
various capacitors, ranging between 1 and 47 µF. The stored energy was estimated over a 100s charge cycle.
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ctivity. In addition, Figure S6b,c presents the SEM images of the
:P-coated microstructures, acquired in top-view configurations,
or the freshly coated TENG and after 10000 contact–separation
ycles. The post-cycling SEM images reveal no observable crack-
ng, delamination, or surface degradation as compared to the
resh sample, indicating strong interfacial adhesion between the
:P layer and the 3D-printed arches.

igure 5a demonstrates the energy-harvesting capability of the
DP-TENG (using the arch design). As shown, the TENG success-
ully powered an array of 42 blue LEDs (KU logo), which switched
n and off in response to the press–release actuation of the TENG,
onfirming its ability to convert mechanical energy into electrical
dvanced Materials Interfaces, 2026
output. Figure 5b depicts the schematic of the circuit used to store
the generated energy in different capacitors ranging from 1 to
47 µF. The charging characteristics are displayed in Figure 5c,
showing the corresponding time-dependent voltage profile. As
expected, capacitors with smaller capacitance values appear
to charge more rapidly, while those with higher capacitance
exhibit a slower voltage rise due to increased storage capacity.
Figure 5d shows the calculated energy stored over a 100s charge
cycle, revealing that the stored energy decreases with increasing
capacitance. Larger capacitors accumulate voltage more slowly,
and since the stored energy depends quadratically on voltage,
the lower voltage reached within a fixed time results in reduced
energy storage.
7 of 13
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.4 “Zero Gap” Arches TENG

uilding on the advantages of the arch geometry, a ZG-TENG
s demonstrated in which triboelectrification is driven by the
lastic, spring-like motion of the curved structures. This design
inimizes the air gap between the triboelectric layers, keep-
ng them in close proximity and simplifying overall device
ntegration and operation. Accordingly, the TENG is designed
o maintain a minimal distance between the arch (A2) tri-
olayer and the PET counter film (Figure 6a). During each
ress–release cycle, the arch height (h) and contact length
l) dynamically vary, modulating the effective interaction area
etween the two tribolayers (Figure 6b). With a small residual
ap present, the electrical output arises from the same contact
lectrification and electrostatic induction mechanisms as in
onventional contact–separation TENGs. Nevertheless, as shown
n Figure 6c, the performance of the ZG-TENGs is significantly
ower than that of the typical contact–separation configuration,
ith the best performing ZG-TENG (A2) exhibiting a voltage
f ∼14.8 V.

o further clarify the role of separation distance in governing the
lectrostatic behavior of the ZG-TENG, finite element simulations
re performed using COMSOL Multiphysics by varying the gap
etween the tribolayers from a near-zero separation of 0.5–
0 mm. The simulated electric potential distributions are shown
n Figure S7. For simplicity, flat-surface geometries are assumed,
nd microstructural features or surface roughness are neglected
o isolate the intrinsicmechanisms of charge transfer and electric-
ield evolution. Specifically, at near-zero separation, the electric
otential is more localized at the contact interface, leading to a
eaker potential gradient and limited electrostatic induction due
o rapid charge compensation between the opposing triboelectric
urfaces. As the separation distance increases, the potential
ifference between the electrodes becomes more pronounced,
ccompanied by a spatially extended electric field distribution.
hus, at larger gaps, a strong electric field is established across
he device, significantly enhancing electrostatic induction and
harge transfer efficiency. These simulation results are consistent
ith experimental observations and confirm the lower output
erformance of ZG-TENGs relative to conventional contact–
eparation TENG configurations. Future work will investigate
he dynamic electromechanical response of the arch-based tribo-
ayers using time-dependent coupled simulations. This will cap-
ure deformation-driven contact evolution and transient charge
edistribution, enabling closer correlation with experimental
erformance.

.5 Wireless Parking Counter Platform

s a proof of concept, the ZG-TENG described in the previous
ection is used to fabricate a wireless parking sensor capable of
ransmitting signals to an IoT interface and a counter applica-
ion. The device operates through a press–release mechanism,
enerating electrical signals in response to mechanical stimuli
uch as vertical compression. Figure 6d illustrates the system
etup, showing the integration of the TENG sensor, measurement
nit, transmitter, and receiver. The sensor unit consists of an
rch-based ZG-TENG, a full-wave bridge rectifier, and a voltage
ivider. Upon mechanical activation, the TENG produces an
of 13
alternating electrical signal, which is rectified and processed
by an Arduino (ESP32) microcontroller, which then wirelessly
transmits the data to receiver units via Bluetooth or Wi-Fi. The
wireless transmission remains stable across repeated operations,
enabling real-time signal detection with rapid response times
suitable for event-based pressure sensing. The receiver interprets
the incoming signal and triggers a corresponding feedback action
on an events counter platform. The system is first evaluated
under random mechanical activations (hand tapping) in a lab-
oratory environment, demonstrating high detection accuracy
and consistent event recognition (Figure 6e,f). The prototype is
further deployed in a designated parking area, where the ZG-
ENG is affixed to the road surface (Figure 6g). When a vehicle
passes over the device, the generated voltage pulse is reliably
detected, activating the LED indicator (Figure 6h; Video S1).
The LED switches on when the front tire contacts the sensor
and turns off as the rear tire leaves, with each on–off cycle
corresponding to a single vehicle passage. This response enables
accurate vehicle counting and seamless integration with a moni-
toring interface accessible via mobile devices or laptops. Overall,
the ZG-TENG demonstrates stable, repeatable operation under
practical loading conditions, sustaining multiple vehicle passes
with high counting reliability. Its robust structural integrity,
mechanical flexibility, and wireless compatibility highlight the
potential of the 3DP-TENG platform for durable, maintenance-
free sensing in smart infrastructure and IoT-based monitoring
applications.

3 Conclusions

This study presents a two-step fabrication strategy for TENGs that
combines SLA 3D printing with spray coating of a conductive
P:P layer. This approach enables the production of flexible 3DP
structured layers with well-defined architectures. Among the
tested geometries, the arch design demonstrated the highest
performance, offering better mechanical adaptability and contact
efficiency, which resulted in higher voltage and power outputs
compared to conventional pillar and pyramid structures. The
P:P coating further improved device performance by enhancing
surface conductivity and charge transfer. The elastic, spring-like
response of the arches also enabled the realization of a compact
ZG-TENG suitable for compression-based sensing and wearable
systems. Device operation was demonstrated using a wireless
parking sensor prototype, which maintained stable detection
accuracy under repeated mechanical loading. As summarized in
Table S1, the proposed device outperforms previously reported
TENGs fabricated by filament 3D printing, DIW, and SLA, with
our 3DP approach delivering a superior voltage output. From
an application standpoint, the device can be readily integrated
into high-load and highly sensitive environments, enabling real-
time energy harvesting and sensing for smart infrastructure,
transportation, and health monitoring systems.

4 Experimental Section/Methods

4.1 Materials

For the fabrication of the 3DP structures, a commercial
polyurethane-based resin (57.7% urethane acrylate, 38%
Advanced Materials Interfaces, 2026
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FIGURE 6 (a) Photograph of a ZG-TENG device composed of a P:P-coated 3DP (A2) and a counter PET tribolayer. (b)The schematic illustrates
the ZG operation, which involves uncompressed and compressed states. Zoomed drawings highlight the dimensional changes of the arches upon
compression. (c) Plots showing the voltage output upon press-release action of ZG-A1 and ZG-A2 devices. (d) Photograph showing the laboratory setup
and the components used for wireless transmission of pressure-sensing signals generated by hand tapping. (e) Graph showing the voltage signal recorded
by an Arduino (ESP32 microcontroller). The signal is divided by a factor of 100 using a voltage divider circuit. (f) Binary event detection timeline of the
wireless ZG-TENG system showing individual activation events. The device maintained 100% detection accuracy across repeated cycles, indicating
idle states (LED off) and active states (LED on) upon actuation (tapping). (g) Schematic of the ZG-based TENG pressure sensor integrated with an
interconnected counter system, comprising a rectifier, voltage divider, wireless Arduino-based signal transmitter, receiver modules, a microcontroller
for LED switching, and a mobile interface for data recording. (h) Photographs of the TENG sensor embedded in a roadbed, showing the OFF state (no
car detected) and the ON state (car passes). Upon vehicle passage, the TENG generates a signal that is wirelessly transmitted to the microcontroller,
which in turn triggers the LED indicator as shown in the inset.
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crylate monomer, 4% photoinitiator) (Siraya Tech Tenacious)
as purchased and used as is. The P:P solution is
omposed of poly(3,4-ethylenedioxythiophene):poly(styrene
ulfonate) (Heraeus, Clevios PH1000), Ethylene Glycol
Sigma–Aldrich), 4-dodecylbenzenesulfonic acid (DBSA)
Sigma–Aldrich), and 3-glycidoxypropyltrimethoxysilane (GOPS)
Sigma–Aldrich).

.2 TENG Layers Design and Characterization

hemain layer of the TENGwas designed and printed with three
ifferent surface microstructures, all with a base layer thickness
f ∼100 µm and base dimensions of 50 mm by 50 mm, using
utoCAD software. Pillars and pyramids were designed with
ligned geometries, while the novel arches were designed with
lternating geometries and varying dimensions. The layers were
hen sliced using Chitobox software for 3D printing. The layers
ere 3D printed using photopolymer polyurethane resin, known
or its flexibility and high impact resistance, on an ELEGOOMars
Pro Resin stereolithography 3D printer. After printing, the struc-
ures were washed and cured with isopropyl alcohol using the
LEGOOMercury Plus 2-in-1Washing andCuringMachine. This
rocess ensured the quality and durability of the printed layers,
ompleted the polymerization, and stabilized the dimensions of
he printed layers. For the layer optimization, an initial analysis
f the PU-printed structures was conducted both optically and
echanically to evaluate their performance. Optical analysis,
erformed using a LeicaM165 FCOpticalMicroscope, was critical
or detecting defects, evaluating the uniformity of themicrostruc-
ures, and accurately measuring dimensions to verify conformity
ith design specifications. For the mechanical analysis, a SALT
niversal Testing Machine was used under the following test
onditions: a displacement limit of 3.5 mm, a constant loading
ate of 1 mm/min, and compression to a maximum applied
oad of 5 kN. The compression test was essential for assessing
he microstructure’s strength and durability, particularly under
epeated deformation cycles. This test provided insights into
he material’s deformation and failure modes, identifying how
t deforms under different loads and determining its failure
oints.

.3 Preparation and Deposition of P:P Solution

.3.1 P:P Solution Preparation

he P:P solution was prepared following a previously published
rocess route [49]. Initially, the solution was filtered through
locked-lude syringe equipped with a 0.45 PTFE filter to

emove any aggregates and achieve uniformity. 5 wt.% ethy-
ene glycol was added to improve conductivity, followed by
ltrasonication at room temperature for 10 min. Next, 0.5 wt.%
BSA was added, and the mixture was ultrasonicated for an
dditional 10 min to enhance stability. Finally, 1 wt.% GOPS
as incorporated and ultrasonicated for another 10 min to
ross-link PEDOT:PSS. The final solution underwent a second
iltration to ensure the formation of a high-quality conductive
ayer.
0 of 13
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4.3.2 Surface Treatment

Before the spray coating process, all the 3DP structures under-
went plasma treatment to improve surface adhesion, ensuring
that the P:P layer adhered uniformly and firmly to the substrate.
Pillars, pyramids, and arches were treated for comparative pur-
poses. The treatment was conducted under vacuum with oxygen,
maintaining chamber pressure between 1000 and 1100 Pa for
3 min. This critical step modified the surface properties of the
3DP layers by introducing functional groups that enhanced the
adhesion of the P:P coating.

4.3.3 P:P Deposition

The final step entails applying the P:P solution to the treated
3DP structures using a spray coating technique. An airbrush
was utilized to apply the solution layer by layer, with a total
of 12 layers being sprayed at an angle. Each layer consisted of
horizontal and vertical passes, enabling uniform coverage of the
entire microstructure, and was allowed to dry completely before
the next layer was sprayed, ensuring optimal adhesion. This was
accomplished by placing the coated structure on a hot plate set at
60◦C for approximately 1 min. This iterative spraying and drying
process ensures a uniform conductive layer is formed.

4.4 Mechanical Characterization

All the samples of TENG containing various microstructure
geometries were tested under compression loading conditions.
Following a previously published methodology, an Intron UTM
Model 5969 with a 5 kN load cell capacity was used for these
tests [50]. The tests were conducted in a displacement-controlled
mode, where both monotonic and cyclic tests were performed at
a displacement rate of 1 mm/min. During the monotonic tests,
a maximum compression displacement of 1.5 mm and 500 N
was set as the test termination criteria. On the other hand, the
microstructure geometries were tested for higher displacement
and load values in cyclic loading than the monotonic tests to
evaluate the structural integrity and recovery for higher loading
conditions. The samples were placed at the center of the lower
stationary compression platen, where the microstructures faced
the upper loading compression platen. The upper platen was
carefully positioned to be in contact with the microstructures
of the sample, maintaining a pre-load of ∼10 N, which was
balanced before the commencement of each compression test.
Moreover, each test was repeated at least three times to record
the experimental scatter. A representative load vs. displacement
curve for each test is presented.

4.5 TENG Device Fabrication and
Characterization

The 3DPmicrostructure layers and PET filmwere placed on top of
copper (Cu) tape to construct the triboelectric pair, which served
as electrodes. The triboelectric layers were positioned facing each
other to create a TENG with an active area of 50 × 50 mm2.
Advanced Materials Interfaces, 2026
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he TENGs operated in two modes: initially, in contact and
eparation mode, applying continuous physical motion between
he two surfaces with a distinct separation gap (See Figure 1a),
nd second, in a zero-gap mode, where the devices functioned as
single component with minimal gap, presenting a smaller form
actor (See Figure 1b). The voltage output generated by the TENGs
as measured by attaching both layers to an automated linear
ctuator to simulate repetitive mechanical tapping. The voltage
utput was recorded using a digital oscilloscope (Tektronix
DS 3034C) operating at 300 MHz with a sampling rate of 2.5
S/s. The transferred charge and the voltage output for various
apacitors were measured using a Keithley 6517B electrometer.
he instrument operation was controlled through a LabVIEW
nterface for data acquisition and storage.

.6 TENG Simulations

lectrostatic simulations were performed using COMSOL Mul-
iphysics to investigate the effect of separation distance on the
lectrical behavior of TENG devices. A 2D electrostatics model
as employed, consisting of two opposing tribolayers with flat
urfaces to simplify the geometry and isolate the fundamental
harge transfer mechanisms. The model parameters include
he thicknesses of tribolayers, PET (100 µm) and printed layer
500 µm), P:P (5 µm), as well as their corresponding Cu electrode
ayers (100 µm), with material properties assigned according to
iterature-reported dielectric constants. The separation distance
etween the tribolayers was varied from a near-zero gap (0.5 mm)
o 20 mm.

.7 Wireless Transmission System Using the
DP-TENG

he wireless system for the 3DP-TENGs comprises transmission
nd receiver modules that are connected for efficient data han-
ling and stability. The transmission circuit transmits data based
n the voltage generated by the TENG, which is enabled via
ontact or tapping activity. The TENG produces an alternating
oltage during operation, which is then rectified into direct
oltage for compatibility. A microcontroller with WiFi/Bluetooth
apabilities and a voltage divider circuit ensures that the micro-
ontroller operates at safe voltage levels. The transmission
ircuit utilizes an Arduino R4 Bluetooth/WiFi microcontroller,
apable of transmitting data via WiFi or Bluetooth signals.
he microcontroller operates at a maximum voltage of 5 V. A
oltage divider circuit comprising of four resistors was used to
ffectively reduce the TENG-generated voltage by a factor of 100,
nsuring compatibility with the microcontroller. The rectifier
as used to generate a unipolar output voltage, ensuring that
nly positive signals were introduced to the system, thereby
nsuring more reliable operation. The voltage generated by the
ENG is converted into an electronic signal and transmitted to a
eceiver circuit for processing. The receiver circuit incorporates
n ESP32 microcontroller, which facilitates data communication
hrough WiFi or Bluetooth. A custom program was written
o ensure connectivity between the transmitting and receiving
icrocontroller units (throughWiFi), allowing the voltage signal
o be utilized for the tested applications. The received signal was
sed for the counter system to control an LED, enabling it to
dvanced Materials Interfaces, 2026
turn on and off in response to the feedback received, effectively
functioning as a parking sensor.
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