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ABSTRACT

Flexible TENGs are promising for self-powered wearables, but combining high output, mechanical compliance, and low material
use remains challenging. Here, we report a biomimetic microfractal TENG (BM-TENG) inspired by leaf-skeleton vascular
architectures, where the hierarchical network serves as both porous current-collector scaffold and template for triboelectric
surface replication. Copper nanowires immobilized along the microfractal pathways form guided and locally bundled conductive
networks, enabling a low sheet resistance of ~15 Q sq~! and >1000 fold reduction in sheet resistance compared with a planar
control. Replication of the same architecture into electrospun Nylon-6 and PVDF layers creates a compliant multiscale topography
that enhances charge generation. The BM-TENG delivers ~52 V open-circuit voltage, ~3.2 uA short-circuit current, and ~67.24 nC
transferred charge per cycle while using 50% lower CuNW loading, compared with ~26 V, ~1.23 uA, and ~27.35 nC for the planar
control. Using projected device area as the primary normalization basis, BM-TENG achieves a current density of ~3 mA m~2 and
power density of ~136.91 mW m~2, compared with ~1.13 mA m~2 and 135.80 mW m~2 for the planar control. As secondary metrics,
effective-material-area normalization gives ~10 mA m~2 and ~456.35 mW m~2 for the BM-TENG. The device also maintains stable
output over ~10000 cycles.

1 | Introduction through an external circuit. They also come with a simple

structure, material versatility, and low cost. Among different

The rapid growth of flexible electronics and wearable tech-
nology has created a strong demand for lightweight, flexible,
resource-efficient, and mechanically compliant energy harvest-
ing technologies [1-7]. Among different approaches, triboelectric
nanogenerators (TENGs) have emerged as a promising solu-
tion due to their ability to easily convert mechanical energy
to electrical energy through contact electrification and elec-
trostatic induction [8-18]. When two materials having differ-
ent triboelectric polarities are contacted and separated with
each other repeatedly, opposite charges are generated on their
surface, inducing a potential difference that drives current

categories of TENG, flexible TENGs are particularly attractive
because of their capability to harvest energy from human body
motion [1, 19, 20] and environmental vibrations [21], enabling
power generation in everyday conditions. This is advantageous
especially for the next generation of flexible and wearable
devices, as flexible TENGs have the potential to serve as an
independent power source for them [22-26]. The need for
external batteries can be reduced or eliminated by directly
integrating flexible TENGs into flexible substrates, electronic
skins [27], etc. However, it is very challenging to achieve
high electrical output while maintaining mechanical flexibility,
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particularly in the case of prolonged contact with the human
body.

Biomimetic TENGs have rapidly evolved as a key strategy for
improving the performance and functionality of TENGs by draw-
ing inspiration from natural designs and mechanisms [28]. Bioin-
spired surface morphologies and structural designs such as plant
leaf patterns, hierarchical microstructures, and animal-inspired
textures have been shown to significantly improve contact area,
charge generation, and mechanical adaptability by enabling high
voltage, current, and power outputs in various modes of operation
[29-31]. Recent advances include leaf-templated micro-structured
TENGs with robust performance and durability over many cycles,
as well as bioinspired designs targeted at electronic skin and
human-machine interfaces with enhanced flexibility and tactile
responsiveness [32]. Among the bioinspired designs, leaf skeleton
architectures can offer effective solutions due to their vascular
networks composed of hierarchical and fractal structures that
efficiently distribute mechanical stress and maximize surface
area while minimizing material usage [33-37]. Incorporating
these natural microstructures onto functional surfaces provides
significant advantages over conventional planar surfaces, includ-
ing enhanced electron transport pathways, improved breathabil-
ity, greater flexibility, and better mechanical robustness. These
hierarchical architectures can significantly enhance the output
performance of TENGs by forming long-range continuous electri-
cal pathways and high-density cross-linked networks, which are
essential for efficient charge generation and transport, leading to
higher current density. In addition, the fractal and porous nature
of these structures promotes breathability by allowing effective
air and moisture transport, which is critical for skin-attached
and wearable devices. At the same time, the interconnected
network helps distribute applied mechanical stress more evenly,
reducing localized strain and improving mechanical durability
under repeated bending and deformation.

Conductive materials are essential components in flexible
TENG research for efficient charge collection and transport. 1D
nanowires are particularly attractive as they are flexible and
crack-resistant, making them suitable for bendable and wearable
applications [38-41]. The nanowires offer high aspect ratio, large
surface area, and the ability to form percolated networks [38,
42, 43]. Among metal nanowires, silver, gold, and CuNWs have
been widely studied for flexible electronics [39, 40, 44]. One
common challenge regarding the nanowires is agglomeration
during deposition, which often leads to non-uniform coverage
and degraded electrical performance. In our previous work, silver
nanowires (AgN'Ws) were used due to their high conductivity and
ease of processing [33, 35, 45], but their high cost and limited sus-
tainability motivate the use of CuN'Ws as a promising alternative.
More recently, nanostructured copper-based electrodes have been
gaining attention as an abundant and cheaper alternative to silver.
CuNWs offer electrical performance that is very close to that of
silver, with only a slight difference in conductivity, but they come
with significant practical advantages, like copper being vastly
more abundant and available at a much lower cost than silver,
making it a more economical choice for scalable electronic appli-
cations [46]. Despite offering comparable electrical conductivity
at a lower cost, CUNWs are more susceptible to agglomeration
and oxidation, making uniform and stable coating a key challenge
for high-performance TENGs [47-49]. In this context as well,

bioinspired 3D leaf-like surfaces provide an effective platform
for the uniform dispersion of conductive nanomaterials [33, 35,
37]. The presence of a hierarchical vascular network enables
CuNWs to be distributed evenly across the surface, forming
long-range interconnected conductive pathways while suppress-
ing agglomeration. This microfractal architecture can facilitate
efficient charge transport throughout the entire device while
maintaining breathability and reducing material consumption.
By mimicking natural systems, the resulting conductive network
also ensures stable electrical output under repeated mechanical
deformation, making it highly suitable for flexible and wearable
TENG applications.

In this work, we report a biomimetic microfractal triboelec-
tric nanogenerator (BM-TENG) that integrates breathability,
mechanical compliance, and enhanced electrical output through
a leaf-skeleton-derived hierarchical architecture. CuNWs are
employed as a lower-cost alternative to AgNWs, while the
biomimetic design improves charge collection and triboelec-
tric interaction at reduced conductive-material loading. These
results demonstrate how natural microfractal architectures can
guide the development of breathable and flexible triboelectric
nanogenerators for next-generation self-powered systems.

We hypothesize that the leaf-skeleton microfractal architecture
enhances BM-TENG performance through two complementary
mechanisms: first, the hierarchical vein network acts as a
current-collector scaffold that promotes guided alignment and
local bundling of CuNWs, thereby reducing transport losses at
low areal loading; second, replication of the same microfractal
geometry into electrospun Nylon-6 and PVDF layers increases
multiscale interfacial contact and charge-storage sites during
triboelectric cycling. Together, these effects are expected to
improve current density and power density while preserving
breathability and mechanical compliance. To test this hypothesis,
we benchmarked the sheet resistance of CuNWs-coated leaf
skeletons against planar CuNWs coatings, used resistor-network
simulations to isolate the roles of directionality and bundling, and
correlated collector properties with BM-TENG electrical output
under controlled operating conditions.

2 | Results and Discussion

Figure 1 summarizes the fabrication route of the BM-TENG,
including preparation of the leaf-based current collectors, fab-
rication of the biomimetic triboelectric layers, and final device
assembly. Figure 1a shows the fabrication process of the CuNWs-
coated microfractals as current collectors for the BM-TENG. A
rubber tree leaf skeleton (Hevea brasiliensis) was cut to a size of
4 cm X 4 cm and dipped into a CuNWs suspension to make the
leaf skeleton conductive. The CuNWs attach to the porous fractal
structures of the leaf skeleton because of the capillary forces and
form a conformal layer onto their surface [33]. Figure 1b shows
the fabrication process of the biomimetic leaf surfaces made
from Nylon-6 and PVDF polymers following the same process
in our previous research [35]. In this method, a customized
electrospinning setup with a metalized leaf-based biotic collector
was used for imprinting leaf skeleton architectures into modern
polymeric materials. These biomimetic surfaces were directly
used as the triboelectric layers for the BM-TENG. Figure 1c depicts

20f16

Advanced Functional Materials, 2026

35U217 SUOWIWOD BAITea1D) 3|gedt|dde ay) Aq pausenob afe soppILe YO ‘esh JO sa|ni o Ariqi]auluO AS|IA UO (SUONIPUOD-PUE-SWISY/WOY A3 1M Aleld 1 pul|uo//sdiy) SuoRIpUuoD pue swid | a1 39S *[9202/20/0€] uo Arigiqauluo A8|IM ‘ML JO AseAIUN Ag ¥TEL. Wipe/Z00T OT/I0p/wod A3 1m Aelq 1 puljuo paoueApe//:sdny wolj papeojumoq ‘0 ‘8Z0S9TIT



1
\ / i: Syringe
! _ Svrinee
G | -G

— |
| l:u:bler 4 I Biomimetic PVDF film
eaf skeleton " S H
i I Current collector
i
DC power suppl Leaf skeletons coated
CuNw i P PRy it
' Electrospinning on current collector

Dip coating process "

Copper

nanowires '\ Permeability::

i Biomimetic
i triboelectric layer

;
1
1
1
1
1
1
i
1
1
1
i
i
1
1
1
1
1
i
i
1
1
1
1
1
1
i
i
H solution "
i
1
1
1
i
1
i
i
1
1
1
i
1
i
i
1
1
i
i
1
1
1
i
1
1
i
1
1
1

Biomimetic TENG
|
Current Collector :i
) i Current collector
W Leaf skeletons coated

1 !
1% ! — &
@ Transparency g, " -

W with CUNW

1 Biomimetic Nylon 6 film
w Tribonegative layer

with CuNW

FIGURE 1 | Schematic overview of the fabrication process of the BM-TENG. (a) Fabrication of conductive leaf skeleton as current collectors using

dip coating method (b) Fabrication of biomimetic triboelectric layers on top of current collector using customized electrospinning method (c) Schematic

of the layers of BM-TENG and digital photograph of the BM-TENG.

the assembly of the BM-TENG, in which the Nylon 6 and PVDF
triboelectric layers are separated by an interlayer Tesa 4671 GE
tape (made with rayon), while the outer layers of conductive leaf
skeletons serve as current collectors. The BM-TENG is further
encapsulated with cellulose tape to ensure structural integrity,
electrical insulation, and protection of CuNWs from moisture.
Figure 1c also shows the digital image of the BM-TENG.

The key design concept is that the leaf skeleton is not only
a textured surface but an architected transport network. Its
hierarchical veins provide long-range, continuous pathways that
can guide conductive nanowires into interconnected routes
while maintaining macroscopic porosity for air/moisture trans-
port. Using the same natural template for both the current
collector (CuNWs-coated leaf skeleton) and the triboelectric
layers (electrospun microfractals in Nylon-6 and PVDF) enables
coupled improvements in charge generation and charge collec-
tion/transport, while retaining flexibility and breathability.

Figure 2 presents SEM images of the different surfaces used in the
BM-TENG. Figure 2a,b show the native rubber leaf skeleton and
the CuNWs-coated leaf skeleton, respectively, used as the current
collector. The hierarchical leaf-vein microfractal architecture is
clearly visible. Importantly, the CuNWs are selectively immobi-
lized along the vein framework, forming conformal conductive
pathways while preserving the intrinsic porosity of the leaf
skeleton. This results in a guided CuNW network that follows the
natural vein topology. The insets in Figure 2a,b show magnified
views of the native and CuNWs-coated vein surfaces, respectively.
Figure 2c,d show biomimetic triboelectric surfaces replicated
from the leaf architecture using Nylon-6 and PVDF, respectively.
The replicated structures closely reproduce the original leaf-
skeleton geometry, and the insets reveal the underlying nanofiber
network in greater detail.

To determine the 2D surface area of the rubber leaf skeleton,
a total of ten optical microscope images were analyzed, each
acquired with a field of view of approximately 1 mm. Image analy-
sis was performed using ImageJ (Fiji) software. Spatial calibration
was established by defining the scale-to-pixel ratio based on the
corresponding scale bar provided in each optical image prior
to analysis. The images were subsequently converted to binary
(black-and-white) grayscale contrast as depicted in Figure S1. The
surface area was then quantified from the binary version of the
images using the built-in measurement tools in ImageJ (see Table
S1), and the calculated values were averaged across all samples.
The analysis revealed that the mean effective surface area of
the leaf skeleton corresponded to approximately 30.17 + 1.33%
of the total image area, indicating a relatively high density and
complex vein network architecture characteristic of the rubber
leaf structure. This high areal vein fraction implies a dense,
multi-order branching network that can act as a pre-defined
conductive “highway system” for nanowire immobilization and
long-range percolation. In the context of CuNWs networks, such
an architecture is expected to lower the effective percolation
threshold by concentrating conductive material into connected
pathways rather than distributing it uniformly over a planar area.

To fabricate the current collector for dip coating experiments,
leaf skeletons of rubber tree (H. brasiliensis) were cut into
5 cm X 3 cm dimensions. Using tweezers, these leaf skeletons
were dipped in 40 mL CuNWs solution in ethanol having a
concentration of 375 pyg mL™'. After dipping, the leaf skeletons
were mounted on a 3D frame and placed on a hot plate at 60°C
for drying. The edges of the leaf skeletons were mounted to the
frame, ensuring that the remaining portions did not come into
contact with any surface. This configuration promoted capillary-
driven flow of the CuNWs solution during drying, facilitating
the deposition and adhesion of CuNWs onto the leaf skeleton
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FIGURE 2 | SEM images of the Rubber (Hevea brasiliensis) leaf skeleton and biomimetic surface of rubber leaf skeleton. (a) Real leaf skeleton of

rubber tree (b) CuNWs-coated conductive rubber leaf skeleton used as current collector layer (c) Biomimetic rubber leaf skeleton surface made with

Nylon 6 polymer used as tribopositive layer (d) Biomimetic rubber leaf skeleton surface made with Polyvinylidene Fluoride (PVDF) polymer used as

tribonegative layer.

structure depicted in Figure 1a. Once dried, the resistance of the
leaf skeletons was measured. The dipping, drying, measurement
cycle was repeated multiple times until the resistance was around
~15 Q sq~'. The weight of the leaf skeleton was noted before
and after CuNWs coating cycles to determine the amount of
material loaded onto the leaf skeleton. Figure 3a represents the
decreasing resistance values with increasing number of dipping
cycles. The uniformity of the coating was confirmed by checking
multiple sheet resistance values at different locations along the
X-Y axis on the conductive leaf skeleton. Figure 3b shows the
uniform conductivity mapping of the conductive leaf skeleton
surface plotted from sheet resistance measurements. To evaluate
the mechanical deformation behavior of the CuNWs-coated
conductive leaf skeleton, cyclic bending tests were performed for
1000 cycles under repeated mechanical loading. The evolution of
resistance value was continuously monitored throughout the test
to assess electrical stability under dynamic bending cycles. The
results demonstrate negligible variation in relative resistance over
1000 bending cycles, as shown in Figure 3c, indicating excellent
mechanical robustness and electrical reliability of the conductive
network. The digital photographs of the CuNWs-coated rubber
leaf skeleton and CuNWs-coated PVDF nanofiber surfaces as
control planar surface have been depicted in Figure 3d-f, and
their corresponding SEM images are shown in Figure 3g-i.
SEM images reveal a distinct difference in the morphology of
the CuNWs networks depending on the substrate. In the case

of the leaf skeleton substrate, bundling of CuNWs is clearly
observed, indicating guided alignment and aggregation along the
underlying microstructure. In contrast, the CuNWs deposited on
the planar substrate form a more randomly distributed mesh
network with no evident directional organization.

Conventional TENGs commonly employ metallic foils or conduc-
tive films as current collectors because of their low sheet resis-
tance and efficient charge collection. In contrast, the CuNWs-
coated leaf skeleton provides a breathable and mechanically
compliant alternative while maintaining a sheet resistance (~15
Q sq~!) comparable to many reported polymer-based conductive
current collectors [50-52]. At identical areal CuNWs loading,
the biomimetic leaf-skeleton scaffold exhibited more than three
orders of magnitude lower sheet resistance than the planar con-
trol, highlighting the strong role of architecture-guided nanowire
organization in determining macroscopic transport. To make
this comparison conservative, the planar control was prepared
using vacuum filtration, which is widely regarded as one of the
most effective methods for forming uniform nanowire coatings
with low sheet resistance on planar substrates. This difference is
significant because CuNWs exhibit strong tendencies for agglom-
eration and junction-limited transport during deposition, which
can severely increase resistance on planar surfaces. In contrast,
the leaf skeleton promotes guided alignment and local bundling
of CuNWs along hierarchical veins, improving inter-nanowire
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FIGURE 3 | Current collector surface characterization. (a) Histogram showing resistance of the rubber leaf skeleton with respect to the number
of dipping cycles. (b) Conductivity mapping showing uniform sheet resistance after CuNWs loading on rubber leaf skeleton surface. (c) Cyclic test of
1000 bending cycles vs relative resistance of the leaf-based current collector at a frequency of 0.083 Hz. Inset shows relative resistance of the biomimetic
current collector throughout one full cycle of bending. (d) Digital image of biomimetic current collector loaded with 60 ug cm~2 of CuNWs. (e) Digital
image of CuNWs coated PVDF nanofiber surface with equal loading quantity of 60 ug cm~2 CuNWs. (f) Digital image of CuNWs coated PVDF nanofiber
surface with double loading quantity of 120 ug cm=> CuNWs. The sheet resistance, Rs values and the loading concentration of CuNWs are mentioned
with the respective digital images in d, e and f. (g) SEM image of CuNWs coated rubber leaf skeleton surface (h) SEM image of CuNWs coated PVDF
nanofiber surfaces with equal amount of loading quantity of the rubber leaf. (i) SEM image of CuNWs-coated PVDF nanofiber surfaces with double the
loading quantity of the rubber leaf. Inset of each SEM image represents a magnified version of the image in g, h, and i.

connectivity and reducing effective junction resistance [34, 53, contact resistance can dominate the overall sheet resistance
54]. As a result, continuous directional conductive pathways [57]. In contrast, the hierarchical vein architecture of the leaf
form without complex processing, enabling high conductivity at skeleton acts as a pre-defined conductive scaffold that spatially
reduced material loading while preserving macroscopic porosity confines CuNWs along anisotropic pathways, promoting local
[31, 55, 56]. alignment and bundling. This reduces the number of junctions
required to span macroscopic distances, suppresses junction-
Mechanistically, the observed performance gap is consistent  limited losses, and enables long-range conductive pathways at
with percolation-limited transport in metal nanowire networks, substantially lower areal mass loading, while leaving large open
where macroscopic conductivity is primarily governed by long- regions uncoated and preserving breathability [55].
range connectivity and wire-wire junction quality rather than
the intrinsic conductivity of individual nanowires. On planar Breathability is an important requirement for wearable and
substrates, randomly oriented CuN'Ws must exceed a critical areal flexible electronics to ensure user comfort, moisture manage-
number density to form a continuous percolated pathway, and ment, and skin compatibility. To quantitatively evaluate the
the resulting network contains a high density of junctions whose ~ breathability of the BM-TENG, both air permeability and water
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vapor transmission rate (WVTR) measurements were performed.
Air permeability measurements were conducted using a TESTEX
FX 3300-IV Air Permeability Testing Device with a test area of 20
cm? under differential pressures ranging from 50 to 500 Pa. The
BM-TENG exhibited air permeability values between 30.3 and
267.0 L m~2 s7! shown in Figure S4a, demonstrating effective air
transport through the porous device structure. In addition, WVTR
measurements were carried out according to ASTM F1249 at 23°C
and 50% relative humidity. The measurements were performed
using an active device area of 2 cm?, and the results were
averaged over three replicate samples. The BM-TENG exhibited
an average WVTR value of 56.7 g m~2 day~! depicted in Figure
S4b, confirming its ability to facilitate moisture transport.

For the breathability measurements, the functional BM-TENG
stack, consisting of the biomimetic current collectors, biomimetic
triboelectric layers, and separator, was evaluated. The locally
applied cellulose tape used for device assembly was not included
in the test area, because it served only as an edge-stabilizing
component and did not represent the primary active breathable
region of the device. This configuration therefore allows the
intrinsic air and moisture transport properties of the porous
microfractal device architecture to be assessed. In practical device
designs, breathable or patterned encapsulation strategies could
be incorporated without covering the full active area, thereby
preserving air and moisture permeability. To verify that operation
of the functional stack is not dependent on the local tape
encapsulation, a non-encapsulated BM-TENG was further tested
under different tapping forces and subjected to a 5000-cycle
durability test. The corresponding results, presented in Figure S5,
show comparable electrical output and stable operation without
encapsulation.

The simulations are used to provide qualitative mechanistic
support for the experimental trend by isolating the intrinsic
impact of nanowire directionality and bundling on network sheet
resistance under controlled assumptions. The model does not
explicitly capture several non-idealities that are prominent in
experimental CuNWs coatings, such as time-dependent agglom-
eration during deposition, partial oxidation, 3D confinement
imposed by the substrate microtopography, and spatially het-
erogeneous junction quality over macroscopic length scales.
It is therefore not expected to reproduce the full magnitude
of the experimentally observed improvement. Within these
defined constraints, theoretical modeling and simulations are
employed to systematically evaluate how CuNWs directionality
and bundling influence the sheet resistance, R; of CuNWs
networks. First, we examine the impact of directionality in
Figure 4f by evaluating the dependence of R, in directional
networks on the standard deviation of the direction angle (o).
For comparison, Figure 4f also contains the sheet resistance
of fully random networks that have no o5 dependence. For
6p < 10°, the R, of directional structures is higher than that
of random networks, which we attribute to a low number of
contacts. The optimal o4 is found in the 15°-25° range, with a
minimum at 22°, which results in a 32% lower sheet resistance
in directional networks compared to the fully random structure.
Further increase of oy, leads to higher R, with directional
networks becoming indistinguishable from the random structure
for o > 90°. Next, we assess the impact of bundling in directional
networks and report the results in Figure 4g for o4, = 20°.

The sheet resistance of bundled directional CuNWs networks
is plotted against covered area percentage for three different
mass densities of 11.3, 33.8, and 61.9 pug cm~2. We observe that
bundling decreases the sheet resistance, but only at low mass
densities has a significant effect. To further analyze and quantify
the impact of directionality and bundling, the difference in
percentage A between random structures, directional structures,
and directional structures bundled to 20% of the area are plotted
against CuNWs mass density in Figure 4h. For sub-10 pg cm~2
mass density, the impact of bundling is significant and greater
than the impact of directionality. However, increasing the mass
density beyond 40 ug cm~2 reduces the bundling improvement
to only 10% (100% vs. 20% covered area in directional networks)
and enhances the directionality improvement to 36% (random vs.
directional at 100% area covered). Consequently, bundled direc-
tional structures have 43% lower sheet resistance than random
unbundled networks. Accordingly, we confirm that conductivity
is significantly enhanced by the directionality and bundling
present in the leaf skeleton-based CuNWs structures investigated
in this work.

Unlike copper nanoparticle-based conductive inks, which typ-
ically require post-deposition sintering to remove surface lig-
ands and reduce interparticle resistance, the present microfrac-
tal architecture enables immediate conductivity enhancement
through nanowire bundling. In nanoparticle systems, electrical
transport is often limited by high junction resistance and surface
oxidation, requiring thermal or photonic sintering treatments
that increase processing complexity and are often incompatible
with flexible substrates [56, 58]. In contrast, the leaf-inspired
vascular network guides CuNWs into locally bundled and par-
tially aligned pathways along the hierarchical venation structure.
This geometric confinement significantly reduces the number
of nanowire-nanowire junctions and lowers transport resistance
without any post-treatment. As a result, a rapid decrease in sheet
resistance is achieved, highlighting a key advantage of nanowire-
based hierarchical architectures over conventional nanoparticle
inks.

Although both simulation and experiment show the same
qualitative trend, the experimentally observed advantage of
the biomimetic architecture is substantially larger than the
approximately threefold improvement predicted by the model.
This difference is reasonable because the simulation does not
explicitly capture several non-idealities that strongly affect real
CuNW coatings, including deposition-induced agglomeration,
heterogeneous junction quality, partial oxidation, and long-range
connectivity across macroscopic distances. Under these realistic
conditions, the guided and bundled transport pathways of the leaf
skeleton provide a greater practical benefit than is predicted by
the idealized model.

Another key component of the BM-TENG is the biomimetic tri-
boelectric layer: electrospun nanofiber mats that inherit the leaf-
skeleton microfractal geometry, thereby introducing hierarchical
roughness and compliant microstructures across multiple length
scales. Such multiscale topography is expected to increase the real
contact area under a given normal force and to create a larger
number of localized microcontacts, which elevates triboelectric
charge generation during contact electrification. In addition,
the interconnected micro-nano features can promote spatially
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FIGURE 4 | Simulation study of sheet resistance in CuNWs networks interfaced with planar surfaces (random network of CuNWs) and biomimetic

surfaces (directional network of CuNWs). Depiction of (a) Random network angle probability p(®), which is the same for all angles, and (b) Directional
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distributed charge storage and reduce local charge saturation by
offering multiple charge trapping/holding sites. Consequently,
for an identical projected footprint area, the replicated microfrac-
tals are expected to yield higher transferred charge per cycle and
stronger electrostatic induction compared with planar nanofiber
layers. Efficient charge transport in the BM-TENG is further
enabled by its hierarchical conductive network [34]. In this
architecture, local charges generated at the triboelectric interface
are rapidly collected and transported through hierarchical inter-
connected long-range pathways, minimizing charge trapping and
resistive losses. The fractal conductive network provides multiple
parallel charge transport routes, ensuring stable electrical output
even under repeated bending and mechanical deformation.

The electrical output performance of the leaf skeleton-based BM-
TENG was systematically investigated under controlled mechan-
ical pressure to evaluate the energy harvesting capability. The
device was characterized in terms of open-circuit voltage Vg,
short-circuit current Ig., current density, Jgc and power density,

P4. The device was also demonstrated in practical applications,
including capacitor charging and LED illumination, using energy
harvested from human motion. To understand the role of the
biomimetic current collector and biomimetic triboelectric layer,
the performance of the BM-TENG was compared with three con-
trol devices having different layer combinations. Control Device
1 consisted of planar current collectors and planar triboelectric
layers, Control Device 2 consisted of planar current collectors and
biomimetic triboelectric layers, and Control Device 3 consisted of
biomimetic current collectors and planar triboelectric layers. The
electrical performances of these devices were evaluated under
identical testing conditions.

The electrical response of the BM-TENG was examined under
different contact pressures ranging from 20 kPa to 2.5 MPa. The
applied pressure was calculated from the force given by the force
sensor and the contact area of the cylindrical tapping probe. A
cylindrical probe with a diameter of 20 mm was used for all
measurements. Figure 5a shows the schematic diagram of the test
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FIGURE 5 | Electrical characterization of the BM-TENG. (a) Representative schematic diagram of the test setup. (b) Schematic of the BM-TENG
layers highlighting positive and negative charges of the biomimetic triboelectric layers. (c) Typical mechanism of the BM-TENG. (d) Current density
comparison between planar TENG and the BM-TENG considering projected area. (e) Open-circuit voltage, Voc measurement of BM-TENG at different
pressures. (f) Histogram plot of mean peak-to- peak V. Error bars represent the standard deviation. (g) Short-circuit current Isc measurement of
BM-TENG at different pressures. (h) Histogram plot of mean peak-to-peak Igc. Error bars represent the standard deviation. (i) Current density of the
planar control TENG considering projected area. (j) Current density of the BM-TENG considering projected area. (k) Current and voltage measurement
for BM-TENG with respect to different load values from 1 kQ to 100 MQ. (i) Power density calculation of the planar control TENG with projected area,
BM-TENG with projected area, and BM-TENG with effective surface area of leaf skeleton processed by ImageJ. Here, Pressure 1 = 20 kPa, Pressure 2 =

300 kPa, Pressure 3 =1 MPa and Pressure 4 = 2.5 MPa.

setup for the characterization, having a linear motor interfaced
with the force sensor to apply repeated mechanical force on
the BM-TENG, and the electrical contacts of the BM-TENG
connected to a digital oscilloscope to measure the corresponding
open-circuit voltage generated. Figure 5b shows the BM-TENG
layout having positive and negative charge on the triboelectric
layers, and Figure 5c shows the overall charge generation mech-

anism of the BM-TENG in general due to contact and separation
cycles. The output voltages and current waveforms for the BM-
TENG under varying forces are shown in Figure 5e,g, and their
corresponding histograms are shown in Figure 5f,h, where the
values of the histograms represent the average value of the
peak-to-peak voltages and currents at each different pressure,
and the error bars represent the standard deviation values.
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The highest ten tapping measurements at each applied pressure
condition were used to choose the average peak of the histogram.
The reported values represent the mean + standard deviation
calculated from these repeated measurements. The BM-TENG
achieved a maximum open-circuit voltage of ~52 V peak-to-peak,
whereas the planar Control Device 1 produced a maximum volt-
age of only ~26 V. Similarly, the BM-TENG generated a maximum
short-circuit current of ~3.2 yA, compared to ~1.23 pA for the
planar control device. The open-circuit voltage and short-circuit
current outputs of all control devices are presented in Figure S6
and Figure S7, respectively, and comparison of their electrical
performance is provided in Table S2. With increasing force, all the
devices exhibited higher power generation, which correlates with
the typical nature commonly observed in TENG devices. Both
the open-circuit voltage and short-circuit current increased with
applied pressure, which is consistent with improved real contact
area and more efficient charge transfer between the triboelectric
layers during each contact-separation cycle. The approximately
linear dependence of the output on pressure indicates stable
mechanical-to-electrical conversion within the investigated force
range.

In addition, the flexible leaf skeleton structure allows local-
ized deformation along the vein network, further amplifying
microscale contact points and facilitating charge generation. This
advantage of the fractal geometry becomes evident when the
electrical performance of the BM-TENG is compared with the
three control devices, as summarized in Table S2. Using the
projected device area as the primary normalization basis, the
BM-TENG exhibited a current density of ~3 mA m~2, which
is significantly higher than the ~1.13 mA m~2 obtained for the
planar control. When the effective material area is considered as
a secondary normalization metric, the current density of the BM-
TENG increases to ~10 mA m~2, indicating more efficient charge
generation and charge collection within the biomimetic fractal
architecture. The transferred charge per cycle for the BM-TENG
was calculated to be 67.24 nC, whereas the planar TENG gave a
lower value of 27.35 nC. The increase in current density arises
because the porous leaf skeleton structure covers only ~30% of
the effective 2D area compared to the continuous planar surface.
As a result, the generated current is distributed over a smaller
effective area with higher material density, leading to a higher
current density when normalized by area. The overall current
density of the planar TENG and the BM-TENG under different
pressures is shown in Figure 5i,j. The current density, Jc, was
calculated by normalizing the measured short-circuit current to
the device area:

T = ®

where I is the measured current and A is the active area of the
device.

In conventional TENG studies, the electrical output densities are
typically normalized by the projected contact area of the device,
which enables direct comparison across different reports. Follow-
ing this common practice, the present BM-TENG device has a
nominal projected area of 10.5 cm?, based on its physical dimen-
sions of 3.5 cm X 3 cm. However, due to the inherently porous
architecture of the leaf skeleton, only a portion of this apparent

area consists of solid vein structures that can physically partic-
ipate in contact electrification. ImageJ-based image analysis, as
described in the previous section (refer to Figure S1), revealed
that the leaf veins occupy approximately 30% of the projected
area, corresponding to the actual material coverage available for
triboelectric interaction. This indicates that the true solid-solid
contact region is substantially smaller than the apparent device
footprint. While the projected area remains the standard metric
for reporting device-level performance, evaluating the output
relative to the effective leaf coverage provides additional insight
into the material-level charge generation efficiency.

The improved electrical output also results in a noticeable
increase in power density. Figure 5k depicts the voltage and
current outputs for the BM-TENG under different load resistances
ranging from 1 kQ to 100 MQ. The instantaneous electrical power
generated by the device can be expressed as

P=VI 2

where V and I represent the output voltage and current, respec-
tively, under a particular load resistance. The maximum power
output was determined under the maximum applied pressure
condition, which is 2.5 MPa, since higher applied pressure
generated the highest electrical output response from the BM-
TENG device. At the fixed pressure, ten tapping cycles were
considered for each external load resistance, and the average
voltage was calculated. The current was determined using Ohm’s
law,

v
1=§ 3

and the instantaneous power was calculated using P = VI. The
highest calculated power value obtained at a specific load resis-
tance, in this case at 10 MQ for the BM-TENG, was considered as
the maximum power output of the device. When normalized to
the device area, the power density is given by

=2l @
Based on the planar area, the control TENG achieves a maximum
power density of ~135.80 mW m~2 at an optimal load resistance.
In comparison, the BM-TENG achieved a maximum power
density of ~136.91 mW m~2 for projected area normalization and
~456.35 mW m~? for effective material area normalization, as
shown in Figure 51, highlighting the strong contribution of the
porous microfractal architecture. The power density curves of
all four devices are depicted in Figure S9. This enhancement
is attributed primarily to the efficient conductive network and
the hierarchical microstructured interface of the BM-TENG. In
addition, normalization to the effective leaf-covered area further
highlights the intrinsic output per active material area. This
perspective highlights the intrinsic advantage of the biomimetic
vein network, where localized microstructured features can yield
substantial triboelectric output despite limited material coverage.
Such analysis does not replace conventional normalization but
rather complements it by revealing how natural hierarchical
structures can enhance charge generation efficiency per unit
active material area. A direct comparison between the planar
TENG and the BM-TENG is summarized in Table S3. A broader
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comparison with recently reported flexible, bioinspired, and
breathable triboelectric nanogenerators is provided in Table
S4, demonstrating the competitive performance of the present
BM-TENG.

The frequency-dependent electrical behaviour of the BM-TENG
was investigated over a frequency range of 0.5-2 Hz with an inter-
val of 0.5 Hz. As shown in Figure S2a, the open-circuit voltage
waveforms exhibit consistent peak amplitudes across different
frequencies, while the number of voltage pulses increases with
frequency over a certain period of time. This indicates that the
maximum achievable surface charge density is independent of
frequency, provided that sufficient contact time is maintained
during each cycle. In contrast, the short-circuit current shows
a clear increase with operating frequency (see Figure S2b). This
behaviour can be attributed to the current expression:

_dQ

I_dt

©)

where Q is the transferred charge per cycle. At higher frequencies,
the time interval (dt) between each contact separation events
decreases, leading to a higher rate of charge transfer even when
the total transferred charge per cycle remains constant. In this
manner, the current output increases with frequency.

To evaluate the mechanical flexibility of the BM-TENG, the
device was bent using mechanical grippers mounted on a linear
translation stage, and the corresponding electrical response was
recorded. Figure S10 shows the applied curvature values and
their corresponding open-circuit voltage outputs. The histogram
plot demonstrates that the electrical output increases with
increasing curvature, with the full BM-TENG generating an
open-circuit voltage of up to 5 V peak-to-peak at a maximum
curvature of 125 m~!. These results confirm that the BM-TENG
can maintain stable electrical performance under mechanical
deformation, highlighting its suitability for flexible and wearable
applications.

Figure 6a represents the overview of the BM-TENG application,
self- and low-powered electronics containing mechanical excita-
tion on the BM-TENG, followed by an energy harvesting unit and
powering the electronics. To check the reliability, the BM-TENG
was put to cyclic testing for ~10 000 cycles of repeated mechanical
tapping with 1 MPa at a frequency of 5.45 Hz. The BM-TENG
showed a similar waveform for ~10 000 cycles, having peak-to-
peak voltage around 50 V with a very low amount of deviation as
depicted in Figure 6b. This confirms the reliability of the device
to perform consistently over time for repeated usage. The output
voltage and current of the BM-TENG were further examined
under different finger-tapping pressures, and the corresponding
voltage and current responses are presented in Figure S3. To
illustrate its capability for powering low-power electronic devices,
the BM-TENG was directly connected to 20 light-emitting diodes
(LEDs) connected in series to form a UTU (University of Turku)
logo. With each finger tap, the LEDs were successfully illumi-
nated, as shown in Figure 6c, highlighting the high impulsive
voltage output and practical energy harvesting potential of the
BM-TENG. The real-time LED illumination process is further
demonstrated in Video S1. The applicability of the BM-TENG to
store energy was further demonstrated by charging capacitors

with different capacitance values, as shown in Figure 6d,e. The
charging profiles exhibit a clear dependence on capacitance, with
smaller capacitors charging more rapidly and achieving higher
voltages within a shorter time. For a given amount of transferred
charge per cycle, a smaller capacitance results in a larger voltage
increase. The stable and repeatable charging-discharging cycles
help the BM-TENG to serve as a reliable power source for low-
power electronics, such as calculators and LEDs, after appropriate
energy storage.

To demonstrate the capability of the BM-TENG to harvest energy
from human motion and ambient mechanical vibrations, the
device was directly attached to the human wrist and elbow.
Periodic bending and movement of the wrist and elbow induced
contact-separation processes within the BM-TENG, generating
distinct voltage signals that enabled both motion detection and
electrical energy generation, as shown in Figure 6f,g. The real-
time voltage generation during wrist and elbow movements is
further demonstrated in Videos S2 and S3, respectively. These
results confirm the effectiveness of the BM-TENG in converting
natural human body movements into usable electrical out-
put. The practical applicability of the BM-TENG was further
demonstrated by mounting the device onto a wall-mounted
light switch, where repeated tapping produced a peak output
voltage of approximately 4 V. Similarly, when subjected to foot
tapping, the BM-TENG generated voltage peaks of up to ~2 V,
indicating stable energy harvesting under different modes of
mechanical excitation. These demonstrations were depicted in
Figure 6h,i.

The BM-TENG was also demonstrated as a self-powered sensor
for robotic gripper monitoring. In this application, the BM-TENG
was attached to a robotic gripper to detect grasping and releasing
events. When the gripper grasped an object, the applied mechan-
ical deformation generated a positive voltage spike, whereas
releasing the object produced a negative voltage spike. These
distinct signal responses enabled clear differentiation between
gripping and releasing actions. The corresponding voltage signals
and their analysis are presented in Figure 6k and Video S4,
demonstrating the potential of the BM-TENG as a self-powered
sensing interface for robotic and automation applications.

The BM-TENG was also demonstrated as a wireless signal-
transmission platform, making it a promising candidate for
integration into wireless communication systems. To demon-
strate the practical applicability of the BM-TENG in real-world
wireless transmission circuits, the generated voltage signals were
processed using a bridge rectifier, a comparator circuit, and an
Arduino Nano BLE module to wirelessly transmit signals or
encoded messages to a mobile phone application via Bluetooth
communication. For wearable health-monitoring applications,
the BM-TENG was placed on a surgical mask to monitor human
breathing activity. During inhalation, the airflow mechanically
excites the BM-TENG, generating a characteristic burst of voltage
signals that appears as a distinct high-activity window. During
exhalation, the signal returns to its baseline level. Consequently,
each breathing cycle can be identified from the appearance and
disappearance of these voltage-activity windows. To improve
signal consistency, the BM-TENG output was rectified using a
full-bridge rectifier to convert the alternating output into a single-
polarity signal. The rectified signal was then directly processed
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FIGURE 6 | Application and demonstration experiments of the BM-TENG. (a) Schematic of current and potential applications of the BM-TENG.
(b) Cyclic voltage measurement test with repeated tapping at 5.45 Hz frequency and 1 MPa pressure for ~10000 cycles. (¢) Lighting up 22 LEDs making a
University of Turku (UTU) logo with simultaneous tapping cycles. (d) Charging and discharging rate of a 1 uF capacitor with tapping cycles. (e) Charging
rate of different capacitors of capacitance values 0.1, 1, and 10 pF. (f) BM-TENG attached to the elbow showing voltage output during elbow motion. (g)
BM-TENG attached to the wrist showing voltage output during periodic wrist bending. (h) BM-TENG mounted on a wall switch showing voltage output
under repeated tapping. (i) Voltage output under foot-tapping excitation. (j) Digital photographs of the BM-TENG attached to a robotic gripper for grip
sensing. Upper image shows the BM-TENG integrated onto the robotic gripper, while the lower image shows the gripper holding an object during the
sensing operation. (k) Signal response of the gripping and releasing cycles visualized through a digital oscilloscope. (1) Digital photograph of the breath
monitoring setup and demonstration. (m) Signal response of the breathing cycles visualized through a digital oscilloscope. (n) Notification of breath
cycle detection and BPM value in an Android-based mobile application connected via Bluetooth.

using a custom-programmed Arduino Nano BLE microcontroller,
which converted the detected breathing events into digital
messages for wireless transmission to a mobile application via
Bluetooth. The transmitted data were monitored on a smartphone
using the nRF Connect application. Figure 6m shows represen-
tative breathing-monitoring signals, clearly distinguishing slow
and fast breathing patterns, where faster breathing produces more

frequent voltage-activity windows. The corresponding breathing-
per-minute (BPM) rate was displayed on the Android application
interface as depicted in Figure 6n. The demonstration of the
breath monitoring is further demonstrated in the Video S5.

In addition, the BM-TENG was further demonstrated as a
self-powered human-machine interface for wireless Morse-code
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-based communication. In this demonstration, the BM-TENG
output was first rectified using a bridge rectifier and then pro-
cessed through a comparator circuit and an Arduino Nano BLE
module. The microcontroller program was specifically designed
to identify different tapping time intervals as Morse-code inputs.
When two voltage spikes were detected within a time interval
shorter than 300 ms, the input was identified as a “dot” signal.
In contrast, voltage spikes separated by a time interval between
300 ms and 1500 ms were interpreted as a “dash” signal.
These different time intervals were generated through fast and
slow manual tapping of the BM-TENG device, respectively, as
demonstrated in Video S6. Figure S11 presents the signal analysis
corresponding to Morse-code-based generation of a “HELP”
emergency message using BM-TENG tapping inputs.’

It is noteworthy to mention that the present BM-TENG is not
intended to be presented as a fully sustainable device, as it
still incorporates conventional triboelectric polymers, including
Nylon-6 and PVDF, DMF-assisted PVDF processing, and Cu-
based conductive networks. Rather, the sustainability aspect
of this work arises from the resource-efficient design strategy
enabled by the biomimetic microfractal architecture. Specifically,
the leaf-skeleton-derived hierarchical network allows high elec-
trical output to be achieved at reduced CuNW loading, replaces
commonly used noble-metal nanowires such as AgNWs with
a more abundant and cost-effective Cu-based alternative, and
maintains breathability through its intrinsically porous archi-
tecture. Therefore, the bioinspired design should be viewed
as an architecture-guided, material-efficient step toward more
sustainable flexible TENG platforms. Future efforts should
focus on further improving the environmental profile of such
devices by replacing PVDF and Nylon-6 with biodegradable or
bio-derived triboelectric polymers and by developing greener
solvent-processing routes [59-61].

3 | Conclusions

In summary, we report a biomimetic microfractal triboelectric
nanogenerator based on leaf-skeleton vascular architectures for
breathable and flexible energy harvesting. The leaf skeleton
functions both as a porous current-collector scaffold for guided
and locally bundled CuNWs pathways and as a template for
replicating hierarchical microfractals into the triboelectric layers.
This design enabled a low sheet resistance of ~15 Q sq™' and
more than three orders of magnitude lower sheet resistance than
the planar control under identical CuNWs loading conditions.
Supported by qualitative resistor-network simulations, the results
highlight the roles of directionality and bundling in reducing
transport losses and improving device performance under real-
istic conditions. The BM-TENG achieved a maximum power
density of 136.91 mW m~2 with a projected area and 456.35 mW
m~2 with effective material area, compared to 135.80 mW m™>
over the planar control while using 50% lower CuNWs loading,
and maintained stable output over ~10 000 cycles. Together with
capacitor charging, LED illumination, and human-motion energy
harvesting demonstrations, these results establish leaf-inspired
microfractal architectures as a scalable and material-efficient
route toward breathable triboelectric energy harvesters, while fur-
ther improvements in polymer selection and solvent processing
will be required to realize fully sustainable devices.

4 | Methods
4.1 | Materials

To prepare electrospun nanofibers, Nylon 6 (N-6) and Polyvinyli-
dene fluoride (PVDF) were purchased from Sigma-Aldrich. To
encapsulate the BM-TENG, cellulose tape was purchased from
3 M. For the separation layer, Tesa 4671 GE tape (made with rayon)
was purchased from Finland. Connecting wires were purchased
from Farnell to fabricate electrical contacts of the BM-TENG.
Solvents like dimethylformamide (DMF), acetone, and formic
acid used during the experiments were purchased from Sigma-
Aldrich. Rubber leaf skeletons used in the experiments were
purchased from “Leaf Vein Crafts”, Toronto, Canada.

4.2 | Synthesis of CuNWs

CuNWs were synthesized according to a previously reported
procedure with some modification [62]. Briefly, CuCl,-2H,0
(85 mg, 0.5 mmol), glucose (207.5 mg, 1.05 mmol), hexadecy-
lamine (HDA, 665 mg, 2.25 mmol), and reverse osmosis water
(40 mL) were added to a glass beaker and stirred vigorously
at room temperature for 5 h to form a homogeneous solution.
The mixture was then transferred to a 200 mL Teflon-lined
stainless-steel autoclave, sealed, and heated at 110°C for 12 h
without further agitation. The CuNWs were purified through
three cycles of centrifugation (6000 rpm, 5 min) and redispersion
in ethanol to remove synthesis byproducts. A fourth wash was
done using a propionic acid and ethanol solution (1:29) to remove
remaining surface residues, followed by two final ethanol rinses.
The purified CuNWs were then dispersed in 40 mL of ethanol for
characterization and film fabrication. This stock solution had a
concentration of 0.75 mg/mL.

4.3 | Electrospinning of the Triboelectric Layers

Electrospinning was performed to produce Nylon 6 and PVDF
nanofiber-based biomimetic surfaces. The electrospinning setup
was modified by replacing the metallic plate collector with a
biotic collector as shown in our previous studies [63]. CUNWs-
coated rubber leaf (current collector), fabricated using the dip
coating method, was used directly as the negative collector, which
acts as a surface template. Due to the microfractal structure
of the leaf skeleton, the nanofibers mostly deposited onto the
surface of the leaf-based current collector, replicating similar
architectures. For electrospinning Nylon 6 nanofibers, a 22 wt.%
Nylon 6 solution was prepared by dissolving Nylon 6 in formic
acid. The solution was sonicated for 1 h at room temperature.
The polymer solution was inserted into a 10 mL syringe. 17 kV
of positive voltage was applied at a flow rate of 1 pL/min. A
distance of 12-14 cm was fixed between the syringe needle and
the collector throughout the electrospinning process for Nylon
6 fibers. For electrospinning PVDF nanofibers, a 15 wt.% PVDF
solution was prepared by dissolving PVDF in Acetone and DMF
with a ratio of 4:6. The solution was stirred with a magnetic stirrer
at 250 rpm for 24 hr at 50°C. The polymer solution was inserted in
a 10 mL syringe connected to the syringe pump. 17 kV of positive
voltage was applied having a flow rate of 10 uL min™. A distance
of 15-16 cm was maintained between the syringe needle and the
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collector throughout the electrospinning process for PVDF fibers.
The deposited nanofibers, along with the CuNWs-coated current
collector, act as an electrode for the BM-TENG.

4.4 | Fabrication of Flexible BM-TENG

The fabrication of the BM-TENG involved multiple steps to
ensure optimal performance. CuNWs-coated leaf skeletons were
utilized as current collectors due to their high conductivity and
bioinspired structure. The triboelectric layers were composed of
biomimetic electrospun surfaces, with Nylon 6 as the triboposi-
tive material and PVDF serving as the tribonegative counterpart.
These materials were chosen for their excellent triboelectric
properties and mechanical flexibility. Tesa 4671 GE tape was
employed as a separator to maintain consistent spacing between
the triboelectric layers, enhancing charge transfer efficiency.
The entire structure was encapsulated using adhesive cellulose
tape to provide mechanical stability and environmental protec-
tion. Electrical connections were established using copper tape,
ensuring reliable charge collection and transfer. The integration
of these materials and structural components resulted in a
flexible BM-TENG, suitable for sustainable energy harvesting
applications. Similarly, for comparison purposes, three control
TENG devices were fabricated to systematically evaluate the
individual contributions of the conductive current collector archi-
tecture and the triboelectric surface morphology. Control Device
1 consisted of planar CuNW-coated conductive PVDF films as
the current collector layers and electrospun Nylon-6 and PVDF
nanofiber mats deposited on planar aluminum foil substrates
as the triboelectric layers. Control Device 2 consisted of planar
CuNW-coated conductive PVDF current collectors combined
with biomimetic Nylon-6 and PVDF triboelectric layers replicated
from the leaf-skeleton architecture. Control Device 3 consisted
of CuNW-coated leaf-skeleton current collectors combined with
planar Nylon-6 and PVDF triboelectric layers deposited on planar
aluminum foil substrates. For all control devices, the same Tesa
4671 GE tape was used as the separator layer to maintain a
consistent gap spacing between the triboelectric surfaces.

4.5 | Characterization

The electrospun biomimetic nanofiber surfaces were produced
using an electrospinning setup (Spinbox by Bioinicia, Spain).
High-resolution surface analysis of leaf skeleton and biomimetic
surfaces was performed using a Scanning Electron Microscope
(SEM) (Thermo Scientific Inc., Eindhoven, The Netherlands)
at 2 kV with an operating current of 25 pA. Electrical charac-
terization of the BM-TENG was performed using a combined
interface of a linear actuator (FESTO ELGT BS 90-100-20P), load
cell (FX29K0-040B-0025-L), a digital oscilloscope (KEYSIGHT
DS0X1204G), and a source meter (Keithley 2400). The relative
change in voltage level produced by the BM-TENG was measured
using the digital oscilloscope. To measure the open-circuit voltage
Voc and short-circuit current Igc, the probe positive and negative
ends were directly connected to both the electrical contacts of
the BM-TENG. Sheet resistance measurements were carried out
using an Ossila four-point probe system. To account for the spatial
irregularity of the porous microfractal scaffold, measurements
were collected from five different locations across the conductive

network, and the average value was reported. Soft-tipped probes
with rounded tips (radius: 0.24 mm) were used during the
measurements to minimize potential damage to the delicate
conductive networks on the leaf skeleton and PVDF nanofibers.
The demonstration experiments involved one of the authors as
the participant. The participant voluntarily took part in the study
and provided informed consent for participation and publication
of any related images or data presented in this manuscript.

4.6 | CuNW Network Simulation and Modelling

CuNWs networks were constructed using individual nanowires,
each defined by length (100 pm), diameter (100 nm), ran-
domly selected initial coordinates, positional direction angle with
respect to the x-axis (@), and CuNWs quality in terms of carrier
transport as determined by resistivity model parameters. The
resistivity of each CuNW is modeled to account for the two
dominant mechanisms, i.e., surface scattering and the grain
boundary effect [64]. The Fuchs-Sondheimer model [65] is used
to describe surface scattering through partial specular reflection
at the wire surfaces, characterized by the specularity parameter
(p), while the Mayadas-Shatzkes model [66] accounts for the
grain boundary scattering defined by the reflection coefficient
(R), which quantifies carrier backscattering at grain interfaces
along the wire length. The range of meaningful p and R values is
limited; therefore, we designate two edge cases as “high-quality”
CuNWs (p = 0.6, R =0.1) and “low-quality” CuNWs (p =0.1, R =
0.5), each corresponding to realistic low and high resistivity. The
CuNWs networks are defined by mass density, area of bundled
CuNWs, and by the direction angle probability p(®). We analyzed
networks with either a randomly oriented angle probability
(Figure 4a) or a directional distribution with a Gaussian profile,
as shown in Figure 4b, defined by the mean (<®> = 0) and the
standard deviation of the direction angle (o). For contacts or
junctions between CuNWs, only 20% of them (selected randomly)
are considered “good contacts” with contact resistance set to
200 Q. Other junctions are designated as “bad contacts” with
contact resistance set to 1 MQ. Our approach allows us to assess in
detail the effects of directionality and bundling of CuN'Ws on the
overall sheet resistance (R,) of CuNWs networks, with basic net-
works illustrated in Figure 4c—e. The CuNWs network simulator
was implemented in MATLAB. Each nanowire is discretized into
sub-segments, forming equivalent resistors between each pair of
adjacent junctions, and the resulting resistor network is solved
using Kirchhoff’s laws. Due to the stochastic nature of network
generation, 100 samples are generated for each configuration (>
20000 samples simulated), and the reported results represent
their average values.

4.7 | Breathability Measurements

Air permeability and water vapor transmission rate (WVTR)
measurements were performed to quantitatively evaluate the
breathability of the BM-TENG. For these measurements, the func-
tional BM-TENG stack, including the biomimetic current collec-
tors, biomimetic triboelectric layers, and separator, was tested
without the cellulose-tape encapsulation layer. Air permeability
was measured using a TESTEX FX 3300-IV Air Permeability
Testing Device with a test area of 20 cm?. Measurements were
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conducted under differential pressures ranging from 50 to 500 Pa.
WVTR measurements were performed using a Labthink C303H
Water Vapor Transmission Rate Test System according to ASTM
F1249 at 23°C and 50% relative humidity. The active test area was
2 cm?, and the reported WVTR value represents the average of
three replicate samples. All the breathability measurements were
conducted by Measurlabs (Measur Oy), Helsinki, Finland.
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