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ABSTRACT: The rapid advancement of wearable electronics has created an urgent
demand for distributed, sustainable, and green energy sources to power various
microdevices. As the conventional lithium battery is harmful to the environment, the
biopiezoelectric nanogenerator is an ideal candidate to meet these requirements. Here, we
develop a piezoelectric nanogenerator based on natural birch bark derived from Betula
platyphylla, which exhibits a piezoelectric coefficient (ds;) of 3.09 pm V™', a piezoelectric
voltage output of 29.3 V cm ™, a piezoelectric current output of 0.33 4A cm ™, and a power
density of 3.42 W cm™>. After over 10,000 cycles of mechanical impact or 180 days of
storage, its piezoelectric output shows no significant degradation, confirming robust
electromechanical conversion. As a proof of concept, an integrated sports violation

recognition system is further designed by combining a birch-bark piezoelectric nanogenerator with a multilayer perceptron classifier.
With the assistance of machine learning, the system can accurately identify rule violations, offering reliable technical support for
referees. This study provides a new way of fabricating self-powered green micro/nanodevices in the Era of Artificial Intelligence,
paving the way for sustainable energy solutions in smart electronics.
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B INTRODUCTION

The rising popularity of smart wearable and portable electronic
devices has created an urgent demand for distributed,
sustainable, and green energy sources to power various
microdevices.' > The direct piezoelectric effect, which
converts ambient mechanical energy into electricity, therefore,
represents a highly promising route for energy harvesting. A
key advantage over thermal or solar sources lies in the typically
continuous or controllable nature of vibrations, minimizing the
dependence on variable environmental conditions. The
traditional piezoelectric materials comprise inorganic piezo-
electric materials (e.g, lead zirconate titanate (PZT)° and
barium titanate (BTO)’), as well as organic piezoelectric
materials (e.g, polyvinylidene fluoride (PVDF)®). However,
their intrinsic toxicity, inadequate ecofriendliness, poor
biocompatibility, and limited degradability hinder environ-
mental sustainability. Interestingly, many biological materials
possess highly ordered structures with low symmetry and no
inversion center, making linear electromechanical coupling an
inherent property of various biomolecules.”

To date, most reported biopiezoelectric nanogenerators
(BPNGs) are based on proteins and polysaccharides, whose
piezoelectricity originates from the molecular structure and
orientation of the polymers.10 Among these, collagen, the most
abundant structural protein in animals, is widely distributed in
the bones, skin, and muscles. The collagen exhibits piezo-
electricity due to the accumulation of dipoles along peptide
chains and hydrogen bonds in supramolecular packing.'
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Previously reported collagen-based BPNGs include those
based on eggshell membrane,'” fish scales,'” pollock skin,'*
and others. In addition, keratin, which possesses piezo-
electricity originating from the oriented conformations of a-
helices or f-sheets and intramolecular disulfide bond cross-
linking, has been utilized in BPNGs, with examples such as
snake ecdysis'® and chicken feather fibers.'® For polysacchar-
ides, the main candidates are cellulose and chitosan. Research
on the piezoelectricity of cellulose dates back to 1955, when
the piezoelectric effect of wood was first discovered;'” to date,
relevant studies have been reported on these materials
including onionskin,"® ginkgo leaves," date fruit membrane,*”
and pomelo fruit membrane.”’ Owing to their remarkable
biocompatibility, biodegradability, high flexibility, and low cost,
these biopiezoelectric materials have been extensively utilized
for fabricating biopiezoelectric energy harvesters. In previous
studies on the piezoelectricity of wood, natural wood has
generally been reported to exhibit weak piezoelectric proper-
ties.”>~>* However, we note that it has been proposed that the
piezoelectric modulus exhibits a gradual increase from the
trunk to the bark.”® Thus, we consider birch bark derived from
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Figure 1. (a) Photograph of Betula platyphylla. (b) Schematic of th

e layered structure of birch bark (BB) derived from Betula platyphylla. (c)

Photograph of (i) BB, (ii) folded, and (iii) rolled BB presenting its flexibility. (d) SEM micrograph of the BB surface. (¢) SEM micrograph of the
BB cross-section. (f) Magnified SEM image of the BB cross-section. (g) FTIR spectrum of the BB. (h) XRD analysis of the BB. (i) Pole figure of

the cellulose (110) plane in natural BB.

Betula platyphylla, a naturally abundant biological material, as a
piezoelectric material that exhibits sustainability, biodegrad-
ability, and piezoelectric properties. To the best of our
knowledge, the piezoelectric characteristics of natural bark-
based piezoelectric nanogenerators have not been reported to
date.

Betulaceae is an important taxon within angiosperms, and
Betula (birch) is the largest genus in this family, with 119
recognized species identified to date.”® One of these species,
distributed in Russia, Japan, and Northeast China, is referred
to as Betula platyphylla (white birch), which is often portrayed
as a symbol of tenacity, purity, and vitality in works of art. In
Russia, Betula platyphylla forests account for over 40% of the
total forest area.”” Compared to other birch species, the Betula
platyphylla possesses exceptional cold hardiness by regulating
the activity of antioxidant enzymes, capable of withstanding
temperatures as low as —70 °C.”*7" Its growth in extremely
cold environments contributes to higher wood density,*!
rendering it more durable and highly processable. Further-
more, wood density is closely associated with the water
absorption capacity of wood; higher density also enhances the
material’s resistance to decay and insect infestation.’” Birch
bark, as a byproduct of wood, is produced in large quantities as
a waste product in the sulfate pulp mills. A kraft pulp mill with
an annual production capacity of 200,000 tons of pulp
produces approximately 14,000 tons of dry weight of outer

bark annually.” In fact, this bark is mainly burned in biomass
boilers for energy recovery or used in crafts and birch tar
production. However, incomplete combustion and bark
extraction may release pollutants, posing environmental risks.
Developing alternative, noncombustion applications could
therefore offer significant added value and reduce environ-
mental impacts.

Birch bark has the characteristics of flexibility, renewability,
layered structure, waterproofness, and mold resistance.”* >
Notably, compared to the bark of other tree species, birch bark
derived from Betula platyphylla exhibits a whiter color and
greater smoothness and is more prone to peeling off into
numerous large flakes. As a natural biological material, it is
primarily composed of cellulose polysaccharides,””** but also
contains hundreds of different bioactive components, including
triterpenoids (e.g, betulin, betulinic acid, and lupeol), phenolic
compounds (e.g,, catechol), flavonoids (e.g., quercetin), and
tannins, among others.””~** Current research predominantly
explores the biomedical potential of these extracts, high-
lighting, for example, the anticancer properties of betulinic
acid,” the antibacterial and antioxidant effects of catechol.*
Despite this interest, only a minimal fraction of the birch bark
is consumed for medical purposes. Consequently, the vast
majority of this resource is currently treated as unutilized
biomass waste.
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Figure 2. (a) Polarization vs electric field (P—E) curve of an unpoled natural BB. (b) Comparison chart of dy; values between untreated natural
materials and the BB. (c) Dielectric constant vs frequency curve. (d) Dielectric loss vs frequency curve. (e) Probable intermolecular H-bonding
interactions between cellulose and polyphenols (e.g., proanthocyanidins). (f) Schematic diagram of BB-PENG under external force stimulation and

the microscopic working mechanism of BB-PENG.

During the upward growth of the birch tree, the cellulose
crystals are induced to form a highly preferred orientation
within the bark, which presents potential for piezoelectric
applications. This study develops a piezoelectric electronic
device based on birch bark derived from Betula platyphylla,
which serves as a fully sustainable, self-polarized piezoelectric
material obtained from biological waste. Without any chemical
treatment or surface treatment, the birch bark is physically
dried and directly used as the piezoelectric active layer to
conveniently fabricate an ecofriendly, mechanically flexible,

8333

and self-polarized piezoelectric nanogenerator. Utilizing its
self-polarized piezoelectric effect, the birch bark-based piezo-
electric sensor demonstrates a high piezoelectric output and
robust mechanical stability, enabling the detection of subtle
joint movements in athletes. As a proof of concept, an
integrated violation recognition system is further designed by
combining this sensor with a multilayer perceptron (MLP)
classifier. With the assistance of machine learning, the system
can accurately identify rule violation, offering reliable technical
support for referees.
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B RESULTS AND DISCUSSION

Figure la depicts a photograph of Betula platyphylla, where the
outermost layer features a smooth, white bark with scattered
lenticels facilitating gas exchange. The birch bark directly
peeled from the Betula platyphylla comprises, from outward to
inward, the rhytidome, periderm, and phloem sequentially
(Figure 1b). During trunk growth, significant pressure is
transmitted from the xylem to the cambium and, subsequently,
to the bark. Due to the phellem’s layered structure, consisting
of alternating layers of thick and thin phellem cells, this
pressure induces the bark to exfoliate in papery layers. After
washing and drying, a multilayered piece of birch bark is
obtained. Previous studies have reported that the inner bark
exhibits a higher cellulose content than the outer bark.*’
Therefore, the inner bark, which includes the periderm and
phloem, was served as the piezo-active layer due to its
structural anisotropy (Figure 1c). Its surface displays uniformly
distributed, longitudinally oriented ridges and grooves (Figure
1d). Figure lef illustrates the alternating lamellar and fibrous
structures. This ordered alternating morphological feature not
only contributes to mechanical properties but also provides
numerous stress concentration points, thereby enhancing the
piezoelectric effect.

Figure lg presents the Fourier transform infrared (FTIR)
spectrum of the natural birch bark. The broad, intense
absorption between 3300 and 3400 cm™’, attributable to O—
H stretching vibration, confirms the abundance of hydroxyl
groups.”’ ™" Characteristic peaks for methylene groups
(—CH,—) appear at 2927 and 1450 cm™". The strong band
at 1728 cm ™ is assigned to C=0 stretching in ester groups of
suberin, while the peak at 1630 cm™' corresponds to C=C
stretches in conjugated carbonyls from aromatic components
within suberin and lignin.*” The peak at 1370 cm™" confirms
the presence of alkanes via C—H rocking vibrations. Signals at
1260 and 1160/1100 cm™! represent the C=O stretch in
lignin aldehydes and intramolecular C—O/C—C stretches,
respectively. Finally, peaks at 1027 and 884 cm™ correspond
to C—O stretching and C—O—C deformation of cellulose
glycosidic bonds, respectively. Consequently, the IR spectrum
confirms that birch bark contains abundant hydroxyl and
carbonyl groups as well as ether linkages and aliphatic carbons,
consistent with the structures of cellulose, hemicellulose, and
lignin. The numerous polar functional groups on natural
cellulose molecular chains lay the foundation for dipole
formation, while the asymmetric triclinic crystal structure
prevents the charge cancellation of the dipoles, thereby
promoting the oriented arrangement of molecular chains and
resulting in intrinsic molecular dipoles. Furthermore, the
hydroxyl groups on the cellulose chains form extensive inter-
and intramolecular hydrogen bonds. These bonds promote
uniform alignment of molecular dipoles, resulting in a vectorial
superposition of dipole moments. Therefore, lattice deforma-
tion under external stress yields a net dipole moment change.
Notably, the energy-dispersive spectrometer (EDS) elemental
mapping confirms the presence of silicon dioxide (Figures S1
and S2). This component mainly derives from the biominer-
alization process following silica uptake from the soil and
thereby reinforces the bark’s strength. These elemental
mappings corroborate the existence of hydroxyl groups and
carbonyl groups in birch bark, which were previously discussed
in the FTIR analysis section.

8334

The X-ray diffraction (XRD) spectrum presents the
polycrystalline structure of the birch bark (Figure 1h). The
diffraction peak at a diffraction angle of 14.39 is a characteristic
diffraction signal of the lattice plane of crystalline cellulose,
further confirming the presence of cellulose crystals in the
birch bark.>*~>* The crystallinity calculated through deconvo-
lution of the XRD pattern (Note S1) is #33%, indicating the
semicrystalline nature of birch bark. The X-ray pole figure is a
direct visualization of crystalline orientation at a given Bragg
angle.ss_60 As shown in Figure 1i, the pole figure exhibits a
bipolar preferred texture, consisting with the interwoven
structure of cellulose microfibrils in birch bark.’’ Moreover,
the pole figure reveals a concentrated density distribution at
the center, and the calculated maximum pole density reaches
1.59, indicating a high degree of orientation.

It is noteworthy that birch bark contains amorphous
components such as lignin and tannins.”*® These strong
light-absorbing components tend to mask the crystal
birefringence signals, thus making untreated birch bark
unsuitable for the direct observation of the crystal orientation
via polarized optical microscopy (POM). Additionally, the
rough surface of birch bark renders it unsuitable for
measurements using atomic force microscopy (AFM) or
piezoelectric force microscopy (PEM).“*° Hence, ferroelectric
behavior, which is closely associated with dielectric properties,
is pivotal to piezoelectric performance. The spontaneous
polarization behavior of birch bark was assessed by measuring
the P-E hysteresis loop (Figure 2a). The loop exhibits
ferroelectric-like behavior with a residual polarization (P,) of
0.11 uC cm™ and a coercive field (E.) of 60 kV cm™. Since
stronger crystal alignment usually results in higher remanent
polarization, this measured P, value of 0.11 uC cm™2 is
consistent with the moderate-intensity texture corresponding
to a maximum pole density of 1.59, reflecting that the
piezoelectric domains inside the natural material have achieved
partial alignment with a reasonable overall domain orientation
degree. Notably, this P, value is superior to those reported for
some other biobased piezoelectric materials, highlighting the
advantage of its self-poled nature (Table S1). Furthermore, the
piezoelectric performance was quantified by the d;; coefficient,
which is a critical figure of merit for energy conversion. The
unpoled birch bark exhibited a ds; of 3.09 pm V! (Note S2).
This presents a relatively high value among notable ds;
coefficients reported for natural piezoelectric materials (Figure
2b and Table S1). The dielectric constant (¢,) and loss tangent
(tan &) of birch bark were characterized from 107! to 10” Hz at
room temperature using a dielectric analyzer (DEA). As shown
in Figure 2c¢,d, the values at 10 Hz were 4.94 and 0.68,
respectively. Both parameters decreased initially with an
increasing frequency and then showed relative stability in the
high-frequency range (10°—10" Hz). This phenomenon is
attributed to the relaxation limitation effect of dielectric
polarization.® Specifically, the cellulose molecular chains form
a highly rigid backbone via f-1,4-glycosidic linkages, while
extensive intermolecular hydrogen bonds create a dense
network. This structure restricts the mobility of the polar
groups, prolonging the dipole orientation polarization time.
Consequently, birch bark maintains a stable polarization
response under high-frequency electric field excitation. There-
fore, the unpoled natural birch bark demonstrates competitive
piezoelectric and dielectric properties, surpasses many other
biobased materials in its dy; value,'®'®**%7% and shows
promise for high-frequency piezoelectric applications.

https://doi.org/10.1021/acssuschemeng.6c00906
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Figure 3. (a) Piezoelectric current signals of BB-PENG in forward and reverse connection modes. (b) Piezoelectric response and recovery times of
BB-PENG. (c) Short-circuit current and (d) open-circuit voltage outputs of BB-PENG under a 3 Hz constant impact frequency. (e) Fast Fourier
transform spectrum of open-circuit voltage of BB-PENG under a 3 Hz, 16 N impact force. (f) Variation of output voltage and power density of BB-
PENG with resistance. (g) Voltage—time curves of BB-PENG charging different commercial capacitors. (h) Stability test of BB-PENG. (i)
Piezoelectric signals of the same BB-PENG measured after different storage periods (sealed sample, humidity: ~50%, temperature: 15—30 °C).

Despite its relatively low cellulose content, the birch bark
demonstrates superior piezoelectric properties compared with
the trunk, which has a higher cellulose content. This
phenomenon is closely associated with the unique component
distribution of the birch bark. Specifically, the birch bark is
significantly richer in polyphenolic compounds (e.g,, tannins)
than the birch tree trunk. These polyphenols exert defensive
effects against the pathogenic microorganisms and, thus,
accumulate in the bark. Polyphenol molecules are rich in
phenolic hydroxyl groups, which can form a dense and highly
stable intermolecular hydrogen-bonding network with the
hydroxyl groups on cellulose chains. Taking the proanthocya-
nidins of tannins as an example, they can interact with cellulose
(Figure 2e). This effectively promotes the oriented arrange-
ment and self-polarization of internal dipoles in natural
materials, thereby enhancing the intrinsic polarization intensity
and piezoelectric response of white birch bark.

Based on such a phenomenon and structure, the piezo-
electric working mechanism for birch bark-based piezoelectric
nanogenerator (BB-PENG) is proposed, which is illustrated in
Figure 2f. Unlike classical piezoelectric theories based on
idealized crystalline structures,” the piezoelectric effect in
birch bark originates from the orientation of internal molecular
dipoles. Initially, without external force, the cellulose crystals
with highly oriented dipoles in the birch bark are undeformed
and electrically neutral. Upon mechanical stimulation, the
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active layer deforms, deflecting the aligned dipoles. This
reduces the level of net polarization and leads to the generation
of a voltage between the electrodes. To neutralize this potential
difference, free charges flow rapidly in the circuit, producing a
transient current observed macroscopically as the piezoelectric
output.

Under an external stimulus, the BB-PENG produces
piezoelectric signals, as confirmed by a switching-polarity test
(Figure S3 and Figure 3a). Further experiments show that the
output is independent of the active area of birch bark,
demonstrating that the response originates from the piezo-
electric effect rather than the triboelectric effect (Figure S4). It
was also confirmed that changes in bark thickness had a
relatively small impact on the consistency of piezoelectric
output results (Figure SS). Nevertheless, the optimal thickness
is 0.2 mm: excessively thin films yield insufficient effective
strain, whereas overly thick films increase internal charge
migration losses. Figure 3b presents an enlarged view of a
complete output current cycle. A response time of ~94 ms and
a recovery time of ~103 ms demonstrate millisecond-scale
energy conversion (Figure S6). The waveform features—a
positive surge and a negative plunge—correspond to transient
impact deformation and surface charge polarity reversal during
recovery (attributed to domain polarization displacement),
respectively. This dynamic behavior suggests potential for
applications such as impact sensing and transient mechanical
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Figure 4. Demonstration of BB-PENG and machine learning-assisted violation recognition in baseball games: (a) schematic diagram of the motion
of a baseball pitcher; (b) shoulder torsion; (c) elbow flexion; (d) neck flexion; (e) knee joint flexion; (f) schematic diagram of the machine
learning-assisted violation recognition scenario in baseball games; (g) three typical signals (legal pitching, illegal pitching, and informal pitching)
obtained serve as the input to the machine learning algorithm; (h) machine learning algorithm of MLP for violation recognition; (i) classification
accuracy and loss function of violation recognition based on the training data set; (j) confusion matrix of the signal test data set.

energy harvesting. The selected frequency and force ranges
(1-3 Hz4—16 N) not only align with realistic mechanical
excitations in daily human activities to improve practical
relevance, but also are consistent with typical parameters
reported in the relevant literature to ensure reliable
comparability, while enabling clear characterization of the
performance trends and their effects on the piezoelectric
output.”””" Figure 3c,d shows that increasing impact force (4—

16 N at 3 Hz) linearly enhances the output of the BB-PENG
due to greater mechanical deformation. A maximum current
density of 0.33 4A cm™ and a maximum voltage density of
29.3 V cm™ are achieved at a 16 N impulse force, ranking
competitively among natural biological material-based nano-
generators (Table S2). Compared with the short-circuit
current signal in Figure 3c, the open-circuit voltage signal in
Figure 3d exhibits a distinct unipolar characteristic, where the
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negative peak is significantly smaller than the positive peak,
whereas the current signal maintains bipolar symmetry. This
discrepancy can be attributed to the capacitive nature of the
device.”””” Birch bark serves as the dielectric layer, and the BB-
PENG can be regarded as a parallel-plate capacitor. During the
compression stage, piezoelectric charges accumulate at the
electrode surfaces, generating a positive voltage; during the
release stage, the piezoelectric polarization reverses and the
stored charges in the device capacitance partially neutralize the
reversed piezoelectric charges, resulting in a substantially
attenuated negative voltage. In contrast, the amount of charge
transferred during the charging and discharging processes is
essentially symmetric; consequently, the current signal retains a
bipolar characteristic. Similar electrical ou'%)ut results were also
observed on other piezoelectric devices."””*”* The influence of
the impact frequency on the piezoelectric output was also
examined (Figure S7). The frequency dependence is notably
less significant than that induced by the variations in force
amplitude. Furthermore, the fast Fourier transform (FFT) is
applied to the original time-domain signals (3 Hz, 16 N) to
obtain the corresponding frequency-domain spectrum (Figure
3e). The spectrum shows a dominant voltage peak at the
fundamental frequency (3 Hz), confirming the efficient
conversion of low-frequency mechanical energy by the BB-
PENG. Additionally, the presence of harmonic responses
indicates the device’s sensitivity to broadband mechanical
excitations, which is relevant for harvesting ambient low-
frequency energy. To evaluate practical power generation, the
BB-PENG’s output is measured across a range of load
resistances under a 3 Hz, 16 N impact. As shown in Figure
3f, the output voltage first increases with load resistance,
reaches a maximum of 19.2 V cm™ at 100 MQ, and then
decreases. Correspondingly, the output current decreases with
an increasing external load resistance (Figure S8). The
calculated instantaneous power density reaches a maximum
of 3.42 W cm™ at a load resistance of 200 MQ (Figure 3f).
The electrical energy generated by the BB-PENG is used to
directly power two green LEDs without any external energy
storage (Figure S9). To further assess its capability to drive
small electronics, the BB-PENG is integrated into a circuit to
charge commercial capacitors of various capacitances (Figure
3g). The different capacitors are successfully charged to 3 V
within a short time, demonstrating the practical feasibility of
the BB-PENG for energy harvesting and storage. Despite the
inherent fragility of biological materials, the BB-PENG exhibits
excellent durability and stability. Under continuous dynamic
stimulation (3 Hz, 16 N, >10,000 cycles), its piezoelectric
output shows no significant degradation (Figure 3h), and no
structural cracks are observed in the birch bark (Figure S10),
confirming robust electromechanical conversion. Furthermore,
the device’s piezoelectric output remains stable even after
prolonged storage at room temperature (Figure 3i), demon-
strating strong resistance to environmental factors. Since the
device is encapsulated with polyurethane (PU) (Figure 2f), the
different humidity conditions have a relatively small impact on
the signal stability of the output piezo-signals, although the
amplitude of the output piezo-signals shows a slight decrease
with increasing relative humidity (Figure S11). These results
highlight its potential for long-term, reliable energy harvesting.

Traditional violation detection in sports relies on referees’
observation and video replay, which can be subjective and lack
real-time capability. To address this issue, particularly for
identifying illegal pitching in baseball, we develop a self-
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powered, flexible tactile sensor using the natural BB-PENG.
This wearable device enables real-time objective monitoring of
pitcher postures. The pitching motion involves coordinated
actions: shoulder torsion, sequential elbow flexion, upward
neck flexion, stable pivot foot placement, and knee bend for
energy storage, culminating in the pitch (Figure 4a). By
attaching the sensor to key body parts, it captures characteristic
piezoelectric current signals from shoulder torsion (Figure 4b),
varying elbow angles (Figure 4c), neck flexion (Figure 4d), and
knee flexion (Figure 4e). Piezoelectric voltage signals can also
be used for motion detection (Figure S12). According to
baseball rules, pitching requires continuous motion without
extraneous movements. To validate this, pivot foot violations
are monitored using a BB-PENG sensor on the pitcher’s
rubber (Figure 4f). As shown in Figure 4g, the three types of
characteristic signals correspond to distinct pitching scenarios:
(I) legal pitch: the pivot foot maintains continuous contact,
producing a single stable pulse. (II) Illegal pitch: characterized
by improper foot movement (e.g., repeated lifting), it results in
a pulse train with interruptions and periodic fluctuations. (III)
Informal motion: refers to tentative adjustments during stance
preparation, generating discrete, low-amplitude, short-duration
pulses. This category, i.e., informal motion, is key to avoiding
false positives from normal movements. The three-level
classification system accurately identifies illegal pitches while
effectively minimizing the misjudgment common to traditional
binary approaches.

Based on the aforementioned classification, we design a rule-
augmented neural classification pipeline that integrates domain
knowledge-driven feature construction with a lightweight
multilayer perceptron (MLP). Concretely, each signal channel
is first represented by its raw time-series waveform, which is
then enriched with a set of physically interpretable summary
features derived from practical engineering decision rules.
These rule-aware features include the maximum positive
current, minimum (negative) current, and absolute peak
magnitude (encoding the degree of conformity between a
given signal and the legal pitching, illegal pitching, and
informal pitching patterns defined based on underlying current
thresholds). By concatenating these rule-informed descriptors
with the original waveform vector and performing feature
standardization, we obtain a hybrid representation that jointly
captures low-dimensional signal dynamics and high-level
diagnostic cues. Based on this representation, we train a
compact MLP classifier comprising two hidden layers (128 and
64 neurons, respectively) with ReLU activation functions and
Dropout regularization, using the Adam optimizer (learning
rate 5 X 107*) and a cross-entropy loss function (Figure 4h).
The data set used in this study comprises 149 biological signal
samples divided into 3 categories: legal pitching (49 samples),
illegal pitching (SO samples), and informal pitching (S0
samples). Each sample consisted of 141 time-step measure-
ments. A stratified split of 75% for training (110 samples) and
25% for testing (39 samples) was adopted with class
proportions preserved in both subsets. A fixed random seed
was used to ensure reproducibility. In addition to the raw time-
series features, nine rule-based features were extracted based
on domain-informed amplitude thresholds (50, 100, and 200),
resulting in a 150-dimensional feature vector per sample. These
threshold values were determined through exploratory data
analysis of signal amplitude distributions across the three
classes. Despite operating in the small data regime, the
proposed model converges within 20 epochs and achieves an
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accuracy of 97.44% and a macro-F1 score of 0.9743 on the test
set (Figure 4i). As shown in Figure 4j, the confusion matrix
indicates that the model achieves 100% recognition accuracy
for the legal pitching and informal pitching conditions with
only one misclassification in the illegal pitching class,
corresponding to per-class recall rates close to or equal to
100%. These results demonstrate that embedding explicit rule-
based features into the neural classifier significantly enhances
the model’s discriminative power and stability, enabling a
simple MLP to deliver near-perfect three-way classification
performance with low computational cost and good interpret-
ability. This monitoring system thereby exhibits significant
application potential for assisting baseball umpires in violation
detection.

B CONCLUSIONS

In this work, we demonstrated the piezoelectric effect of birch
bark. During the upward growth of the birch tree, the cellulose
crystals are induced to form a highly preferred orientation
within the bark, which exhibits high electrical performances. Its
nanostructure provides numerous stress concentration points,
further enhancing the piezoelectric effect. Compared with
previously reported natural piezoelectric materials, birch bark
exhibits excellent waterproof and mold-resistant properties
while enabling large-area fabrication for scalable applications.
Moreover, the unpoled birch bark exhibited a piezoelectric
coefficient (dy;) of 3.09 pm V™!, and the corresponding
nanogenerator achieved a piezoelectric voltage output of 29.3
V ecm™, a piezoelectric current output of 0.33 4A cm™>, and a
power density of 3.42 W cm™. After over 10,000 cycles of
mechanical impact (3 Hz, 16 N) or 180 days of storage, the
piezoelectric output showed no significant degradation,
confirming robust electromechanical conversion. This presents
relatively high values compared to those reported for natural
piezoelectric materials. As a proof of concept, an integrated
foul detection system was further designed by combining the
BB-PENG with an MLP classifier. With the assistance of
machine learning, the system could accurately identify sports
rule violations, offering reliable technical support for referees.
This work highlights natural birch bark as a promising green
piezoelectric material for self-powered devices in the Era of
Artificial Intelligence, paving the way for sustainable energy
solutions in smart electronics.

B EXPERIMENTAL PROCEDURES

Materials and Reagents

The utilized birch bark was derived from Russian Betula platyphylla
and purchased from Taoyi Materials Co., Ltd., Shanghai, China. Blue
silica gel particles were supplied by Shengda Desiccant Co., Ltd,,
Suzhou, China. The birch bark was cleaned with distilled water. Then
they were buried in the blue silica gel particles for 48 h. Thereafter,
the dried birch bark was removed from the silica gel desiccant.
Without any further chemical treatment, it was used directly for the
device fabrication. This bark is basically a waste part of the birch trees,
yet it is a renewable material.

Fabrication of Piezoelectric Nanogenerator

The piezoelectric nanogenerator (PENG) was prepared from intact,
dried natural birch bark, aluminum (Al) electrodes, and polyurethane
tape (PU), in a sandwich structure, as shown in Figure 2f. First, the
two layers of adhesive-backed aluminum films were attached to the
top and bottom sides of the birch bark. They were used as electrodes
to derive piezoelectric signals. Next, the Al electrodes were
encapsulated by using PU tape. Finally, the PENG device was fixed
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to acrylic (PMMA) plates to ensure a smooth shock during the
subsequent piezoelectric measurement. The impact head of the
measurement system was also made of the same acrylic resin to
eliminate possible interference from triboelectric charges. The
prepared birch bark-based piezoelectric nanogenerator (BB-PENG)
has an area of 20 X 20 mm and a thickness of 0.42 mm, with a piezo-
active layer thickness of 0.2 mm (Figure S13).

Characterization of Materials

Field emission scanning electron microscopy (FE-SEM) was
conducted on a JSM7800F PRIME instrument (Japan Electronics
Co., Ltd.). Energy-dispersive spectroscopy (EDS) was investigated
using an Oxford X-Max 80 spectrometer (Oxford Instruments Ltd.).
Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectra were obtained by using a Nicolet iS20 spectrometer. X-ray
diffraction (XRD) data were acquired on a PANalytical X’pert PRO
diffractometer. Pole figures were measured by using a PANalytical
Empyrean Series 2 X-ray diffraction system. The polar angle @ ranged
from 0° to 60°, and the azimuthal angle  ranged from 0°to 360°,
with a step size of 5° for both a and f. The ferroelectric behavior and
piezoelectric properties of the unpoled birch bark were measured by
using a TF Analyzer 2000E instrument. The dielectric properties of
natural birch bark were investigated using a Dielectric Analyzer
(DEA) at room temperature.

B ASSOCIATED CONTENT
® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c00906.

SEM image of birch bark, EDS spectrum of birch bark,
and EDS elemental mapping images of birch bark
showing C, O, and Si distributions; SEM and EDS of
unwashed birch bark; schematic drawing of the impact
measurement system; piezoelectric output of birch bark
with different active areas; piezoelectric output of birch
bark with different thicknesses; piezoelectric response/
recovery time of BB-PENG at different frequencies;
open-circuit voltage and short-circuit current of BB-
PENG under an 8 N constant impact force and 1, 2, and
3 Hz impact frequencies; output current of the BB-
PENG as a function of external load resistance,
measured under a 3 Hz, 16 N impact force; digital
image of BB-PENG and LEDs connected via a
breadboard and digital image demonstrating the
instantaneous illumination of the green LEDs, powered
by the electrical energy generated by BB-PENG under
palm tapping; SEM images of the surface and cross-
section of the birch bark after 10,000 cycles of impact;
short-circuit current of the birch bark at different
humidity levels; output voltage generation from wrist
flexion and knee flexion; schematic diagram showing the
thickness of each component in the BB-PENG (Figures
S1-S13); comparison of the measured ferroelectric
response of birch bark with the reported biopiezoelectric
materials and comparison of the piezoelectric output of
birch-bark device with the reported biological materials
based piezoelectric nanogenerators (Tables S1—S2);
calculation of total crystallinity of birch bark and
measurement method of the piezoelectric coefficient
d;; (Notes S1 and S2) (PDF)
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