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1  Introduction

Self-powered sensing systems represent a transformative 
approach to the development of next-generation wearable 
electronics, enabling devices to operate independently with-
out relying on external power supplies [1, 2]. These systems 
harvest ambient mechanical energy and simultaneously 
detect external stimuli [3–6], offering energy autonomy and 
real-time monitoring capabilities [7–9]. Among the various 
energy harvesting strategies reported to date, piezoelectric 
systems have garnered particular attention owing to their 
ability to convert biomechanical energy into an electri-
cal output via internal dipole polarization [10, 11]. Their 
lightweight nature, structural simplicity, and compatibility 
with flexible form factors further enhance their suitability 
for wearable applications [12–14]. One unique advantage 
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Abstract
The development of multifunctional, flexible, and sustainable wearable electronics is critical for the advancement of 
next-generation smart systems. In this paper, a dual-functional, self-powered device capable of both piezoelectric energy 
harvesting and high-sensitivity strain sensing is reported. This device was fabricated using sulfated cellulose nanocrystals 
(SCNCs) derived from waste tissue. These SCNCs were integrated with carbon nanotubes (CNTs) and polyvinyl alcohol 
(PVA) and supported on biodegradable mulberry paper (MP). It was found that sulfation enhanced the surface charge density, 
crystallinity, and dipole alignment of the CNCs, thereby significantly improving the piezoelectric performance confirmed with 
theoretical simulation such as DFT, COMSOL Multiphysics simulation, piezobased dielectric studies and characterization 
experiments. Based on the experimental demonstration, the optimized composite device exhibited an open-circuit voltage of 
6–8 V and short-circuit current of 120–150 nA under mechanical deformation. Furthermore, it demonstrated a rapid response 
(0.5–2 s) and high sensitivity of more than 80% in detecting physiological motions, such as the human pulse, finger bending, 
and neck movements. In addition to energy harvesting, the device exhibited reliable strain-sensing capabilities when mounted 
on various body parts. Practical demonstrations included integration with Arduino-based circuits for real-time applications, 
such as smart doorbell systems and safety line-crossing detection, wherein electrical signals are converted into wireless 
alerts. This combination of sustainability, flexibility, mechanical robustness, and dual functionality highlights the potential 
of the developed SCNC-based platform for use in self-powered wearable electronics with promising implications for health 
monitoring, interactive interfaces, and eco-friendly smart devices.
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of piezoelectric materials lies in their dual functionality as 
both active sensors and energy harvesters, rendering them 
ideal candidates for real-time physiological monitoring, 
emergency detection, and human–machine interfaces [15, 
16]. Recent advances in low-power wireless transmission 
technologies have accelerated the practical integration of 
these systems into mobile platforms, thereby expanding 
their applicability in smart healthcare and personalized 
medicine [9, 17, 18]. Despite substantial progress in this 
area, the realization of fully integrated, high-performance, 
and self-powered sensors under real-world operating condi-
tions remains limited by material inefficiencies, fabrication 
complexity, and durability concerns.

Various functional materials and composite designs 
have been explored to enhance the piezoelectric perfor-
mances and sensing capabilities of wearable systems [19, 
20]. For instance, Janus nanofiber membranes [21], hybrid 
piezoelectric–piezoresistive sensors [18], and MXene-inte-
grated composites [22, 23] and metal organic frameworks 
(MOFs) have demonstrated promising characteristics such 
as improved flexibilities and sensitivities [24]. However, 
these systems often suffer from suboptimal output voltages 
(< 3 V), complicated synthetic processes, poor long-term 
environmental stabilities, or the incorporation of materials 
with limited biocompatibility characteristics. For example, 
although MXenes exhibit excellent conductivities and elec-
tromechanical properties, they are susceptible to oxidation 
and structural degradation, particularly in aqueous or humid 
conditions, which pose significant obstacles to their deploy-
ment in wearable or implantable platforms [25]. Despite the 
fact that contemporary approaches offer promising advance-
ments, conventional inorganic piezoelectric materials, such 
as lead zirconate titanate (PZT) [26], zinc oxide [27], barium 
titanate [28], and potassium sodium niobate [29] still repre-
sent benchmarks in terms of their high energy-conversion 
efficiencies. Nonetheless, these traditional materials have 
drawbacks in the context of wearable applications, includ-
ing toxicity concerns (e.g., lead in PZT), environmental 
issues, complicated processing methods, and mechanical 
rigidity [26, 30].

In response to these limitations, an increasing number of 
studies have focused on the development of biocompatible 
and sustainable materials. For instance, cellulose nanocrys-
tals (CNCs) derived from natural biomass have emerged 
as promising alternatives because of their nontoxic nature, 
biodegradability, affordability, and exceptional mechanical 
properties [31]. While CNCs inherently exhibit piezoelec-
tric properties attributed to their Iβ crystalline structure, 
their standalone performances typically remain inadequate 
for practical sensing or energy harvesting applications [32]. 
Consequently, CNCs are often integrated into polymer-
based composites (e.g., polyvinylidene fluoride, PVDF), 

wherein the CNCs enhance the mechanical integrity and 
sustainability, while the polymer predominantly contrib-
utes to the piezoelectric response [33, 34]. However, such 
polymer-based composites encounter various issues, such 
as limited biodegradabilities, reduced environmental com-
patibilities, and a dependency on synthetic polymers, all of 
which compromise the overall sustainability and biocom-
patibility of the final device [35].

To overcome these limitations and realize a truly eco-
friendly, high-performance, dual-functional piezoelectric 
platform, this study explored a new strategy of chemical 
modification of CNCs by controlled sulfation via sulfu-
ric acid hydrolysis method. Sulfate (-O-SO3

−) groups on 
CNC surface increase the surface charge density, enhance 
dispersibility, promote dipole alignment, and improve the 
overall crystallinity, with the overall aim of boosting the 
piezoelectric output. The sulfated CNCs (SCNCs) are sub-
sequently incorporated into a composite system with carbon 
nanotubes (CNTs) and polyvinyl alcohol (PVA) to provide 
efficient charge transport and an improved mechanical 
robustness. Furthermore, to enhance the device sustain-
ability, SCNCs are synthesized from waste tissue sources, 
and mulberry paper (MP), which is a biodegradable and 
mechanically stable substrate with an excellent compat-
ibility, is employed to support the composite. The perfor-
mance of the resulting device is then investigated, including 
its open-circuit voltage, sensitivity to subtle physiological 
signals (e.g., human pulses), and strain sensing behaviors 
across various body motions. Overall, this study aims to 
introduce a green and scalable fabrication strategy, while 
also advancing the design of self-powered, dual-functional 
wearable electronics capable of addressing current limita-
tions in energy autonomy, sensitivity, and environmental 
compatibility.

2  Results and discussion

2.1  Structural, morphological, and chemical 
characteristics

The PVA/CNT@SCNC composite was fabricated via sul-
furic acid hydrolysis, followed by a dip-coating process, 
in which the CNTs acted as conductive pathways and the 
PVA served as a polymeric binder. As shown in Fig. 1a, the 
composite layer was symmetrically coated on both sides 
of the mulberry paper substrate to form a well-defined 
sandwich-like architecture. SEM observations (Fig. 1b) 
revealed a highly porous, interconnected fibrous network, 
which promotes efficient charge transport, while preserv-
ing the mechanical flexibility and structural integrity. Ele-
mental mapping (Fig. 1b1) confirmed the uniform spatial 
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distributions of carbon, oxygen, and sulfur throughout the 
matrix, indicating the homogeneous incorporation of SCNC 
and the formation of a continuous, electrochemically active 
interface conducive to an enhanced charge-carrier mobility.

FTIR spectroscopy (Fig. 1c) verified the successful sul-
fation of cellulose, as evidenced by the characteristic S = O 
stretching vibrations observed at 1033 and 1212 cm− 1 
[36–38]. In contrast, the FTIR spectrum of the pristine 
MP (Fig. 1c) lacked these peaks, confirming that sulfonic 
functional groups were introduced during the modification 
process. The observation of a weak C–H stretching vibra-
tion at 2924 cm− 1 further suggests chemical alteration of the 
carbon backbone [39], while the additional peaks observed 
at 881 cm− 1 (C–H out-of-plane bending, indicative of cellu-
lose I crystallinity), 1340 cm− 1 (COO−) [40], and 1412 cm− 1 

(C–H and –OH bending) [41], provide further evidence for 
structural and chemical modification of the cellulose matrix. 
Furthermore, the broad absorption band observed near 
3300cm− 1 was attributed to the hydroxyl groups, indica-
tive of an enhanced surface polarity and an increased charge 
density.

XRD (Fig. 1d) revealed a prominent diffraction peak 
at 22.5°, corresponding to the (002) plane of cellulose I, 
and confirming that the crystalline nature of the cellulose 
framework was retained; notably, this is an essential fea-
ture of piezoelectric functionality [42]. The additional peaks 
observed at 19.1° and 40.9° were attributed to the (101) 
plane and higher-order reflections of the semi-crystalline 
PVA domains, respectively [43], demonstrating the success-
ful integration and preservation of both cellulose I and PVA 

Fig. 1  (a) Graphical demonstration of the fabricated device having a 
coating of SCNCs integrated with the PVA and CNT composite. (b) 
Obtained morphology of the device, as observed using FE-SEM. (b1) 
Elemental mapping images of carbon, oxygen, and sulfur. (c) FTIR 

spectrum of the device. (d) XRD pattern of the device. (e) XPS results 
for sulfur components. Photographic images of the device under (f) 
bending, (g) twisting, (h) sonicating, (i) washing, and (j) mechanical 
hanging using a weight of 500 g
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backbone to the sulfate moieties (Fig. 2b). This charge 
migration establishes strong local dipoles aligned with the 
crystallographic c-axis, fundamentally altering the mate-
rial’s electrostatic landscape. The resulting electrostatic 
potential gradient along the chain axis increased dramati-
cally from 0.20 V nm⁻¹ in pristine CNC to 0.42 V nm⁻¹ in 
SCNC (Fig. 2c), representing a two-fold enhancement. This 
charge density difference plot reveals that pristine CNC 
exhibits relatively symmetric charge distribution with local-
ized electron accumulation and depletion regions, resulting 
in a weak dipole formation. In contrast, the SCNC shows 
pronounced charge separation, indicating enhanced dipole 
polarization which directly contributes to the improved 
piezoelectric response. Further support provided by Bader 
charge analysis confirmed the significant polarization 
by quantitative charge analysis with sulfur atoms carry-
ing − 0.59 e while maintaining positive charges (+ 0.30 e) 
on backbone carbons (Fig. 2 d). This pronounced charge 
separation translates to a 3.4-fold increase in the calculated 
unit-cell dipole moment, from 3.2 D in pristine CNC to 11.0 
D in SCNC. Electronic structure calculations revealed that 
sulfation introduces localized states approximately 2.8 eV 
below the conduction band edge without compromising the 
wide band gap (~ 4.9 eV) essential for piezoelectric func-
tionality (Fig. 2e). This confirms that the SO3- functional 
groups act as strong electron-withdrawing centers, generat-
ing internal electric fields and promoting dipole alignment. 
These sulfate-derived states enhance the material’s elec-
tronic polarizability, contributing to the improved electro-
mechanical response. These DFT results show that sulfation 
boosts piezoelectricity by creating stronger dipoles through 
charge transfer, tripling the unit-cell dipole moment, and 
enhancing polarizability—providing the molecular basis for 
our devices’ improved performance.

To investigate and elucidate the structural changes 
induced by sulfation and their influence on enhancing the 
piezoelectric properties of the material, we carried out 
a coupled mechanical–electrical simulation study using 
COMSOL Multiphysics. A 3D rectangular slab (2 cm × 2 
cm × 0.1 cm) was modeled as the base material to compare 
the performance of pristine CNC and SCNCs. The electric 
potential (V) was analyzed by integrating solid mechan-
ics with electrostatics. The detailed governing equations, 
boundary conditions, and simulation parameters are pro-
vided in Supporting Information (Section S1). The material 
properties used for the COMSOL simulations of SCNC are 
summarized in Table S1.

Figure 2f illustrates the variation in surface electric 
potential when a mechanical pressure of 1 MPa is applied to 
pristine CNC. The simulation results reveal that CNC gener-
ates an electric potential of approximately 0.13 V under this 
load, whereas sulfated CNCs exhibit significantly enhanced 

within the hybrid composite. Furthermore, a peak obtained 
at 43° indicates a presence of graphite phase of CNT with 
plane (100) [44] while a minor peak at 29.3° depicts the 
basement of calcite presence in the mulberry tree-based cel-
lulose [45]. No new peaks were observed, suggesting that 
PVA and CNTs were physically embedded with SCNCs into 
the cellulose backbone.

XPS (Fig. 1e) further confirmed the incorporation of 
sulfate functionalities. More specifically, the distinct S 2p 
peaks at 168.7, 169.95, and 170.41 eV are consistent with 
oxidized sulfate species [46]. The C 1 s spectrum shows 
peaks at 284.4 eV (C–C) and 286.0 eV (C–OH), while 
the O 1 s peaks at 532.0 and 532.3 eV correspond to C = O 
and hydroxyl oxygen environments, respectively [47, 48]. 
Based on these combined findings, along with the additional 
spectral data shown in Figure S1, the successful incorpora-
tion of sulfated CNCs was confirmed, along with the preser-
vation of key functional groups. Collectively, these sulfate 
functional groups are expected to contribute to an enhanced 
dipole alignment and piezoelectric potential within the 
composite. Therefore, the zeta potential of sulfated and 
non-sulfated CNC was measured, as shown in Figure S2. 
After sulfation, the surface charge significantly increased 
from − 2.46 mV to − 18.21 mV, confirming the successful 
introduction of negatively charged functional groups and an 
enhanced surface charge density. This increased charge den-
sity is expected to facilitate stronger dipole formation and 
alignment under mechanical stimuli, thereby contributing 
to the improved piezoelectric performance of the material.

The mechanical resilience of the device was subse-
quently demonstrated through several deformation tests. 
The composite withstood bending (Fig. 1f), twisting (Fig. 
1g), ultrasonic agitation (Fig. 1h), and high-pressure water 
impact (Fig. 1i) without any observable delamination or 
breakage. Moreover, the device sustained a static load of 
500 g without structural failure (Fig. 1j), demonstrating its 
excellent mechanical robustness and suitability for use in 
flexible and wearable electronics.

2.2  Theoretical investigation of enhanced electric 
potential/piezoelectricity of SCNC using DFT and 
COMSOL

To elucidate the molecular origin of the enhanced piezo-
electric performance in SCNCs, comprehensive DFT cal-
culations were performed using the PBE-D3 functional. 
A 1 × 1 × 2 supercell of cellulose Iβ was constructed, in 
which three surface hydroxyl groups were systematically 
replaced with SO3⁻/Na⁺ pairs to model the sulfated structure 
(see Methods for computational details) (Fig. 2a). Charge 
redistribution analysis revealed significant electron transfer 
of approximately 0.38 |e| per SO3⁻ group from the glucose 
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Fig. 2  DFT calculations and 
COMSOL simulations reveal the 
enhanced piezoelectric response 
mechanism in sulfated CNCs. 
(a) Schematic illustration of the 
sulfation-induced dipole enhance-
ment mechanism. Surface-grafted 
SO₃⁻ groups induce electron 
density redistribution along the 
cellulose chain, amplifying the 
intrinsic dipole moment. (b) 
Charge density difference map 
Δρ = ρ(SCNC) − ρ(CNC) on the 
(010) crystallographic plane, 
showing electron accumulation 
(red) at SO₃⁻ sites and depletion 
(blue) along the glucose back-
bone. (c) Electrostatic potential 
difference (ΔΦ) map demonstrat-
ing the enhanced axial electric 
field gradient in SCNC. (d) 
Bader charge analysis revealing 
significant charge transfer (−0.59 
e) to sulfur atoms. (e) Pro-
jected density of states (PDOS) 
comparison between pristine 
CNC and SCNC, showing the 
emergence of sulfate-derived 
states ~2.8 eV below the conduc-
tion band edge. (f) COMSOL 
Multiphysics simulation result of 
electric potential performance of 
CNC under mechanical pressure 
(1 MPa). (g) Enhancement in 
electric potential of SCNC under 
mechanical pressing of pressure 
(1 MPa)
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dipole behavior in cellulose nanocrystal networks. The pris-
tine CNC device shows the voltage less than 1 V while the 
SCNC enhanced the voltage more than 6 times of pristine 
CNCs. Second, the PCS-0.5, PCS-1, PCS-1.5, and PCS-2 
device that has weight ratio of 2:1:X (PVA/CNT@SCNC), 
where X = 0.5, 1, 1.5, and 2 as shown in Fig. 3c. The figure 
indicates that increasing the SCNC content in the samples 
from PCS-0.5 to PCS-2 enhances the piezoelectric perfor-
mance without altering the PVA and CNT composition. This 
observation strongly supports the correlation between the 
SCNC content and the improvement in piezoelectric prop-
erties. Elaborately, the device with PCS-0.5 of SCNC pro-
duced a peak voltage of 2 V, which gradually increased to 
6 V at PCS-2. The output voltage is attributed to the high 
density of sulfate functional groups on CNCs, which facili-
tate strong dipole polarization under mechanical stimula-
tion. Moreover, the interconnected SCNC network at higher 
loading improves stress transfer across the material, thereby 
boosting the charge separation and voltage generation. An 
immediate piezoelectric response from Fig. 3c shows a rapid 
and stable voltage response further emphasizes the potential 
of the prepared device for dynamic fast-responsive sens-
ing and energy-harvesting applications. Moreover, to elu-
cidate the role of CNTs in enhancing electron transport and 
mechanical integrity within the PCS composite, a compara-
tive study was conducted with and without CNT incorpora-
tion. The CNT-free PCS exhibited pronounced brittleness 
and poor bendability, indicating inferior mechanical robust-
ness, whereas the CNT-integrated PCS maintained excellent 
flexibility with minimal structural deformation, as shown in 
Figure S4a. To further evaluate its suitability for wearable 
applications, tensile testing was performed (Figure S4b), 
revealing that the CNT-containing PCS demonstrates supe-
rior mechanical strength, which facilitates more efficient 
charge transfer under mechanical deformation through its 
internal dipolar structure. In addition, electrical conductiv-
ity measurements (Figure S4c) show that PCS-2 achieves a 
conductivity of 1.25 × 10⁻⁵ S m⁻¹, consistent with enhanced 
piezoelectric performance due to the formation of effec-
tive conductive pathways by CNTs. In contrast, the CNT-
free device exhibits significantly reduced energy harvesting 
capability, generating a maximum voltage of ~ 2 V (Figure 
S4d), which is approximately one-third of that obtained for 
PCS-2, highlighting the critical role of CNTs in establishing 
efficient charge transport networks. Furthermore, replacing 
CNTs with conductive carbon black resulted in a noticeable 
decline in performance (Figure S5), attributed to the inabil-
ity of carbon black to form continuous conductive path-
ways. This difference arises from the high-aspect ratio of 
CNTs, which promotes percolative network formation and 
minimizes charge trapping, whereas carbon black typically 
leads to discontinuous conduction pathways.

dipole behavior, boosting the electric potential to 6.48 V, 
nearly 50 times higher than pristine CNCs as shown in Fig. 
2g. This enhancement can be explained using Gauss’s law 
with nonlinear dielectric and piezoelectric coupling equa-
tions, as described in Eqs. (1)–(3).

∇ · D = ρv � (1)

D = ε0E + P (E) + Pe (Selast)� (2)

E = −∇V � (3)

The first equation represents Gauss’s law for the electric 
displacement field, the second describes the constitutive 
relation for the electric displacement field in a nonlinear 
dielectric with electro-mechanical (piezoelectric) coupling, 
and the final equation expresses the system in terms of elec-
trostatic potential. The simulated results confirm the novelty 
of the enhanced dipole moment in the cellulose nanocrys-
tal structure, which substantially increases the electric 
potential under applied mechanical stress. To evaluate the 
improvement in electric potential corresponding to mechan-
ical stimuli, simulations were performed both before and 
after applying the load. As shown in Supporting Informa-
tion (Figure S3), no electric potential is observed without 
mechanical pressure, whereas the application of 1 MPa to 
SCNC induces a distinct electric potential, thereby confirm-
ing the piezoelectric nature of the material.

2.3  Piezoelectric energy harvesting performance 
and application versatility

To assess the piezoelectric response of SCNC, the piezo-
electric energy harvesting devices were constructed. The 
PVA/CNT@SCNC composite was used as active layer, 
which generate electricity through piezoelectric response. 
The substrate as mulberry paper enhances flexibility and 
the presence of PVA in the composite enhances the strong 
adhesion into mulberry paper that can build a high mechani-
cal strength which reduces the leaking of composite during 
long-term wearable applications. For piezoelectric energy 
harvesting measurements, the polyester tape as insulator is 
used to prevent charge leakage into the surrounding envi-
ronment to ensure the accurate electrical measurement. 
The device was securely mounted using insulating tape and 
PDMS layer and connected to a precision oscilloscope to 
record the voltage fluctuations under mechanical stimuli 
(Fig. 3a). First, the piezoelectric performance is systemati-
cally evaluated for pristine CNC and SCNC to practically 
confirm the effective nature of sulfation in CNC network as 
shown in Fig. 3b. It is strongly understood that the results 
confirm the effect of acid hydrolysis treatment triggers the 
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values fall within the typical range reported for cellulose-
based piezoelectric systems (~ 5–30 pC N⁻¹), depending on 
processing conditions and structural organization. These 
values are also comparable to other biopolymer-based sys-
tems and flexible polymers such as PVDF. Although lower 
than those of conventional piezoceramics, cellulose-based 
materials exhibit relatively high piezoelectric voltage coef-
ficients (g₃₃) due to their inherently low dielectric constants, 
making them particularly suitable for energy harvesting 
applications. Therefore, the performance observed lies well 
within the expected range for sustainable and flexible piezo-
electric materials, as summarized in Table S2 (Supporting 

To further quantify the effect of SCNC loading on piezo-
electric properties, the piezoelectric coefficient (d33) was 
measured for PCS-0.5, PCS-1, PCS-1.5, PCS-2 is shown in 
Fig. 3d. The d33 value increased from ~ 13 pC/N at PCS-
0.5 to ~ 16 pC/N at PCS-2 indicating a direct correlation 
between active material and piezoelectric performance. 
Higher SCNC loading also improves the formation of inter-
connected domains, facilitating effective stress transfer and 
stronger polarization. The consistency between the mea-
sured d₃₃ values and the output voltage further validates the 
critical role of SCNC content in governing the electrome-
chanical coupling efficiency of the device. The obtained d₃₃ 

Fig. 3  Piezoelectric measurements performed using PCS and pristine 
CNC devices. (a) Schematic illustration of the device under measure-
ment with a voltmeter attached with a Polyester tape/PDMS layer as 
insulator. The device combined with an active material as PVA/CNT@
SCNC embedded on MP. (b) High-piezoelectric response of SCNC 
compared to pristine CNC. (c) Obtained maximum open-circuit volt-
age performance under different SCNC loading with same PVA/CNT 
composite (PCS-0.5, PCS-1, PCS-1.5, PCS-2). (d) Analysis of Piezo-

electric co-efficient with response to different loading content of SCNC 
(PCS-0.5, PCS-1, PCS-1.5, PCS-2). (e) Voltage observed under differ-
ent frequency conditions of PCS-2 device. (f) Output current observed 
under different frequency conditions of PCS-2 device. (g) Maximum 
power output performance analysis with different resistance load. (h) 
Reversible nature of voltage under forward and reverse bias condition 
of PCS-2 device. (i) Comparison of piezoelectric performance of exist-
ing bio-based piezoelectric reports with this proposed work
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the device generated a clear alternating voltage pulse with 
a peak-to-peak amplitude of 5–6 V, indicating stable per-
formance irrespective of tapping speed. As the frequency 
increased, the number of pulses within the same time win-
dow increased proportionally clearly indicating the dynamic 
adaptability of the device to different excitation conditions. 
It is evident that the voltage amplitude remained nearly 
constant with frequency indicating that the output is pri-
marily governed by the applied stress rather than the press-
ing rate. This consistency highlights the robustness of the 
SCNC matrix in maintaining effective dipole polarization. 
Such frequency-independent voltage stability is advanta-
geous for practical applications in self-powered sensors, 
while irregular or rapid human emotions are common. The 
time-resolved output current under similar different driving 
frequencies is shown in Fig. 3f. Distinct alternating current 
peaks were observed during each compression and relax-
ation cycle, confirming a stable dipole orientation and effec-
tive electro-mechanical coupling effect. The figure depicts 
that as the frequency increased from 1 Hz to 3 Hz, the cor-
responding output current also enhances due to the higher 
rate of deformation and increased charge transfer per unit 
time. The symmetric peak and minimal baseline noise fur-
ther signifies the high stability and excellent reversibility of 
the piezoelectric response. Figure 3g signifies clear load-
dependent electrical study by investigating the enhance-
ment in voltage with reduction in current output respect to 
the external load increase, consistent with high-impedance 
energy harvesters. The power density shows a pronounced 
maximum Power (Pmax) in the range of 6.5–7.5 µW cm− 2 
at 5 × 105 Ω indicates the impedance matching and optimal 
energy extraction. This behavior well confirms stable piezo-
electric performance and highlights the device’s capability 
for low-power flexible energy harvesting applications. Fig-
ure 3h shows the piezoelectric nature of the device under 
both forward and reverse bias condition indicates a similar-
opposite response. In the forward configuration, the device 
generates a voltage spike ranging from ~−4 V to 6 V, when 
the electrodes were reversed, the polarity of the signals 
inverted correspondingly, while the amplitude of the volt-
age pulses remained nearly unchanged. The encapsulation 
of PDMS layer during experimental studies and the reverse 
effects cannot attributed to any triboelectric effects, thereby 
validating the dominant piezoelectric mechanism where the 
direction of induced polarization depends on the electrode 
orientation. The reproducibility of the output under both for-
ward and reverse electrical connections further confirms the 
stability and reliability of the device. Notably, the obtained 
performance surpasses several previously reported bio-
derived piezoelectric systems, as illustrated in Fig. 3i [49–
54]. A detailed comparison with cellulose- and CNC-based 
piezoelectric devices is provided in Table S3 (Supporting 

Information). The above two experimental observations in 
Fig. 3c and d confirm that the PCS-2 device exhibits superior 
piezoelectric energy-harvesting characteristics compared to 
other samples, and thus it was selected for subsequent mea-
surements and investigation. In addition, the enhancement 
of piezoelectric properties upon sulfation of CNC was fur-
ther validated through dielectric constant measurements of 
all PCS samples, including pristine CNC (PCS-0), over a 
range of frequencies. As shown in Figure S6, increasing the 
degree of sulfation within an otherwise identical PVA/CNT 
composite results in a noticeable increase in the dielectric 
constant. This trend indicates enhanced polarization within 
the material, providing strong evidence that sulfation pro-
motes dipole formation and contributes to improved piezo-
electric behavior.

The piezoelectric performance of the PCS-2 device was 
evaluated under continuous tapping with a force of 40 N 
to simulate dynamic mechanical excitation. As shown in 
Figure S7, the device generates clear voltage pulses with 
a maximum output of 6 V with a smaller negative swing 
of ~−2 V. This asymmetric voltage behavior is attributed to 
the intrinsic dipole orientation in the SCNC matrix, where 
compression induces stronger dipole polarization compared 
to the release phase. The reproducible voltage spikes across 
multiple tapping cycles confirm the stable and reversible 
piezoelectric conversion behavior of the device. The sharp 
positive responses upon tapping demonstrate efficient charge 
separation, while relatively smaller negative excursions 
suggest partial charge relaxation during unloading. Such 
characteristics are desirable for self-powered energy har-
vesting and sensing applications, where immediate response 
with consistent pulse signals under mechanical stimuli is 
very critical. To evaluate the reproducibility of the device 
performance, five independently fabricated PCS-2 devices 
were systematically tested, all of which exhibited consistent 
output characteristics, as shown in Figure S8 (a, b). Fur-
thermore, the long-term operational stability was assessed 
over 20,000 piezoelectric cycles, during which the device 
maintained nearly unchanged performance, demonstrating 
excellent durability and reliability for real-time practical 
applications (Figure S8c). In addition, the resultant output 
voltage can be utilized through charge storing techniques 
using capacitors. Therefore, a 1 µF capacitor is connected 
to the device under continuous tapping shows the charging 
ability of capacitors as shown in Figure S9. The capacitor 
attains the maximum voltage of about 8.3 V within continu-
ous 160 s of tapping (piezoelectric performance). This con-
veys the proof the device’s practical applications ability for 
wearable energy harvesting applications.

The frequency response of the optimized device was fur-
ther investigated by applying periodic mechanical stimuli 
at 1, 2, and 3 Hz is shown in Fig. 3e. At all frequencies, 
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fluctuations, supported by Video SV1, demonstrated a high 
responsiveness to subtle biomechanical movements. This 
functionality renders the device a promising candidate for 
use in wearable biomedical systems, enabling the real-time 
monitoring of patient activity, rehabilitation progresses, and 
musculoskeletal diagnostics.

The further applicability of the developed system was 
demonstrated by integrating the device beneath a shoe 
insole. While walking, the device consistently generated 
voltage outputs (Fig. 4b and Video SV2), confirming its 
ability to harvest energy from daily human movements. 
To highlight its versatility, the device was embedded into 
a keyboard interface by attaching it beneath the spacebar. 
Each keypress exhibited a clear voltage response (Figs. 4c). 
Additionally, when integrated across multiple keys (i.e., the 
c, h, u, n, g, and a keys), devices of different sizes produced 
distinct signal profiles, offering a foundation for intelligent 
input encoding. This capability can be leveraged in silent 
communication systems, emergency signaling, or person-
alized user interfaces, as discussed in the Supplementary 
Information, Figure S13.

The high sensitivity of the device to light pressure was 
further confirmed through repeated hand clenching and 
release cycles. As shown in Fig. 4d, each motion cycle 
generated reproducible voltage outputs, indicating the reli-
able detection of low-force biomechanical events. Building 
on this, the device was positioned on the wrist to evaluate 
its capacity for monitoring pulse signals. No response was 
observed when the device was loosely placed; however, 
once securely affixed to the skin, clear pulse-induced volt-
age peaks emerged in the range of 60–70 mV (Fig. 4e). Fol-
lowing physical activity, the voltage amplitude increased to 
~ 0.3 V with a shortened signal interval, confirming a strong 
correlation between the physiological pulse rate and the 
piezoelectric output. These results highlight the viability of 
this device for use in wearable health diagnostics and car-
diovascular monitoring.

To evaluate the environmental stability of the device, the 
influence of ambient humidity was systematically assessed. 
As shown in Fig. 4f, the voltage output exhibited a distinct 
inverse relationship with an increasing relative humidity 
(RH), namely from ~ 12 V at 17% RH to ~ 50 mV at 100% 
RH. This degradation was attributed to moisture-induced 
screening effects and the disruption of dipole alignment 
via interactions between the water molecules and the sul-
fated functional groups. Despite this sensitivity, the device 
retained its operational functionality across the entire 
humidity range, confirming its resilience under fluctuating 
environmental conditions.

Collectively, the demonstrated multifunctionality, envi-
ronmental adaptability, and high sensitivity to mechanical 
and physiological stimuli exhibited by the device confirm 

Information), highlighting the improved performance of the 
present system. As described in table S3, the device exhibits 
similar and slightly higher dielectric constant and figure of 
merit (FOM) than conventional cellulose based materials.

Furthermore, the environmental stability of the device 
and its piezoelectric response were evaluated under vary-
ing moisture conditions. As shown in Figure S10, negligible 
voltage output was observed when the device was directly 
exposed to water. In contrast, the device exhibited a grad-
ual recovery of piezoelectric performance with decreasing 
moisture content, generating ~ 2 V at 40% relative humid-
ity, ~ 4 V under moderately dry conditions, and reaching a 
maximum output of ~ 6 V in a completely dry state. This 
behavior highlights the strong dependence of piezoelectric 
performance on environmental moisture, likely due to the 
screening effect of water molecules on surface charges and 
dipole alignment. This suppression of piezoelectric activity 
under wet conditions might be attributed to the high dielec-
tric constant, which screens the polarized dipoles within the 
SCNC matrix when contact with water. Moreover, there 
might be a possibility of attachment of cations in the sul-
fated groups in the SCNCs which reduces the dipole behav-
ior and leads to the reduction of piezoelectricity.

To investigate the role of sulfate group anchoring in cel-
lulose backbone enhancing the piezoelectric behavior, mul-
tiple dip-coating cycles of PCS-2 sample were performed, 
ranging from zero to three layers. As shown in Figure S11, 
devices without sulfation showed minimal current genera-
tion, whereas those with successive coatings exhibited a 
stepwise increase in output, reaching 150–200 nA under 
manually tapping on the device. The fourth coating did 
not yield any further improvement, indicating that three 
coatings represented an optimal configuration. The opti-
mized device achieved a peak volumetric power density 
of 20–40 µW cm− 2 (Figure S12), surpassing many previ-
ously reported flexible piezoelectric systems [55–57]. These 
results underscore the critical role of sulfation in promot-
ing dipole alignment and enhancing energy conversion effi-
ciency, highlighting the potential of this composite system 
for use in high-performance, self-powered wearable elec-
tronics and energy-harvesting technologies.

Notably, the prepared device exhibited an outstanding 
sensitivity even under low-intensity mechanical stimuli, 
highlighting its robust piezoelectric performance and poten-
tial for practical implementation. Figure 4 illustrates the 
real-world applicability of the device across a range of bio-
mechanical energy-harvesting scenarios without any use of 
conventional instrument-based experiments to ensure vari-
ous practical adaptability. As a representative example, the 
device was mounted on a human index finger and was found 
to successfully capture motion-induced voltage signals 
during finger bending (Fig. 4a). The corresponding signal 
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the matrix. These synergistic effects led to the development 
of a structurally integrated and highly responsive piezoresis-
tive sensing platform capable of detecting subtle and dynamic 
mechanical deformations with high fidelity. Previous electrical 
measurements demonstrated the heightened sensitivity of the 
composite under minimal mechanical perturbation, establish-
ing a strong foundation for its potential in high-resolution strain 
sensing and next-generation wearable diagnostics. The ultra-
flexible and skin-conformable nature of the device allows for 
stable and comfortable adhesion to various anatomical sites, 
including the forearm, knee, finger, wrist, and neck, without 
compromising the signal fidelity or user mobility.

its strong potential for integration into next-generation 
self-powered systems, including wearable health monitors, 
biomechanical energy harvesters, and intelligent human–
machine interface platforms.

2.4  Strain-sensing performance of the flexible PVA/
CNT@SCNC composite device

The deliberate incorporation of PVA into the MP substrate 
significantly enhanced the mechanical stretchability, conform-
ability, and interfacial adhesion of the composite, enabling the 
uniform dispersion and stable anchoring of SCNCs within 

Fig. 4  Energy harvesting performance of the device under different 
practical conditions (Manual mechanical stimuli) The dimension of 
the device is (1 cm * 3 cm). (a) Voltage generation under index finger 
bending with various cycles. (b) Voltage cycling upon pressing the 
device with a shoe. (c) Change in voltage when pressing the device 

attached to a keyboard. (d) Change in voltage during hand clenching 
wherein the device is attached to the wrist. (e) Highly sensitive nature 
of voltage generation using the pulse from a human body when the 
device is securely attached. (f) Voltage changes over different relative 
humidity levels ranging from 18% to 100%
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the robustness of the system under macroscale joint motion. 
Similarly, when the device was mounted on a finger (Fig. 5c), 
it exhibited highly consistent signal patterns during repeti-
tive 90° flexion cycles, demonstrating excellent mechani-
cal durability and signal repeatability under cyclic strain. 
The device maintained stable performance over prolonged 
operation (180 s), as shown in Figure S14, with no observ-
able degradation, confirming its reliability and suitability 
for real-time wearable sensing applications. Additional per-
formance evaluations were conducted by affixing the sen-
sor to the wrist (Fig. 5d) and to the back of the neck (Fig. 
5e). In both cases, the device reliably registered resistance 
changes corresponding to wrist flexion and head rotation, 

To evaluate the piezoresistive response of the device, 
strain-sensing tests were conducted by monitoring the rela-
tive resistance changes during dynamic human motion, as 
illustrated schematically in Fig. 5. When mounted on the 
forearm (Fig. 5a), a rectangular prototype sensor (1.5 × 5 
cm) generated sharp, reproducible reduction in resistance 
fluctuations during repeated bending, with a rapid response 
time of < 0.5 s. Importantly, this indicates an excellent 
responsiveness to low-intensity biomechanical stimuli. Sub-
sequently, the capability of the sensor to detect larger defor-
mations was examined by mounting it on the knee joint (Fig. 
5b). Pronounced and periodic variations in the resistance 
were observed during walking and squatting, confirming 

Fig. 5  Strain sensing characteristics of the developed PCS device. (a) 
Relative resistance changes during bending of the arm. (b) Relative 
resistance cycles during knee bending. (c) Resistance changes during 
index finger bending. (d) Resistance changes during wrist bending. 
(e) Resistance changes during neck bending, wherein the device was 

attached to the neck. (f) Sensitivity analysis of the device under Arm 
bending (AB), Knee bending (KB), Finger bending (FB), Wrist bend-
ing (WB), Neck bending (NB). (g) Response time of the strain sensor 
for various physical movements
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likelihood of direct exposure during normal use. Moreover, 
the future direction of this work is to incorporate alternative 
conductive fillers with zero toxicity with improved piezo-
electric performance.

2.5  Demonstration of real-world device 
applications in sensing applications

Comprehensive experimental validation was subsequently 
performed to confirm the dual-mode capability of the device 
as both a piezoelectric energy harvester and a strain-respon-
sive sensor. Building on the results presented in Figs. 4 and 
5, additional proof-of-concept demonstrations were con-
ducted to evaluate the feasibility of the device for use in 
intelligent real-time applications. As illustrated in Fig. 6a, 
the device was interfaced with an Arduino circuit to demon-
strate its practical applicability in healthcare and safety sys-
tems. To verify real-time performance, the sensing response 
was experimentally evaluated and cross-validated under dif-
ferent input frequencies under controlled force (30 N), as 
shown in Video SV3. The device exhibited an immediate 
response at each frequency, with warning signals indicated 
by LED illumination, confirming its potential for operation 
under critical conditions. Furthermore, signal transmission 
latency and efficiency loss were assessed after integration 
with the Arduino system. The intrinsic response time of 
the PCS prior to integration was measured to be 312 mS, 
which increased to 363 mS after integration, corresponding 
to a delay of 16.35%. This minimal increase indicates that 
the device retains near-original performance, supporting its 
suitability for real-time applications. Additionally, consis-
tent signal behavior across different frequencies suggests 
that the device operates reliably over a wide frequency range 
with negligible variation in performance. A detailed force-
dependent sensitivity threshold analysis was not included in 
the present study, as the current experimental setup is limited 
in precise controlling and quantifying force at the threshold 
level. This aspect will be addressed in future work. One 
such scenario targets medical emergency communication 
for patients with limited mobility or speech capabilities. In 
this configuration (Fig. 6b), the device was integrated into 
a hospital bed and connected to an Arduino microcontroller 
and a buzzer. A gentle tap by the patient produced a detect-
able piezoelectric signal that was instantly transmitted to the 
Arduino. The circuit then activated a buzzer to alert caregiv-
ers. This application demonstrates the high sensitivity and 
low-power operating capability of the device, highlighting 
its potential for use as a noninvasive human–machine inter-
face in critical healthcare environments.

In addition to medical applications, the device was 
used in a smart doorbell system for home automation 
and security (Fig. 6c). More specifically, the device was 

respectively. The sensitivity of the device to various physi-
ological motions was systematically evaluated to assess its 
suitability for real-time health monitoring applications, as 
shown in Fig. 5f. The device exhibits a sensitivity exceed-
ing 80% across different human motions, enabling accurate 
detection of body movements. Furthermore, the sensitiv-
ity of the strain sensor was quantified using the standard 
gauge factor (GF), as presented in Figure S14b. Although 
the device demonstrates good sensitivity, it remains lower 
than that of commercial metallic and semiconductor strain 
sensors, as summarized in Table S4. However, its perfor-
mance is superior to that of many recently reported func-
tional material-based sensors, highlighting its competitive 
advantage [58]. Moreover, all tested physical stimuli elicited 
rapid responses within a time range of 0.2–2.1 s, as shown 
in Fig. 5g, meeting the requirements for timely detection in 
emergency scenarios. The device responsiveness, compared 
with commercial strain sensors, is summarized in Table S5, 
indicating that the PCS exhibits faster response than many 
functionalized composite strain sensors. The response time 
of the PCS is further compared with commercial strain sen-
sors in Table S6. The PCS demonstrates a response time 
within the range of 300–1000 ms, which falls within the 
category of fast strain sensing performance. The combina-
tion of high sensitivity and rapid response, in comparison 
with other composite-based sensors, highlights the device’s 
effectiveness and reliability for real-time wearable sensing 
applications. Moreover, the performance of power genera-
tion under mechanical stimuli and reduction in resistance 
during straining or bending cycles clearly indicates the 
device working in a dual performance such as piezoelectric 
and piezoresistive phenomena which is highly beneficial for 
various real-time practical applications.

These results validated the mechanical adaptability and 
conformability of the system across a range of body regions. 
Detailed visual representations of each test configuration 
are shown in Figure S15. These results clearly highlight the 
potential of the flexible composite device for use as a robust 
and high-resolution strain sensor that is capable of captur-
ing diverse biomechanical signals in real time. Its structural 
resilience, anatomical versatility, and precise electrical 
responsiveness render it a promising platform for imple-
mentation in motion diagnostics, wearable electronics, 
and personalized health-monitoring applications. For real-
time practical applicability in wearable sensors, a detailed 
investigation was conducted by analyzing cytotoxicity and 
biocompatibility, as summarized in Supporting Information 
Table S7. All materials used in the PCS, including PVA, 
SCNC, and CNT, exhibit very low toxicity and have been 
widely employed in various reports on human wearable sen-
sors. Mainly, in this device, the CNTs are embedded within 
the composite matrix, which is expected to reduce the 
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To demonstrate its applicability in public safety and 
infrastructure monitoring, the device was incorporated 
into a conceptual safety line detection system designed 
for restricted zones, such as railway platforms or indus-
trial workspaces. As shown in Fig. 6d, d and d1, the device 
was embedded on the floor near the designated boundary. 
When the person stepped across a line, mechanical pres-
sure activated the sensor, producing a voltage signal that 
was processed by an Arduino microcontroller. The signal 
simultaneously triggered an LED and a buzzer, providing 

embedded in a door frame and connected to an Arduino 
controlled system equipped with light-emitting diode (LED) 
indicators and a buzzer. In the standby mode, the system 
remained inactive. Upon pressing the sensor, a piezoelectric 
signal was generated, which triggered immediate visual 
and auditory feedback. Real-time demonstrations, provided 
in Video SV4, confirm a consistent response time of < 1 s. 
This fast and reliable actuation underscores the suitability of 
this system for providing smart alerts in safety-critical and 
accessibility-enhancing applications.

Fig. 6  Practical applications of the device and performance demon-
strations. (a) Schematic illustration of circuit connection of the device 
attached to an Arduino circuit and monitoring LEDs as an emergency 
alarm signal. (b) Graphical suggestion of device application as a sen-
sor in the medical field to generate emergency alerts for patients. (c) 
Schematic figure showing application of the device as a sensor for a 

doorbell system and a practical demonstration of this application. (d, 
d1) Graphical images suggesting potential application of the device 
as a safety line sensor for crossing a defined boundary. (d2) Arduino 
circuit-based practical demonstration experiments showcase the fast-
sensing and electricity generating performance of the device when 
used as a safety line sensor for crossing a defined boundary
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highlight the practical utility and rapid response capabili-
ties of the device, in addition to its potential for integration 
in intelligent human–machine interfaces. By combining 
multifunctionality, structural flexibility, and sustainable 
materials, this study established a promising foundation 
for the development of next-generation piezoelectric sens-
ing technologies. The approach presented herein offers 
a scalable low-power strategy for future applications in 
smart healthcare, infrastructure monitoring, and energy-
autonomous wearable electronics.

4  Experimental methods

4.1  Synthesis procedure for preparation of the 
SCNCs

The overview of the material characteristics of the surface-
charge-enriched SCNCs and device developmental 
approach is depicted in Fig. 7, while the detailed procedure 
is presented in Figure S1. More specifically, sliced raw 
tissue paper (5 g) was gradually added to sulfuric acid 
(68 wt%, 10 mL) with continuous stirring at 500 rpm for 
4–5 h. The resulting well-dispersed and uniform dark 
suspension obtained after the reaction was subjected to 
multiple centrifugation and washing cycles with deionized 
water and ethanol until a neutral pH (6–7) was achieved. 
The purified product was dried under ambient conditions 
for 24 h to obtain the fine SCNC powder.

4.2  Fabrication of the PVA/CNT@SCNC composite 
on MP

As shown in Figure S16, the composite solution was pre-
pared by dissolving PVA (2 g) in deionized water (10 mL) 
at 80 °C for 2 h, yielding a clear solution. Subsequently, 
a 1 wt% CNT dispersion (1 mL) was added dropwise, 
followed by stirring for 1 h to ensure homogeneity. The 
SCNC powder was then gradually introduced into the 
PVA/CNT matrix under continuous stirring at 80 °C for 
an additional 2 h to form a stable, uniformly dispersed 
composite. Rectangular pieces of MP (1 cm × 2 cm) were 
immersed in the composite solution for 30 min and air-
dried at room temperature (22–25 °C) for 5 h. This dip-
ping–drying process was repeated twice again to ensure a 
uniform coating and strong interfacial adhesion. An over-
view of the complete fabrication workflow is shown in 
Figure S1c. To optimize the material composition, SCNC 
powder was incorporated in different amounts (x = 0.5, 
1, 1.5, 2, and 2.5 g) into a given PVA/CNT matrix with 
a weight ratio of 2:1:x. The composite containing 2.5 g 

real-time audiovisual alerts. This setup simulated bound-
ary violation detection for accident prevention in hazard-
ous environments. Notably, the system was found to remain 
idle under normal conditions (Fig. 6d) yet responded imme-
diately when the boundary was breached. Repeated trials 
revealed a consistent performance, as shown in Video SV5. 
This implementation demonstrates the potential of leverag-
ing the mechanical durability, low-power operation, and 
sensitivity to localized pressure of the developed sensor 
for proactive safety applications in both industrial and pub-
lic infrastructures. These application-specific demonstra-
tions clearly validated the versatility and responsiveness 
of the composite device, paving the way for its integration 
into next-generation smart systems focused on healthcare, 
accessibility, and environmental safety.

3  Conclusion

In summary, we introduced a new material SCNCs into 
piezoelectricity and strain sensing applications as a 
mechanically robust, ultra-flexible, and environmen-
tally conscious dual-functional device, which integrates 
into a single platform. The system was constructed using 
sulfated cellulose nanocrystals anchored on a mulberry 
paper substrate and reinforced with carbon nanotubes and 
polyvinyl alcohol, resulting in a composite structure with 
excellent electromechanical properties. Based on the theo-
retical results from DFT and COMSOL Multiphysics, the 
attachment of sulfate groups into the cellulose backbone 
enhances the dipole nature of SCNCs which subsequently 
develops the piezoelectric nature of the specimen when 
applying mechanical pressure than pristine CNC. From 
the piezoelectric experimental results, the device exhib-
ited stable open-circuit voltages of 6–8 V and short-circuit 
currents up to 120–150 nA under mechanical deformation 
with a power density of 7 µW cm− 2. Additionally, the pre-
pared sensor demonstrated a high responsiveness to subtle 
biomechanical inputs, such as finger bending, wrist pulses, 
and neck motion, while maintaining outstanding stretch-
ability, conformability, and durability with a sensitivity of 
more than 80% with a fast response time 0.5–2 s. Further-
more, its piezoresistive behavior enabled precise real-time 
strain monitoring across various anatomical locations, 
supporting its applications in motion diagnostics and 
wearable health monitoring. Beyond its core functional-
ities, the device was successfully implemented in several 
real-world scenarios, including medical emergency alert 
interfaces, smart doorbell systems, and boundary-crossing 
detection mechanisms for public safety. These demon-
strations, realized using simple Arduino-based circuits, 
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4.3.2  Electronic-structure calculations

Calculations were performed with Quantum ESPRESSO 
6.4.1 using PBE-GGA with D3 dispersion corrections. PAW 
and ultrasoft pseudopotentials were employed with plane-
wave cutoffs of 50 Ry (wavefunction) and 400 Ry (charge 
density). A Γ-centered 2 × 2 × 4 k-point mesh was used. 
Geometry optimization was conducted until forces were 
below 3 × 10⁻⁴ Ry Bohr⁻¹ and energy changes were less than 
10⁻⁷ Ry, with lattice parameters fixed at experimental values 
(a = 7.86 Å, b = 8.18 Å, c = 10.38 Å).

4.3.3  Properties and post-processing

Charge density differences and electrostatic potentials were 
computed using pp.x. Bader charge analysis was performed on 
a 300 × 300 × 360 grid. DOS/PDOS were calculated with 0.05 
eV Gaussian smearing. The piezoelectric coefficient d₃₃ was 
determined via Berry-phase method with ± 0.5% uniaxial strain.

4.3.4  Numerical accuracy

Convergence tests with increased cutoffs (60 Ry) and 
k-points (3 × 3 × 5) showed energy changes ≤ 1 meV/atom 
and d₃₃ variations < 0.03 pm V⁻¹, confirming adequate 

SCNC exhibited significant agglomeration and poor coat-
ing uniformity on the mulberry paper (MP) substrate; 
however, to tackle this, we have used surfactants to solve, 
however, the piezoelectric performance shows very less 
due to its reducing the dipoles of SCNCs (Figure S17), 
therefore, this composition was excluded from subsequent 
studies. Accordingly, samples containing 0.5, 1, 1.5, and 
2 g SCNC were selected for further characterization. The 
mass loading of the PVA/CNT@SCNC composite on MP 
was determined by weight difference before and after 
coating and drying, yielding loadings of approximately 
0.0398 g, 0.0413 g, 0.0453 g, and 0.052 g, respectively. 
These samples are denoted as PCS-0.5, PCS-1, PCS-1.5, 
and PCS-2.

4.3  Simulation study using density-functional 
theory

4.3.1  Model construction

Cellulose Iβ was modelled using a 1 × 1 × 2 supercell (48 
atoms, space group P2₁) cut along the (010) plane. Three 
surface hydroxyl groups per chain were replaced with –
SO₃⁻/Na⁺ ion pairs to match the experimental sulfur content 
(≈ 0.32 mmol g⁻¹).

Fig. 7  Schematic illustration of the material characteristics and 
overview fabrication of the work. Sulfated Cellulose Nanocrystals 
(SCNCs) obtained from waste tissue paper by acid hydrolysis treat-
ment. The obtained SCNCs reveal an enhancement in dipole behavior 

by anchoring the sulfate half-ester group into the crystalline network. 
The flexible device was fabricated by composite material consisting of 
PVA, CNT, and SCNC on Mulberry paper
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4.5  Characterization

The surface morphology of the SCNC/PVA/CNT coated on 
MP was examined using Field emission scanning electron 
microscopy (FE-SEM), EVO18, Carl Zeiss. Fourier 
transform infrared (FTIR) spectroscopy was used to examine 
the molecular bonding and identification of interactions 
of functional groups using total reflectance (ATR) mode 
on a JASCO FT/IR-460+. The material characteristics 
and the crystallinity of the composite were examined 
through X-ray diffraction (XRD) analysis using XPERT-
PRO X-ray diffractometer. The surface modification and 
sulphonation after hydrolysis treatment was investigated 
using X-ray photoelectron spectroscopy (XPS) with an 
AES module containing Ar-ion and C60 sputtering and 
further confirmed using Quantax 200 energy dispersive 
X-ray spectrometer. The piezoelectric properties of the 
developed all devices were evaluated by encapsulating 
PDMS layer into the device to avoid any errors using a 
quasistatic d33 meter (YE2730A, Sinocera Yangzhou, 
China), while the dielectric constants of all the samples 
were measured across variable frequencies ranging from 1 
kHz to 1 MHz using LCR meter (IM3570, Hioki Nagano 
Japan). The piezoelectric performance was analyzed by a 
digital oscilloscope from Keysight (DSOX2912A) from 
Swindo, UK and the corresponding voltage and current 
produced by all PVA/CNT@SCNCs were measured using 
an electrometer (Keithley 2450, Solon, OH, USA). All 
devices for piezoelectric measurement are sandwiched 
between the nickel tape with a testing condition applied 
with a constant applied force of 40 N, with a pressure 
sensor employed to record the applied force during these 
measurements. To analyze the tensile strength of the device, 
Sun scientific Rheometer (Model No: CR-100) is used to 
check the mechanical strength of device using without and 
with CNT. For practical application experiments for real-
time wearable sensing and smart intelligence, an Arduino 
UNO board was used. To identify, observe and confirm the 
structural property of SCNCs leads to piezoelectric nature, 
DFT simulation was performed using Calculations were 
performed with Quantum ESPRESSO 6.4.1 and electro-
mechanical property was analyzed using COMSOL 
Multiphysics version 6.2 software.
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convergence. D3 corrections were essential for accurate 
c-axis lattice parameters.

4.4  Simulation study about COMSOL simulations

4.4.1  Model construction

A rectangular film (2 cm × 2 cm × 0.1 cm) representing 
either pristine CNC or sulfated CNC (SCNC) was con-
structed in COMSOL Multiphysics. The model couples the 
Solid Mechanics and Electrostatics interfaces to simulate the 
electromechanical response. A uniform mechanical pressure 
of 1 MPa was applied to the top surface, while appropriate 
mechanical constraints were applied to prevent rigid-body 
motion (see Supporting Information for boundary condi-
tions in statement S1). Material parameters for CNC and 
SCNC—density, relative permittivity (εr), Young’s modulus 
(E), and Poisson’s ratio (ν)—were specified in the Materials 
node. Nonlinear dielectric and piezoelectric coupling terms 
were included where appropriate (see equations in Sup-
porting Information Statement S1). The resulting surface 
electric potential and field distributions were evaluated to 
quantify the enhancement in piezoelectric response follow-
ing sulfation.

4.4.2  Physics interface-multiphysics interface

To analyze the piezoelectric effects in the two materials, 
CNC and SCNC, a coupled-physics simulation was per-
formed in COMSOL by integrating the Electrostatics (es) 
and Solid Mechanics (solid) modules. In the Charge Con-
servation–Piezoelectric Effect section, a uniform pressure 
of 1 MPa was applied to the top surface of the specimen, 
while a floating potential boundary condition was assigned 
to the same surface. To ensure full electromechanical cou-
pling, the entire specimen was defined under a Multiphys-
ics interface combining solid mechanics and electrostatics. 
This setup enabled the evaluation of the induced surface 
electric potential (V) generated under mechanical loading.

4.4.3  Meshing and studying

To investigate the piezoelectric response under mechanical 
stimuli, the entire model was meshed and analyzed using 
a stationary study condition in COMSOL. A mechanical 
pressure of 1 MPa was applied to the specimen to evaluate the 
resulting electric potential distribution. The simulation results 
reveal that the SCNC specimen exhibits an electric potential 
approximately 50 times higher than that of CNC under identical 
mechanical loading, confirming the significant enhancement in 
piezoelectric behavior induced by sulfation.
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