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A B S T R A C T

Optimising ultra-low voltage with high capacity in batteries presents a challenge for emerging applications, such 
as wearable technology. In this study, we developed a multifunctional ultra-low voltage, sweat-activated fabric 
battery (SFB) using a biomaterial-based piezo-ionic hydrogel from water hyacinth carboxymethyl cellulose, 
mitigating risks of high-power and toxic materials near human skin. The SFB's multi-layer active material en
hances conductivity and reduces resistance, enabling a 1 cm² device to discharge for 10 + h below 0.4 V, with an 
areal capacity of 4.1 mAh cm⁻² at 400 μA cm⁻². Furthermore, SFB with piezo-ionic hydrogel, when affixed to the 
elbow, generates a peak current of 115 nA cm⁻² as the elbow is fully flexed. Consequently, SFB can be utilised for 
energy storage, along with force and bending sensing. This study opens new avenues in advancing research on 
ultra-low voltage batteries for wearable and biomedical devices.

1. Introduction

Fabricating ultra-low voltage energy-storage device is essential for 
advancing emerging technologies such as wearable technology, RF 
harvester, Internet of Things, remote sensing platforms, and medical 
devices [1]. Wearable healthcare devices equipped with flexible 
sweat-monitoring sensors also requires innovative, safe, and reliable 
energy-storage solutions to enable optimal functionality [2,3]. Sweat, an 
easily accessible biofluid, enables continuous monitoring of analytes, 
including inflammatory markers and cytokines, providing real-time 
insight into physiological conditions [3,4]. Secreted by eccrine glands, 
sweat contains abundant electrolytes and metabolites, making it a 
valuable source for both physiological sensing and powering wearable 
devices. Its electrolyte content (K+, Ca2+, Na+, and Cl-), has been widely 
utilised in batteries [5–7], sensors [8–10], supercapacitors [11–14], 
biofuel cells [15–17]. and few of them are summarised in Table ST1 in 
supporting information. The past decade has also seen rapid growth in 
E-textiles, where conductive fabrics interact with the environment to 
enable advanced smart-wearable technologies [18,19].

Hydrogels are three-dimensional polymeric networks synthesised 
through chemical and/or physical crosslinking, giving them excellent 
hydrophilicity and allowing them to absorb and retain large amounts of 

liquid while maintaining structural integrity [20]. A more advanced 
class of hydrogels—conductive hydrogels—has recently gained signifi
cant research interest due to their promising applications in flexible 
electronic devices. These materials combine a cross-linked polymer 
framework with electrical or ionic conductivity [21]. Piezo-ionic 
hydrogels exhibit ion-trapping and ion-releasing behaviour, in which 
ions are temporarily immobilised and subsequently mobilised in 
response to mechanical stress or strain. This enables the detection of 
pressure, force, and environmental changes, which can be transduced 
into capacitance, current, or resistance signals [22]. The unique me
chanical and electrochemical properties of conductive hydrogels have 
enabled their use in energy-storage devices [23–27], sensors [28–33], 
bioelectronics [34–38], triboelectric nanogenerators [39–43], and 
epidermal patch electrodes [44–46].

This study presents a multifunctional ultra-low-voltage sweat-acti
vated fabric battery (SFB) that incorporates a piezo-ionic hydrogel 
capable of generating electric charge in response to mechanical defor
mation, thereby opening new avenues in ultra-low-voltage battery 
research. To address concerns related to toxic electrolytes and high- 
power materials in close contact with skin, an eco-friendly biomate
rial-based piezo-ionic hydrogel was developed using water-hyacinth- 
derived carboxymethyl cellulose (WHCMC) and α-chitin. 
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Carboxymethyl cellulose is a water-soluble polymer known for its 
abundance, excellent film-forming ability, and mechanical robustness 
[47], α-Chitin possesses a highly crystalline, asymmetric structure, is 
derived from renewable resources, and exhibits hydrophilicity, 
biocompatibility, biodegradability, and customizable functional groups 
[48,49]. To fabricate the piezo-ionic hydrogel, cellulose was first 
extracted from water hyacinth and subsequently modified through a 
carboxymethylation reaction to produce WHCMC. The hydrogel was 
then synthesised by blending WHCMC and α-chitin in a 1:1 wt ratio with 
PEG-400, citric acid, and NaCl, followed by a freeze–thaw process, as 
illustrated in Fig. 1.

A multilayer anode and cathode were integrated into the conductive 
fabric, which acted as the current collector. The outermost layer of both 
electrodes consisted of an Ag/AgCl coating selected for its biocompati
bility, stability, and efficient charge-transfer characteristics. The cath
ode’s second layer comprised a Cu₂O/graphene composite, commonly 
used in biosensing applications due to its antibacterial properties, high 
surface area, and excellent electron-transfer capability. The anode’s 
second layer contained Zn powder, chosen for its high electrochemical 
activity and stability in aqueous environments. The pairing of Cu₂O as an 
air-permeable cathode with Zn as a sweat-permeable anode, combined 
with the sweat electrolyte, yields an ultra-low-voltage device. Cu₂O 
possesses a relatively low redox potential, while Zn provides a stable, 
low-potential anode, resulting in a narrow operating voltage window. 
This constrained voltage range enhances safety, suppresses unwanted 
side reactions, and makes the system well suited for wearable and 
biomedical applications.

2. Results and Discussion

2.1. Piezo-ionic hydrogel characterisation

As shown in Fig. 2a, the image of the prepared 1 wt% WHCMC after 

water hyacinth nanofibers underwent surface modification through a 
carboxymethylation reaction. This modification improves the dispersion 
stability and water solubility of WHCMC, enhancing its suitability for 
composite-material applications. Details of the carboxymethylation re
action and the fabrication of the piezo-ionic hydrogel are provided in the 
Experimental Section. The Fourier-transform infrared (FTIR) spectrum 
of WHCMC (Fig. 2b) confirms successful synthesis. The absorption peak 
at 1600 cm⁻¹ arises from the stretching vibration of the carboxyl group 
(–COO⁻), while the peak at 1438 cm⁻¹ corresponds to the carboxylate 
salt (–COO⁻ Na⁺). A broad band around 3400 cm⁻¹ is attributed to the 
O–H stretching vibration.

The piezo-ionic hydrogel, shown in Fig. 2c, demonstrates its bend
ability, twistability, and foldability, highlighting its fundamental me
chanical flexibility for use in batteries. The scanning electron 
microscopy (SEM) image in Fig. 2d reveals a nanofibrous morphology 
with a porous structure, primarily generated by the freeze–thaw process 
used during hydrogel fabrication. Three-dimensional reconstructions of 
the hydrogel (Fig. 2e) further illustrate this interconnected porous 
network. The wettability of the piezo-ionic hydrogel was assessed using 
contact-angle measurements (Fig. 2f). A 5 µL droplet of artificial sweat 
electrolyte placed on the surface was rapidly absorbed, disappearing 
within 0.3 s, indicating the hydrogel’s high hydrophilicity and efficient 
fluid uptake.

TGA thermogram in Fig. 2g, illustrates that the piezo-ionic hydrogel 
exhibits a steady weight loss from room temperature to 150 ℃ primarily 
due to moisture evaporation and the loss of absorbed water from 
WHCMC and α-chitin. Between 150 ℃ and 250 ℃, PEG 400 evaporates, 
and citric acid decomposes, leading to a more significant weight loss. 
The major weight loss between 250 ℃ and 400 ℃ corresponds to the 
degradation and decomposition of WHCMC and α-chitin. In the final 
stage, NaCl, with its high decomposition temperature, remains as a 
stable residue, along with some potential carbonaceous residue. Fig. 2h 
shows representative stress–strain curves for the piezo-ionic hydrogel, 

Fig. 1. Schematic illustration of SFB. The synthesis of the biomaterial-based piezo-ionic hydrogel, its integration into the air-and sweat-permeable battery, and its 
application as both an ultra-low voltage battery and a piezo-ionic sensor.
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which exhibits a tensile strength of 8.2 ∓ 0.687 MPa.

2.2. Multi-layer active material for SFB

The fabrication procedures for the three sweat-activated fabric bat
teries (SFB-1, SFB-2, and SFB-3) are illustrated in Fig. 3a–c. Detailed 
descriptions of SFB-1 and SFB-2 (Fig. 3a and Fig. 3b) are provided in the 
Supplementary Information (Figures S1 and S2), and additional fabri
cation steps are described in the Experimental Section. SFB-3 uses a 
conductive fabric as both the substrate and current collector, with an 
Ag/AgCl coating applied to both the cathode and anode. The multilayer 
SFB-3 incorporates a Cu₂O/graphene paste at the cathode and a dip- 
coated anode consisting of Zn powder, carbon black, and shellac binder.

Fig. 3d shows SEM images of the conductive fabric and the Ag/AgCl, 
Zn, and Cu₂O/graphene layers, (Zn, and Cu₂O/graphene) are common to 
all three devices (SFB-1, SFB-2, and SFB-3). The conductive fabric ex
hibits a woven morphology. The Ag/AgCl layer contains uniformly 
distributed spherical particles with an average diameter of ~2 µm, 
whereas the Zn layer consists of larger spherical particles (~4 µm) with 
a microporous, rough surface. In contrast, the Cu₂O/graphene coating 
displays a more uniform coverage with higher nano- and microporosity 
and a smoother surface. Additional SEM images and EDX spectra for the 
Ag/AgCl-coated fabric (Figure S3), Zn paste (Figure S4), and Cu₂O/ 
graphene layer (Figure S5) are provided in the Supplementary 
Information.

In addition, Fig. 3e evaluates the wettability of each coated electrode 
surface through contact angle measurements using artificial sweat 

electrolyte. The results confirm the hydrophilic nature of all coatings, 
each exhibiting a lower contact angle than the original conductive 
fabric, which has a mean contact angle of 87.05◦ ∓ 0.1372. Lower 
contact angles indicate better wettability, which allows artificial sweat 
to spread more efficiently across the coating and enter surface pores. 
This enhances electrolyte absorption and shortens the ion-diffusion 
path, improving ion accessibility at the electrode/electrolyte interface 
[50]. Improved wettability also helps maintain continuous ionic contact 
during bending or deformation of the fabric, which is important for 
stable performance in wearable conditions. Furthermore, better wetting 
ensures faster re-hydration of the electrode after drying, allowing the 
SFB to recover its ionic conductivity more effectively [51]. Among the 
coatings, Zn paste demonstrates the most hydrophilicity, with a contact 
angle of 64.66◦ ∓ 0.4221. Its visible and larger microporous and rough 
surface, as seen in the SEM, might significantly enhance electrolyte 
wettability compared with Ag/AgCl and Cu₂O/graphene, which have 
mean contact angles of 78.65◦ ∓ 0.6323 and 84.37◦ ∓ 0.8326, 
respectively.

Alongside wettability, porosity of the electrodes plays an important 
part in air-and moisture-permeable electrodes. The porosity percentage 
of each coated electrode surface, determined from the SEM images, is 
shown in Fig. 3f. Zn and Cu₂O/graphene exhibit the highest surface 
porosity, with values of 13.65 % ∓ 0.0122 and 17.58 % ∓ 0.0372, 
respectively, compared to the conductive fabric and Ag/AgCl, which 
show porosity values of 1.57 % ∓ 0.0765 and 10.91 % ∓ 0.0384. The 
increased porosity of these coatings can be attributed to the composite 
nature of Zn and carbon black, and Cu₂O and graphene. Cu₂O/graphene, 

Fig. 2. Piezo-ionic hydrogel characterising. a, WHCMC after the carboxymethylation reaction. b, The FTIR of WHCMC. c, Piezo-ionic hydrogel’s bendability, 
twistability, and foldability. d, Surface morphology of piezo-ionic hydrogel using SEM. e, 3D reconstructions of the piezo-ionic hydrogel. f, Contact angles of the 
artificial sweat electrolyte on piezo-ionic hydrogel. g, TGA thermogram. h, The tensile strength of piezo-ionic hydrogel.
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resulting in a more porous and larger surface area of the electrode. 
Surface porosity further supports ionic transport by providing more 
open pathways for electrolyte penetration and increasing the effective 
electroactive area [52]. The highly porous Zn (13.65 %) and Cu₂O/g
raphene (17.58 %) layers therefore allow ions to reach a greater number 
of active sites, which facilitates more efficient charge transfer. In 
contrast, lower porosity, as observed in the Ag/AgCl coating, limits the 
accessible ion pathways. Higher porosity also reduces diffusion resis
tance because ions can move through interconnected pores rather than 
being restricted to surface-level transport. Additionally, porous struc
tures retain electrolyte more effectively, helping maintain continuous 
ionic conduction during prolonged operation or mechanical movement 
[53]. Fig. 3g and Fig. 3h show the sheet resistance and conductivity of 
each coated electrode surface. The sheet resistance of conductive fabric 
and Ag/AgCl is 21.08 ∓ 0.0673 and 25.24 ∓ 0.0927 mΩ/square, while 
Zn and Cu₂O/graphene exhibit higher sheet resistances of 71.27 ∓
0.0132 and 91.55 ∓ 0.0879 mΩ/square, respectively. The low sheet 
resistance of conductive fabric and Ag/AgCl can be attributed to the 
nylon-based conductive fabric, which is Ag-plated, and the high Ag 
content (60 %) in Ag/AgCl. As a result, the Ag-based conductive fabric 
and Ag/AgCl exhibit high conductivity values of 237.16 ∓ 0.0432 and 
198.07 ∓ 0.0111 kS/m, respectively, compared to Zn’s layer at 70.15 ∓
0.1372 kS/m and Cu₂O/graphene’s layer at 54.61 ∓ 0.0231 kS/m. The 
FTIR spectrum of the conductive fabric coated with Ag/AgCl and Zn 

paste is presented in Supplementary Information Figure S6. Addition
ally, Figure S7 displays the X-ray diffraction (XRD) patterns of both 
materials.

2.3. Multi-layer active material for SFB

Fig. 4a compares the cyclic voltammetry (CV) curve for the SFB 
devices at 20 mV.s− 1, showing that the coating of Ag/AgCl on both the 
positive and negative electrodes (SFB-3) exhibits the largest CV area, 
indicating higher capacity or more significant electrochemical reaction. 
Additionally, the reduction peak of below 2 mA cm− 2 under ultra-low 
voltage of 0.5 V demonstrates high electrochemical efficiency and low 
resistance. The Nyquist plot (frequency range of 1 Hz to 1 MHz) inter
cept on the Zreal axis represents the solution resistance (Rs). During 
interaction with artificial sweat electrolytes and electrodes, the solution 
resistance in SFB-3 decreased further to 0.9 Ω, compared to 2.2 Ω for 
SFB-2 and 5.8 Ω for SFB-1, as indicated by their CV, as shown in Fig. 4b.

For the SFB-3, it was found that with the increasing scan rate, the 
redox peak current and CV area were increasing, indicating that the 
electrochemical reaction kinetics are improving with faster potential 
sweeps. This behaviour suggests enhanced charge transfer efficiency of 
multi-layer electrodes, as shown in Fig. 4c. The galvanostatic charge/ 
discharge (GCD) curves shown in Fig. 4d at 400, 500, and 600 μA cm− 2 

show the discharge times of over 3.5, 8, 10 h, respectively, indicating 

Fig. 3. SFBs designs and electrode characterisations. a-c. Three different SFBs designs and their components including the piezo-ionic hydrogel. d, SEM morphology 
of each layer in the multi-layer active material SFB. e, Wettability analysis of each layer, demonstrating the hydrophilic nature of the SFB. f, Surface porosity 
comparison of each layer in the SFB. g, Sheet resistance assessment of the SFB layers. h, Conductivity evaluation of the SFB layers.
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Fig. 4. Electrochemical characterisation of SFBs. a, Comparison of CV curve for of SFB-1, SFB-2 and SFB-3 at 20 mV s− 1. b, Comparison of the Nyquist plot from 
1 MHz to 1 Hz for all three SFB with inset shows high frequency region. c, CV curve at 1, 5, 10, 20 mV s− 1 for SFB-3. d, Discharge curve for SFB-3 at 400, 500, and 
600 μA cm− 2. e, The voltage drop at each discharge current density. f, Discharge Areal capacities in mAh cm⁻² for SFB-3. g, Cycle one and two of SFB-3 at 500 μA 
cm− 2. h, The discharge curve at the early stages of both cycles. i, the activation of SFB-3 occurs when a drop of artificial sweat is applied to the cathode side of the 
device. j, CV curve for of SFB-3 with human sweat at 1, 5, 10, 20 mV s− 1. k, Comparison of CV results between artificial and human sweat at 20 mV s− 1. l, Comparison 
of Nyquist plot results between artificial and human sweat from 1 MHz to 1 Hz.
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high Areal capacity for SFB-3 at ultra-low voltage. Here, the extended 
discharge durations (3.5–10 + hours) observed in Fig. 4d are attributed 
to a combination of efficient ionic conduction through the hydrogel, 
favourable electrode kinetics, and limited moisture evaporation during 
testing. The WHCMCNF–chitin hydrogel used in the device forms a 
porous, hydrated polymer network that supports high ionic conductiv
ity, comparable to some liquid electrolytes. These natural biopolymers 
exhibit strong hydrophilicity and hygroscopic behaviour, which help 
retain water and maintain ion transport pathways over prolonged du
rations. This is consistent with prior studies demonstrating hydrogel 
electrolytes retaining significant water and sustaining ionic conduction 
under ambient humidity conditions [54,55]. Additionally, the electro
chemical interfaces—comprising Ag/AgCl, Cu₂O/graphene, and 
Zn–carbon paste—offer high surface area and stable redox activity, 
facilitating low-resistance charge transfer, especially under the 
ultra-low current conditions used in our tests. Similar performance has 
been reported for wearable batteries using matched redox couples and 
porous electrodes [56]. Finally, evaporation effects are mitigated by the 
hygroscopic nature of chitin and cellulose nanofibers, combined with 
testing under controlled ambient humidity. Hydrogels with similar 
biopolymer structures have retained electrochemical functionality, 
supporting our assertion that the long GCD times reflect genuine elec
trochemical behaviour rather than artifacts caused by dehydration [57]. 
These combined material and environmental factors validate the 
observed discharge performance as intrinsic to the device design. 
Fig. 4e, displays the voltage drop corresponding to each discharge cur
rent density, as the discharge current density increases, the voltage drop 
also increases due to greater polarization and higher resistive losses 
within the battery. The specific capacity measured from the discharge 
curve of the ETB-3 and observed values given in Fig. 4f showing at 
current density of 400 μA cm− 2 the device areal capacity is 4.1 mAh 
cm⁻².

In Fig. 4g, the cycling performance of SFB-3 is shown, illustrating its 
behaviour as a single-use primary energy storage device. The discharge 
voltage decreases during the second cycle, and it fails to recharge during 
the third cycle. In Fig. 4h, comparison between the first and second 
cycles is presented, highlighting the discharge curve behaviour in the 
early stages of both cycles. Hence, the SFB operates as a primary, single- 
use sweat-activated Zn cell, with no capacity for recharge. This is 
evident from the cycling behaviour (Fig. 4g–h), where the device de
livers a full discharge in the first cycle but cannot be restored thereafter, 
displaying a markedly reduced voltage in the second cycle and complete 
failure in the third. Such behaviour is characteristic of the irreversible Zn 
conversion reactions in aqueous systems, where Zn is oxidised to ZnO/ 
Zn(OH)₂ and progressively undergoes corrosion and passivation, pre
venting any redeposition of metallic Zn, as discussed more broadly for 
Zn-based aqueous batteries [58]. The WHCMC/α-chitin hydrogel be
comes electrochemically active only after sweat absorption (Fig. 4i), and 
subsequently begins to dehydrate during operation, leading to increased 
ionic resistance; this irreversible rise in resistance is consistent with 
behaviour reported for hydrogel electrolytes [59]. This trend is also 
reflected in the impedance measurements, where the solution resistance 
increases following activation with human sweat (Fig. 4l). The opera
tional lifetime of over 10 h at 400 µA cm⁻² (Fig. 4d–f) is determined by 
the available Zn and the volume of sweat absorbed into the hydrogel. 
Once the Zn is consumed and/or the hydrogel dries, the device cannot be 
reactivated beyond residual capacity, aligning with other reported 
sweat-activated Zn batteries designed for disposable wearable applica
tions [7,56,60]. The SFB-3 exhibited a saturation voltage of 0.6 V as 
could be seen in Fig. 4i. In which a drop of artificial sweat electrolyte 
from pipette is dropped at the cathode side of SFB-3, initially the voltage 
stays around 0 V for initial 3 s before rising sharply to above 0.6 V as the 
electrolyte is absorbed through the fabric and on to the piezo-ionic 
hydrogel.

For human sweat electrolyte testing, sweat from the palm of the hand 
is used. As the human sweat is absorbed into the device, the CV curve 

shown in Fig. 4j is obtained at various scan rates. Fig. 4k, compares the 
results of artificial sweat and human sweat at 20 mV s− 1, showing 
similar behaviour. The slight difference observed can be attributed to 
the higher resistances in human sweat, as seen in Nyquist plot Fig. 4l, 
where the solution resistance of human sweat is 1.8 Ω, compared to 0.9 
Ω for artificial sweat. Human sweat typically has lower and more vari
able ionic strength than standard artificial sweat formulations, which 
are prepared with fixed concentrations of NaCl, KCl, lactate, urea and 
other salts to mimic an average composition [61]. In real sweat, the total 
ion content, and the relative concentrations of Na+, Cl-, K+, and other 
species vary substantially between individuals and with factors such as 
sweat rate, hydration status, acclimation, and collection site [62,63]. 
This lower and more heterogeneous ionic content generally leads to a 
lower bulk conductivity and therefore a higher measured impedance for 
human sweat compared with artificial sweat of fixed composition. In 
addition, human sweat contains proteins, lipids and other organics that 
are often absent or minimized in artificial formulations, and these 
components can contribute to interfacial effects or partial fouling, 
further increasing the apparent resistance [64].

Although many commercial wearable systems still operate at 
1–1.8 V, there is a growing class of ultra-low-voltage electronics and 
microcontrollers specifically designed to function at or near 0.4 V to 
minimize power consumption. A representative example is the Sleep
Walker microcontroller which was designed for low-carbon wireless 
sensor nodes [65]. SleepWalker operates directly at 0.4 V in 65-nm 
CMOS and achieves only 7 μW/MHz at the full SoC level while still 
supporting 25-MHz operation. This demonstrates that 0.4 V power de
livery can indeed drive practical, computationally capable ASICs 
without the need for intermediate boosting stages. In case where the 
circuits need higher voltage, standard boost converters can be used and 
the integration of multiple cells in series-parallel can achieve required 
voltage without compromising comfort and safety.

2.4. SFB with piezo-ionic hydrogel

Piezo-ionic devices are attractive because they generate electrical 
charges in response to mechanical stress, enabling both energy genera
tion and force- or pressure-sensing applications. Figs. 5a and 5b present 
schematic illustrations of the mechanical stress and bending applied to 
SFB-3. The piezo-ionic hydrogel, composed of α-chitin fibres and 
WHCMC, contains inherent moisture retained through hydrophilic 
functional groups (–OH, –COO⁻, –NHCOCH₃), which promote water 
retention and ion diffusion. When mechanical stress is applied, a local
ized potential difference is produced, driving the migration of Na⁺ and 
Cl⁻ ions within the hydrogel, as illustrated in Fig. 5c.

In Fig. 5d, when force is applied to the 1 cm² SFB-3, current peaks are 
observed, corresponding to the application of varying forces, while in 
Fig. 5e shows negative current peaks are observed when varying forces 
are applied, indicating a response to mechanical stimuli when the po
larity of SFB-3 is reversed. In Fig. 5f, SFB-3 is bent in 20◦, 40◦, and 60◦, 
resulting in peak currents of 36, 44, and 68 nA cm− 2, while in Fig. 5g, 
reverse bending of SFB-3 also showed positive currents. However, the 
reverse bending exhibits a lower current, approximately half the value of 
the forward bending current, likely due to asymmetrical ion transport 
dynamics, variations in the internal strain distribution, and differences 
in electrode contact resistance. Figs. 5h and 5i, show the force applied 
and the bending of SFB-3 for approximately one minute, along with the 
resulting current. The dynamic piezo-ionic effect shows initial instan
taneous current peak from Na+ and Cl- ions movement within a material 
in response to mechanical deformation, while the capacitive piezo-ionic 
region, involves Na+ and Cl- ion accumulation at interfaces or within the 
material, behaving similarly to a capacitor. When the SFB-3 is affixed to 
the wrist, elbow, and neck, its resulting peak currents when half and 
fully bent are shown in Fig. 5j, Fig. 5k, and Fig. 5l. The highest peak 
current was observed when SFB-3 was affixed to the elbow, generating a 
peak current of 115 nA cm⁻² when the elbow was fully flexed. The 
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asymmetric current output can be explained by differences in the strain- 
induced ionic flux during forward and reverse bending. When the device 
is bent forward, the hydrogel experiences a larger strain gradient (ε = y/ 
R), which generates a stronger internal electric field and produces 
higher ionic drift velocity v= μE. This results in a greater net ionic flux 
J= − D∇c+ μcE, enhancing the piezo-ionic current [66,67]. In contrast, 

reverse bending places the active ionic region closer to the neutral axis, 
reducing both the effective strain and the resulting concentration 
gradient, and therefore leading to a noticeably lower current. This 
behaviour is consistent with previously reported 
ion-mobility-dominated piezo-ionic systems [66,67].

To emphasise the multifunctional nature of the system, it is 

Fig. 5. Piezo-ionic sensor characterisation. a-b, Schematic diagram of force and bending stress applied to SFB-3 to produce electrical charge. c, Piezo-ionic 
mechanism. d, Various forces were applied to SFB-3, and its resulting current peaks. e, Various force applied to SFB-3 in reserved polarity. f-g, SFB-3 bend in 
both directions by 20◦, 40◦, and 60◦. h-i, Force and bending of SFB-3 for approximately one minute. j-l, The SFB-3 is affixed to the wrist, elbow, and neck and its peak 
current results.
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important to note that both the sweat-activated electrochemical 
discharge and the piezo-ionic current generation originate from the 
same SFB-3 device architecture and rely on ion transport within the 
shared WHCMC/α-chitin hydrogel layer. The piezo-ionic experiments 
presented in Fig. 5d–l were carried out using the same device examined 
electrochemically in Fig. 4, demonstrating that the sensing behaviour 
does not arise from a separate structure but from an additional func
tional response of the integrated platform. Furthermore, the on-body 
bending tests (Fig. 5j–l) show that the device maintains stable ionic 
activity under mechanical deformation, confirming that SFB-3 can 
support both energy-storage and sensing functions within a single sys
tem. This unified operational behaviour highlights SFB-3 as a multi
functional device rather than two independent concepts.

While our study demonstrates the functionality of the SFB using a 
real human sweat sample, we recognize the limitation of relying on a 
single donor. Human sweat is a highly heterogeneous biofluid, with 
variations in pH (4.5–7.0), salinity (e.g., NaCl ranging from 20 to 
60 mM), and metabolite levels (such as lactate, urea, glucose) depending 
on individual physiology, diet, hydration, and anatomical collection site 
[68]. This inter-subject variability can influence ionic conductivity and 
electrochemical reaction rates, potentially impacting device voltage, 
discharge time, and sensor response. However, our system was engi
neered with robust materials — such as Zn/carbon and Cu₂O/graphene 
electrodes — that have been validated in wearable power sources for 
stable performance across wide physiological conditions [56]. In one of 
the recent work, further reinforces the importance of accounting for 
sweat composition variability in the design of wearable bioelectronics 
[69]. Additionally, our ionic hydrogel matrix, rich in hygroscopic bio
polymers, is inherently capable of buffering moderate ionic fluctuations, 
potentially stabilizing performance across varying sweat chemistries. 
While artificial sweat testing across multiple compositions was not 
conducted in this study, we plan to include such tests, along with a 
diverse cohort of human donors, in future work to rigorously evaluate 
device robustness in real-world conditions.

3. Conclusions

In summary, in the pursuit of fabricating a multifunctional ultra-low 
voltage battery for future ultra-low power applications, water hyacinth 
cellulose nanofibers were surface modified through a carbox
ymethylation reaction to produce water-soluble WHCMC. The piezo- 
ionic hydrogel was then synthesised using WHCMC, α-chitin, PEG 400, 
citric acid, and NaCl via the freeze-thawing method. The piezo-ionic 
hydrogel is utilized in three different types of SFB with artificial sweat 
electrolyte, where SFB-3 demonstrated the best performance. It consists 
of a conductive fabric as a current collector, with a multi-layer active 
material comprising Ag/AgCl and Cu₂O/graphene coated on top of the 
conductive fabric as the positive electrode. For the negative electrode, a 
uniform ink containing Zn powder, carbon black, and shellac is prepared 
and coated onto the conductive fabric along with Ag/AgCl, forming the 
battery’s negative electrode. The results showed a significant increase in 
discharge areal capacity reaching 4.1 mAh cm⁻² at 400 µA cm⁻² dis
charging below 0.4 V, with the lowest solution resistance of 0.9 Ω. The 
CV and EIS measurements using human sweat electrolyte exhibited 
similar performance to those with artificial sweat electrolyte.

Additionally, the multifunctional SFB-3, incorporating a piezo-ionic 
hydrogel, demonstrated great potential as a piezo-ionic sensor. This was 
particularly evident in bendability tests, where different bending angles 
produced distinct peak currents: 36 nA cm⁻² at 20◦, 44 nA cm⁻² at 40◦, 
and 68 nA cm⁻² at 60◦. Furthermore, when SFB-3 was affixed to the 
wrist, elbow, and neck, the highest peak current of 115 nA cm⁻² was 
observed. These results highlight the versatility of the multifunctional 
SFB-3, showcasing its potential not only as a sustainable energy storage 
device but also as a piezo-ionic sensor for wearable and biomedical 
applications.

4. Experimental section

4.1. Materials and methods

Water hyacinth (WH) cellulose pulp (1 wt%), Isopropyl alcohol 
(IPA), ethanol, methanol, monochloroacetic acid (MCA), acetic acid, 
NaOH, NaHCO3 and DI water. Chitin, polyethene glycol (PEG 400), 
citric acid, NaCl. Electrically conductive fabric (Conductive Fabric, 
Ripstop, Kitronik), Ag/AgCl paste, Cu2O/graphene paste (JE Solution), 
Zn powder, carbon paste, shellac, Ag conductive ink (RS Components 
186–3600), insulating paste (TPU Protective Ink, JE Solution).

4.2. Preparation of WHCMC

Cellulose is derived from water hyacinth was extracted using a 
technique outlined by Sun, D. et al. [70]. The cellulose nanofibers were 
surface modified by carboxymethylation reaction using the procedure 
adapted from Wågberg, L. et al. [71]. 15 g of WH cellulose pulp was 
solvent exchanged twice to ethanol. 1.4 g of MCA (monochloroacetic 
acid) was dissolved in 70 ml IPA and mixed with the ethanol-exchanged 
cellulose pulp. The mixture was allowed to soak for 30 min with mixing. 
A solution of 2.25 g of NaOH and 70 ml methanol was added to 280 ml 
of IPA that has been heated to 65 ℃ in an oil jacketed reaction cylinder. 
The cellulose-MCA-IPA mixture was added to the mixture in the reaction 
cylinder and allowed to react for 1 h. After 1 h, the suspension was 
filtered and washed 3 times with water (DI), once with 0.1 M acetic acid 
and 4 times with water. To convert the carboxymethyl groups to the 
more swelling sodium form, the surface modified pulp was dispersed in 
280 ml of 4 wt% NaHCO3 for 1 h (converts to sodium) before being 
washed 5 times with water. The cellulose pulp was diluted to 1 wt% and 
subjected to 2 passes through a high-pressure homogenisation using a 
PSI-20 homogeniser (Adaptive Instruments, UK) at 200 MPa resulting in 
synthesis of WHCMC.

4.3. Preparation of eco-friendly WHCMC/ α-chitin hydrogel

The water-soluble polysaccharides, WHCMC and α-chitin with PEG 
400, citric acid, NaCl at a weight ratio of 1: 1: 0.25: 0.25: 1 is added to 
the beaker, with 50 ml of DI water. The resulting solution is mixed using 
a T25 digital ULTRA TURRAX for 4 min at 7500 rpm, followed by 1 min 
at 10000 rpm, and then transferred it to a glass petri dish with a 
diameter of 15 cm. To induce crosslinking, the resulting mixture un
dergoes a freeze-thaw cycle at − 20 ℃ and 25 ℃ before being subjected 
to 30 ℃ in an air oven for 24 h and it resulting in a ~150 μm piezo-ionic 
hydrogel.

4.4. Fabrication of SFBs

Electrically conductive cloth is used as a substrate for the fabrication 
of SFB, utilising Ag/AgCl paste applied with the doctor blade technique 
on top of the subtract and heat treated at 80 ℃ for 1 hrs. Cu2O/graphene 
paste is used as the active material for the positive electrode of SFB and 
also heat treated at 80 ℃ for 1 hrs with the active area of 1 cm2, the 
negative battery electrode is also comprised of Ag/AgCl paste coated on 
top of the substrate, with Zn powder /carbon black / shellac uniform ink 
is prepared by magnetic stirring for 20 min at room temperature (25 ℃), 
at the weight ratio of 9: 0.25: 0.75, dip-coated on top for 30 s and dried 
80 ℃ for 1 hrs. WHCMC/ α-chitin Hydrogel is used in-between the 
positive and negative electrodes with artificial sweat as an electrolyte. 
For both electrodes, a copper wire in connected using Ag conductive ink, 
and then dried for 20 min in the oven at 60 ℃ Following this, an insu
lating layer is applied over the Ag conductive ink and dried for 30 min in 
an air oven at 80◦C. For SFB-1 and SFB-2, same steps are taken as pre
viously explained, expect that SFB-1 has no Ag/AgCl layers and SFB-2 
has Ag/AgCl only at the positive electrode.
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4.5. Preparation of artificial sweat

Artificial sweat was prepared by using the reported method [72,73]
which consist of, 0.5 %wt of NaCl (Sodium Chloride), 0.1 %wt of KCl 
(Potassium Chloride), 0.1 %wt of lactic acid, and 0.1 % of Urea [all 
chemicals purchased from sigma- Aldrich] were added to 50 ml of DI 
(Deionized water) water and mixed using a magnetic stirrer for 20 min. 
Then the pH of the solution was maintained at 6.3 by adding 0.1 M 
NaOH (Sodium Hydroxide) (prepared by dissolving 0.2 g of NaOH in 
50 ml of DI water) and 0.1 M lactic acid (prepared by dissolving 0.45 ml 
of lactic acid in 50 ml of DI water). To maintain pH a digital pH meter 
was used after calibrating the meter with a 7.01 pH calibration solution.

4.6. Characterisation

The TMG universal benchtop material thickness gauge, compliant 
with ASTM/DIN/EN/ISO standards, is employed to assess the thickness 
of the WHCMC/α-chitin Hydrogel. The surface structure of the pristine 
WHCMC/α-chitin Hydrogel are examined utilising a Scanning Electron 
Microscope (SEM, S4800, Hitachi Company) with an acceleration 
voltage set at 3 kV. The contact angles of the WHCMC/α-chitin Hydrogel 
with artificial sweat is determined with 5 μL droplet area, utilising a 
contact angle goniometer equipped with image capture (Ossila contact 
angle Goniometer L2004A1). The TGA testing of the piezo-ionic 
hydrogel is done on TA TGA 5500, from room temp to 600 ◦ at 10 ◦C/ 
min. The Electrochemical characterisations, including cyclic voltam
metry (CV), electrochemical impedance spectroscopy (EIS), and the 
evaluation of SFBs performance (GCD), were conducted using an Ame
tek Modulab electrochemical system. Cyclic voltammetry for the SFB 
was performed over scan rates ranging from 1 mV s-1–20 mV s-1, with a 
potential range of 0–0.8 V. Electrochemical impedance spectroscopy 
was conducted over a frequency range of 1 MHz to 1 Hz. Galvanostatic 
charge-discharge (GCD) measurements were executed at various current 
densities, within a potential range of 0–0.8 V. The sheet resistance and 
electrical conductivity was measured using Osscila Four-Point Probe.
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