CrossMark
&click for updat

SCIENCE CHINA @
Information Sciences

March 2026, Vol. 69, Iss. 3, 132204:1{132204: 19
+ RESEARCH PAPER . https://doi.org/10.1007/s11432-025-4723-9

A exible photovoltaic wristband for self-powered
wearable sensing on the human body

Ning DING?, Hailing FU'?", Pengfei JINt, Pawel H. MALINOWSKI 3,
Xiangyang WANG?, Boli CHEN#" & Fang DENG'?"

State Key Lab of Autonomous Intelligent Unmanned Systems, S chool of Automation,
Beijing Institute of Technology, Beijing 100081, China
2Greater Bay Area Innovation Research Institute, Beijing In stitute of Technology, Zhuhai 519088, China
SInstitute of Fluid-Flow Machinery, Polish Academy of Scien ces, Gdansk 80-231, Poland
“Department of Electronic and Electrical Engineering, Univ ersity College London, London WC1E 6BT, UK

Received 21 June 2025/Revised 18 August 2025/Accepted 22 Au gust 2025/Published online 29 January 2026

Abstract With the continuous integration of functions in wearable de vices, power consumption demands have increased signi can tly,
posing serious challenges to conventional power supply met hods. Wearable self-powered technologies o er an e ective solution to this
issue. This study focuses on the e cient utilization of sola r energy from the human wrist and presents the design and impl ementation
of a exible photovoltaic wristband. The wristband employs a multi-directional parallel array of photovoltaic cells, integrated with
an energy management module, enabling it to adapt e ectivel y to the dynamic and non-uniform solar irradiance condition s on the
wrist. Through both simulated sunlight and real outdoor env ironment tests, the energy harvesting and load-driving per formances of the
photovoltaic wristband were comprehensively evaluated. T he results show that under a highest average outdoor illumin ance of 37.38
10° Ix (525 W m ?2), the wristband delivers an average output power of 15.88 mwW , providing a stable 3.3 V supply to a wearable motion
sensing node, thereby enabling self-powered operation. Du ring a complete \energy accumulation-load activation" cyc le, the sensing
node can operate for 37.84 s to perceive and transmit data. By employing a one-dimensional convolutional neural network s (1D-CNN)
algorithm, accurate recognition of four motion states is su ccessfully achieved. This work presents a systematic study covering energy
harvesting scenarios analysis, wristband design, perform ance evaluation, and sensing application. The proposed pho tovoltaic wristband
demonstrates excellent cyclic energy accumulation and sta ble power supply capabilities, validating the feasibility and practicality of the
wearable photovoltaic self-powered system and highlighti ng its promising potential for future wearable application S.
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1 Introduction

In recent years, signi cant advances in key technologies such agxible electronics, miniaturized sensors, and wireless
communication have led to the widespread adoption of wearable devés in areas including health monitoring [],
activity tracking [ 2], and navigation [3]. These developments have demonstrated promising prospects @isubstantial
market potential [4]. However, as the functionality of wearable devices continues to imease through higher levels of
integration, overall system power consumption has also risen, plaeg greater demands on energy supply. Currently,
most wearable devices still primarily rely on conventional energy stcage components such as lithium-ion batteries,
which su er from limited capacity and nite lifespan [ 5], and require regular recharging or replacement@]. This
not only increases maintenance costs but also constrains the abilitpf such devices to operate continuously over
extended periods.

To address the increasingly critical challenge of energy supply in weable devices, it is imperative to develop
e cient and sustainable strategies for energy harvesting and mamgement [/]. Various forms of micro-energy, such
as solar, thermal, and mechanical energy, are widely distributed thoughout the human body and its surrounding
environment [8{ 10]. E ciently harvesting and converting these ubiquitous energy sources to directly power devices
or to supplement battery energy can signi cantly extend operational lifetime and reduce dependence on conventional
batteries [11,12]. Such wearable self-powered technologies represent a key solutito overcoming energy supply
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limitations and play a vital role in advancing wearable systems toward lav-power consumption and self-sustaining
operation [13].

Currently, various wearable self-powered technologies have be@xtensively studied, achieving signi cant progress
in self-powered sensingl4,15]. In solar energy harvesting, Wuthibenjaphonchai et al. developd a wearable system
that harvests energy from a smartphone ashlight using photovdtaic (PV) cells to intermittently power sweat-based
glucose monitoring for diabetes detection 16]. Paez-Montoro et al. designed a wearable solar energy harveste
combining rigid PV cells with a exible lithium battery, demonstrating sta ble charging performance 17]. Min et al.
proposed a self-powered wearable biosensor driven by perovski®/ cells for continuous metabolic monitoring [18].
Zhao et al. integrated exible zinc-ion batteries with perovskite solar cells to power a wristband, and improved
the energy density through optimization of the fabrication process [19]. Chen et al. utilized solar energy to power
a wearable heatstroke prevention patch, enabling health monitoriig of outdoor workers RQ]. For thermal energy
harvesting, Yuan et al. [21] and Ren et al. 2] optimized exible thermoelectric generators (TEGS) for stable
power supply from body heat when worn on the wrist, while Yang et al. introduced a wearable TEG with energy
management, enabling continuous sensors and Bluetooth operatiounder minimal temperature di erences [23]. In
kinetic energy harvesting, Cai et al. developed several wristbandype energy harvesters using planetary gear systems
to capture biomechanical energy from arm swingsd4, 25]. Wang et al. combined wrist motion characteristics and
mimicked the skeletal structure of a woodpecker's head to propasa bionic piezoelectric wrist-worn energy harvester
[26]. In recent years, the improvement of triboelectric material performance has also promoted the development of
wearable self-powered sensor27,28]. Liu et al. proposed a multimodal triboelectric sensor capable of opeting in
extremely high-temperature environments, which can detect presure and temperature beyond the range of human
perception 29]. Fan et al. developed a self-powered smartwatch using triboeledr nanogenerators (TENGSs) for
hand motion recognition in ship navigation [30]. To enhance the durability and stability of triboelectric materials,
Lu et al. designed a strong yet tough polymeric triboelectric materid, which was integrated into a self-powered
wearable motion sensor for real-time human motion monitoring B1]. Cai et al. constructed a mechanically robust
triboelectric aerogel and developed a self-powered sensor forhabilitation training monitoring [ 32]. Furthermore,
Cai et al. proposed a general strategy for constructing lightweigt and mechanically robust triboelectric materials,
which can be applied to build a high robust TENG and self-powered huma motion posture sensors, showing great
potential in rehabilitation and medical assistance applications B3].

Moreover, to overcome the limitations of single-source energy haesting, hybrid multi-source strategies have also
been explored 84, 35]. Notably, solar energy remains the main power source. For exampleShi et al. developed
a wearable hybrid energy harvester with PV cells, TEG, and piezoeldcic elements, achieving a maximum output
power of 4.48 mW, where PV cells provided approximately 4.15 mW36]. This indicates that although the utilization
of solar energy is constrained by lighting conditions, its high power desity ensures a leading role among diverse
energy harvesting approaches, with wide-ranging application potetial.

However, current research on self-powered wearable sensinglisfaces a series of pressing challenges. First,
although many studies have focused on the working principles and stictural designs of sensors, insu cient attention
has been paid to the impact of the human wearing environment on engy harvesting devices. The lack of system-
level optimization speci cally tailored for wearable applications limits th e e ective utilization of ambient energy
around the human body, and there is also a lack of quantitative evalation of energy harvesting performance
[37,38]. Second, the performance assessment in some studies relies onwdated environments or theoretical model
calculations, lacking empirical validation under real wearing conditiors. This often leads to overly idealized results
that fail to accurately re ect real-world performance [ 23,30]. In addition, some studies focus on the development of
novel energy harvesting materials, which are often fabricated uder laboratory conditions using complex processes
and at high costs, making them di cult to scale up for everyday applications in the short term [39{41]. Although
such devices hold considerable potential for powering wearable dgsns, their designs for continuous and stable
power supply remain inadequate, requiring further exploration for practical deployment.

To address these challenges, this study designs and implements axible photovoltaic wristband for self-powered
wearable human sensing applications. The wristband employs exible morphous silicon photovoltaic cells as the
primary energy harvesting devices, combined with a supercapacitofor energy storage and an energy management
module, to achieve continuous and stable self-powered operationf dhe motion sensing node. The wristband
demonstrates four key technical advantages.

(1) A multi-directional parallel array layout of photovoltaic cells is de signed to e ectively adapt to dynamic
changes and non-uniform distribution of solar irradiance on the hunan wrist during practical use.

(2) An energy management module is developed based on the outpeharacteristics of the photovoltaic wristband,
implementing an open-circuit voltage-based maximum power point traking (MPPT) method and a control strategy
to ensure a stable power supply to the load.
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(3) Systematic evaluations of energy harvesting performance ahload-driving capability are conducted under
both simulated sunlight and real outdoor conditions.

(4) The wristband can provide a stable 3.3 V power supply, successfly driving the wearable motion sensing node
to achieve real-time acquisition, transmission, and visualization of m&on signals, thereby enabling self-powered
operation. It also accomplishes the recognition task of four type®of human motion states.

The structure of this paper is arranged as follows. Section 2 analygs solar irradiance conditions in wearable
scenarios and introduces photovoltaic cell modeling and MPPT methds. Section 3 details the design and imple-
mentation of the exible photovoltaic wristband. Section 4 presents experimental evaluation and discussion on the
wristband's energy harvesting and load-driving performance. Sein 5 introduces the application of the wristband
in self-powered wearable motion sensing and motion recognition. Firlly, the paper concludes with a summary of
the ndings and outlines future research directions.

2 Principles and models

2.1 Solar irradiance analysis in wearable scenarios

The e ciency of solar energy utilization in wearable devices is closely rated to the ambient irradiance conditions
in their application environments. When designing solar-powered weiable systems, it is essential to conduct a
comprehensive assessment of the irradiance conditions surrouind the human body to ensure both the feasibility
of energy harvesting and the rationality of structural layout. In wearable scenarios, the available solar irradiance is
in uenced by a variety of factors, including objective environmental conditions such as time and geographic location,
as well as dynamic human factors like posture and orientation.

Figure 1(a) presents a polar plot of the annual solar path for Beijing (longitude 116.6 E, latitude 40.1 N). In this
plot, the radial coordinate represents the solar zenith angle s (0 indicating the zenith directly overhead), while
the angular coordinate denotes the solar azimuth angles (0 pointing due north). The diagram comprehensively
illustrates the relative movement of the sun throughout the day ard across di erent seasons. It clearly reveals
seasonal variations in sunrise/sunset azimuths and the daily solarx@osure window. As shown in Figurel(a), the
winter solstice (Dec. 21) exhibits the largest zenith angles at the sae time of day, indicating the most oblique
sunlight and relatively lower irradiance. As the zenith angle decreasg the incident solar radiation becomes more
perpendicular to the surface, thereby improving solar energy haresting conditions. The minimum zenith angles
occur on the summer solstice (Jun. 21), when the sun reaches itsighest position and irradiance is strongest,
o ering optimal conditions for solar energy utilization.

Figure 1(b) illustrates a schematic representation of the relative orientaion between the human body and the
sun. In wearable photovoltaic applications, this relative orientation signi cantly in uences both the magnitude
and temporal variation of the received solar irradiance. This in uence is quantitatively evaluated using the PVlib
toolbox [42]. Figure 1(c) further presents the irradiance distribution received by an upright human body (tilt angle
=90 ) oriented toward di erent azimuth angles (North: 0 , East: 90, South: 180, West: 270 ) from 6:00 to 18:00,
across all four seasons. In Figurd(c), the shaded area indicates the daily variation range of irradiane, while the
solid line represents the average irradiance during the 12-hour ddight window.

The results clearly demonstrate that, in most cases, the southécing orientation receives the highest irradiance,
with particularly strong intensity observed during spring and winter. The north-facing orientation consistently
receives the weakest solar irradiance due to its continual positionway from direct sunlight. In contrast, the
east- and west-facing orientations show relatively similar average madiance levels throughout the day, indicating
a more balanced performance overall. These patterns provide imptant guidance for the orientation design and
performance evaluation of wearable photovoltaic devices. For weable applications on the human wrist, the inner
side generally experiences poor irradiance conditions. The most favable lighting scenario occurs when the wrist is
simultaneously exposed to solar irradiance from the east, south,ral west directions, yielding an average irradiance
of approximately 290 Wm 2. It is important to note that in practical applications, human motion continuously
changes both the azimuth and tilt angles, resulting in dynamic uctuations in solar irradiance. To achieve a reliable
and simpli ed experimental design, this study selects an average dect irradiance of 300 Wm ? as the reference
irradiance condition for evaluating the solar energy harvesting peformance of the wearable system.

2.2 Flexible wearable photovoltaic cell model

Photovoltaic cells are a typical class of nonlinear semiconductor deges that directly convert solar energy into
electrical energy through the photovoltaic e ect when exposed b solar radiation or other light sources. Their
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Figure 1 (Color online) Analysis of irradiance conditions and photo voltaic power generation principles. (a) Solar path polar d iagram;
(b) schematic of human orientation; (c) irradiance distrib ution; (d) equivalent circuit and characteristic curves of the photovoltaic cell.

power generation capability is mainly in uenced by two factors: external irradiance conditions and the intrinsic
material properties and device structure B3]. With the continuous advancement of PV technology, PV cells have
evolved from rst-generation crystalline silicon cells to second-gearation thin- Im material cells, and further to
new-generation devices such as perovskite cells, resulting in a laregpe where multiple generations of technologies
coexist.

Traditional crystalline silicon cells o er high PV conversion e ciency an d excellent long-term stability; however,
their rigid structure limits their application in exible wearable scenario s. Perovskite PV cells, characterized
by tunable bandgaps and lightweight exibility, show greater potential in wearable applications, yet their device
stability is easily a ected by environmental factors and their reliabilit y remains suboptimal, requiring further
improvement [44]. In contrast, although amorphous silicon thin- Im PV cells are physically limited by their material
structure resulting in lower conversion e ciencies, they exhibit stable lifetimes and good exibility, making them
signi cantly valuable in the domain of exible wearable photovoltaics.

The structure of the exible amorphous silicon photovoltaic cell is illustrated in Figure 1(d). This type of device
adopts a p-i-n con guration [45], in which a moderately thick intrinsic amorphous silicon layer (i-layer) is introduced
between the p-type and n-type doped layers to establish a stable ilt-in electric eld within the i-layer, thereby
enhancing the device's photoelectric conversion performance. [Ruto the presence of the Staebler-Wronski e ect
in amorphous silicon, a double-diode equivalent circuit model incorpaating recombination losses is employed to
describe the photovoltaic characteristics of the device. Output arrent | is described by #6]

8
I =1Iph lrec Ipr Ip2 Ip;
— 1.
lrec = Iph Wrec (Vbi '(V+| RS))] ,
V+iRg !
Ipg = lie €717 1 ; 1)
V+l Rg I
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_ V+IRs.
lp = &=,

where V is the output voltage of the photovoltaic cell, Rs is the series resistance, andRp is the shunt resistance.
I pn denotes the photocurrent, whilel . represents the recombination loss current in the intrinsic layer, with K rec
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being a constant related tol . and VW being the built-in potential. 1p; and Iy, governed by the Shockley diode
equation, correspond to interfacial and bulk recombination mechaisms, respectively, withl;,; and I,k representing
the associated saturation currents. The parametersn; and m, are the ideality factors, and V; is the temperature
voltage. |p represents the shunt leakage current.

According to (1), the current-voltage (I -V) characteristics of a photovoltaic cell exhibit nonlinear behavior, and
its power-voltage (P-V) curve contains a unique maximum power point (MPP) as illustrated in Figure 1(d). To
enhance photoelectric conversion e ciency, the PV cell should idely operate at the MPP.

2.3 Maximum power point tracking solution

Common maximum power point tracking methods can be generally clas®ed into three categories: arti cial
intelligence-based control methods, direct control methods basd on sampled data, and indirect control methods
based on parameter estimation. Arti cial intelligence-based contol methods, such as neural networks, o er strong
adaptability in complex environments. However, they require a largeamount of data for initial training, involve
complex computations, and have high implementation costs47]. Direct control methods, such as the Perturb and
Observe algorithm, rely on real-time sampling of the PV system's opeating state. They continuously adjust the
operating voltage or current of the PV cell and calculate the corresponding power to gradually approach the MPP,
which can easily lead to power oscillations48]. Indirect control methods approximate MPPT by leveraging the
inherent relationships among characteristic parameters of PV deices, without relying on real-time power feedback.
The open-circuit voltage (OCV) method is a typical indirect control approach @9]. It is based on the fact that the
proportional coe cient Koc between the PV cell's MPP voltage Vypp and its open-circuit voltage Voc remains
approximately constant,

Vwpp = Koc  Voc: 2

By periodically measuring the Voc and adjusting the operating voltage proportionally, the system can e ectively
track the MPP [50]. Compared to other MPPT methods, the OCV method does not rely a1 complex control logic
or high-frequency signals. It features low hardware cost and miniral computational burden, making it particularly
well-suited for ultra-low-power photovoltaic systems at the microwatt to milliwatt level, such as wearable devices 51].

3 Design and implementation

To e ectively harvest solar energy from the human wrist area, a exible photovoltaic wristband was designed and
implemented. This device captures ambient solar energy around théuman body and supplies power to wearable
sensors, enabling self-powered physiological monitoring. Figurg(a) presents a photograph of the assembled PV
wristband.

The wristband employs a exible printed circuit board (FPCB) as the s ubstrate to encapsulate and electrically
connect the PV cells, balancing both comfort and aesthetics for warability. The FPCB measures 160 mm in
length and 25 mm in width, o ering su cient exibility to conform natur  ally to the curvature of the human wrist.
Positioning holes are included at both ends of the substrate to faciliate secure attachment.

The wristband's energy-harvesting devices are MPT2.4-21 exible anorphous silicon photovoltaic cells produced
by PowerFilm, used to e ciently convert solar energy into electrical energy. This commercial photovoltaic cell is
paper-thin, low in cost, and ultra exible [ 52]. Each cell has dimensions of 54 mm 20.86 mm, with an e ective
active length of 40 mm. With a thickness of only 0.22 mm and a weight of rarely 0.4 g, these cells are well-suited
for integration with the wristband substrate. In terms of cytoto xicity and biocompatibility, both the PV cells and
the FPCB substrate are made of polyimide plastic, free of heavy metls or toxic substances. Therefore, skin contact
during wear does not pose health risks and ensures good biosafefijhe selected photovoltaic device is suitable for
harvesting solar energy in wearable applicationsg3].

To enhance the e ciency of solar energy harvesting from multiple directions around the wrist, six slots are pre-
designed on the FPCB substrate to embed three trimmed PV cells. Tl wristband adopts a multi-directional parallel
array of PV cells to maximize exposure of their active surfaces to amient light. The PV cells are xed in place
by soldering their tinned foil terminals to metal electrodes, ensurirg stable electrical connections and improving
the mechanical robustness of the entire structure, thereby peventing detachment or damage under external forces
during daily wear. The circuit traces are directly integrated onto the FPCB, and the three PV cells are connected in
a parallel con guration to e ectively cope with the non-uniform sola r irradiance distribution in the wrist area under
practical usage conditions $4]. In addition, to prevent reverse current that could damage the PV cells, Schottky
diodes (model CUS10S30) are connected in series at the output. his diode features a low forward voltage drop,
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Figure 2 (Color online) Overview of the exible photovoltaic wristb and. (a) Assembled device; (b) electrical characteristics (I-v and P-V
curves) of the MPT2.4-21 PV cell; (c) integrated wearable pr ototype; (d) demonstration in outdoor conditions.

which not only protects the PV cells but also contributes to improved reliability and operational stability of the
PV wristband in dynamic wearable conditions.

For photovoltaic materials, theoretical calculation methods such & density functional theory (DFT) are employed
to analyze their structural, electronic, and optical properties, re ecting the intrinsic characteristics of the materials
and playing an important role in revealing their microscopic interaction mechanisms $5,56]. However, as the energy
harvesting device in this study, the macroscopic electrical outputcharacteristics of the photovoltaic cell are more
critical to support system-level energy management and applicabn optimization. The |-V and P-V characteristic
curves of the MPT2.4-21 photovoltaic cell used are shown in Figur@(b). Under standard test conditions (AM1.5,
1000 Wm ?), the cell can achieve a maximum output power of 34 mW, with an opeating voltage and current of
2.4V and 14.2 mA, respectively. Under lower irradiance of 250 Wn 2, the output power remains at 7.7 mW, with
an operating voltage and current of 2.4 V and 3.2 mA, respectively§7]. The MPT2.4-21 maintains relatively high
power output under low-light conditions, which is particularly importa nt for wearable applications with dynamically
changing illumination. Nevertheless, when worn on the human wrist, he PV cell conforms to the curved wrist surface
and undergoes bending, resulting in non-uniform irradiance distribtion across the cell surface. Consequently, the
actual output power of the photovoltaic wristband is lower than under ideal conditions.

To e ciently manage and utilize the solar energy harvested by the wristband, an energy management module
(EMM) is designed to regulate both energy harvesting and power spply processes. As shown in Figureé(c), in
the integrated exible wearable solar wristband, the EMM is connected to the PV wristband via positioning holes.
The input is powered by three PV cells, and maximum power point trackng is achieved using the OCV method.
A 5.5V, 0.1 F supercapacitor is used at the storage end, and the loadnd is connected to a sensing node via a
exible at cable, enabling self-powered physiological state monitoring. Figure 2(d) presents the wristband in a real
outdoor wearing scenario.

The photovoltaic wristband proposed in this study is a system-levelintegration scheme based on commercial
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Figure 3 (Color online) Experimental platform for evaluating the pe rformance of the exible photovoltaic wristband.

photovoltaic devices. While achieving e cient conversion of solar enegy incident on the wrist, the system also
ensures wearing comfort, making it an ideal solution for wrist-moured solar energy harvesting in wearable devices.
The materials selected for the wristband are non-toxic and harmles to both human health and the environment.
Throughout its entire life cycle (from manufacturing and use to disposal) the system exerts minimal environmental
impact. The photovoltaic wristband achieves self-powered operabn without relying on external batteries, thereby
reducing reliance on conventional disposable batteries and signi aatly lowering maintenance costs and solid waste
generation. Although a complete life cycle assessment (LCA) has nget been conducted in this work, the wristband
has already demonstrated outstanding environmental friendlines, contributing to the advancement of wearable
devices toward greener, low-carbon, and sustainable developmten

4 Performance evaluation and discussion

4.1 Experimental design

To evaluate the energy harvesting capability and load-driving perfamance of the exible photovoltaic wristband, an
experimental test platform was constructed, as illustrated in Figure 3. A series of tests were rst conducted under
simulated sunlight conditions (see Sections 4.2 and 4.3 for details). Ithese experiments, a laboratory-developed
solar simulator was employed to generate controllable illumination, whilean FLUKE IRR1-SOL irradiance meter
was used to measure the direct irradiance. The irradiance was sebt300 Wm 2 to approximate the average solar
exposure received by the wrist in natural outdoor conditions. Thetest unit was a exible photovoltaic wristband,
mounted on a holder with an adjustable rotation angle (0, 45, 90, 135, 180 ) to simulate the variations in wrist
postures during daily activities.

In terms of energy management, the EMM is responsible for regulatg the energy harvesting and power supply
processes of the wristband. The harvested energy is rst stork in a supercapacitor and subsequently released
through a 390 resistive load to emulate the full-load power supply characteristics of the photovoltaic wristband
(with a power level comparable to the maximum demand of the targetsensing node). Thel -V characteristics of the
photovoltaic wristband are precisely measured using a Keithley 2468ource meter. The data acquisition system is
implemented using NI modules controlled via the NI MAX host computer, where an NI 9215 module is employed for
voltage measurement and an NI 9227 module for current measuresnt, enabling real-time monitoring and recording
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Figure 4 (Color online) Electrical performance of the exible photo voltaic wristband under 300 W m 2 direct irradiance at various rotation
angles. (a) |-V characteristics; (b) P -V characteristics.

of the wristband's electrical parameters under operating conditias.

Furthermore, Section 4.4 validates the integrated performance bthe photovoltaic wristband in enabling self-
powered operation of a wearable sensing node under outdoor wéag scenarios, while Section 4.5 evaluates its
output characteristics under indoor lighting conditions, thereby providing a comprehensive evaluation of the overall
performance of the photovoltaic wristband.

4.2 Energy harvesting performance evaluation

The photovoltaic wristband consists of three photovoltaic cells comected in parallel. During rotation, the output
characteristics of the wristband dynamically change with its angles.Under a direct irradiance of 300 Wm 2, the
output performance of the wristband was measured at di erent rotation angles (0, 45, 90, 135, 180 ), and the
corresponding power output was calculated based on the measutesoltage and current. Figures4(a) and (b) show
the |-V and P-V characteristic curves of the wristband at each rotation angle, repectively.

Experimental results indicate that the open-circuit voltage remains relatively stable during rotation, suggesting
that the parallel con guration e ectively mitigates voltage uctua tions caused by non-uniform irradiance distribu-
tion on the wrist. This stability facilitates the design and control of t he subsequent energy management module.
Moreover, the range of maximum power output of the wristband at di erent rotation angles is also relatively con-
centrated, con rming the parallel con guration's strong adapta bility to dynamically varying irradiance conditions
on the human wrist.

The energy management module employs the OCV method for MPPT. Bsed on the output characteristics of
the photovoltaic wristband shown in Figure 4(b), the proportional coe cient K¢ is set to 0.79 to ensure that the
wristband operates as close as possible to the MPP under dynamic nditions of the human wrist, thereby facilitating
greater energy harvesting during motion. To evaluate the energyarvesting performance of the EMM, measurements
were conducted under direct solar irradiance of 300 Wn 2. The open-circuit voltage Voc, maximum power point
voltage Vypp , and current | ypp of the wristband were recorded at ve rotation angles, and the caresponding
maximum output power Pypp was calculated accordingly. The results are shown in Figurés. The measured
average proportional coe cient Koc of the open-circuit voltage method under ve rotation angles was 07907,
which con rms that the EMM can e ectively perform MPPT based on t he preset coe cient.

Under di erent rotation angles, although the distributions of Voc (CV =1:57%) andVypp (CV = 1:51%) remain
relatively concentrated, | ypp (CV = 13:87%) exhibits more pronounced uctuations with changes in rotation angle,
resulting in corresponding variations inPypp (CV = 14:26%). Here, the coe cient of variation (CV), de ned as the
ratio of the standard deviation to the mean, is used to quantify the relative degree of uctuation, with larger values
indicating stronger variability. This nding further reveals that the non-uniform solar irradiance distribution on
the human wrist under dynamic postures signi cantly a ects the energy harvesting performance of the photovoltaic
wristband. When the rotation angle is 90, Pypp reaches its peak value of 5.69 mW, which is attributed to the
maximal e ective illuminated area of the central solar cell on the wristband at this angle, providing optimal direct
sunlight conditions.

Throughout the entire rotation process, Pypp ranged from 3.67 to 5.69 mW, demonstrating that the EMM can
e ciently harvest and convert solar energy from the human wrist.



Ding N , et al. Sci China Inf Sci March 2026, Vol. 69, Iss. 3, 132204:9

X X 2.5 6
(a)*® (b)*° c) 233 (d) 569
28 3, 308 300 314 215 =2
3.0 25 221  ,40 244 245 248 201 5| ali
- 2.0 184 4.57
25
20 _ 153 . 3.67
=20 S <15 =
=7 b 5 5
8 31.5 ‘g éa
>1s 13 £10 g
1.0 2
1.0
0.5
0.5 0.5 i
0.0 0.0 0
0° 45° 90° 135° 180° 0° 45° 90° 135° 180° 0° 45° 90° 135° 180° 0° 45° 90° 135° 180°
Degree Degree Degree Degree
Figure 5 (Color online) Energy harvesting performance of the exibl e photovoltaic wristband under direct irradiance of 300 W m 2 at various
rotation angles. (a) Open-circuit voltage ( Voc ); (b) voltage at maximum power point ( Vmep ); (€) current at maximum power point ( Impp );

(d) maximum output power ( Pmpp ).

i s 1
:(a) - Energy Accumulation - Load Activation E(b 550 W/m?2 - 250 w/m2H
1
1
3 4 34 i! 391 Vwer
16 n 247V
i :
S 2 {Measure V¢ Vyer 2 1 Measure V¢ S 21 Measure Voc ~ Vyep |1
! E 3.08V 2.44V 3.09V 246V N 294V 2.33 V||
> 1 >
i1 i
1
300 W/m? O 450 W/m? ¥ DOWN i
1
! ! L ! L L ! ! L 1 L
1 r 1
E Vsc_max Vsc_max hal i
I A s IR , :
P | 4.45 - i
2 ::2 1
% G :
P> 4 1 4 1 T 4.404 .
! 1
I Jeeeececnrccccnnnscenssssenssscnnsssiaesescsnnssssnsssssesssssnss]  feceeriiiiiniiiiiiiiiiiiiiisssiiissitisssitinssssferssiinnanes
| Vsc_min VSC_MIN i
FoL L . 3.56 V s L . . 356V il 435 . Mk
i 4 i
33V 33V i 3.83mA i
31 31 31 !
i «21.89 s> « 25345 — !
i S 21 '
1= 24 24 1 E |
1 = ! 1.88 mA |i
HES - 2 i
> T 1 !
14 14 i1 i
iy 1
1 0- |
0-1s . . 1104 ; : i s . 1
i 0 20 40 60 0 20 40 60 i 0 5 10}
E____ ______ Time(s) . Time(s) G Time(s) - 1
Figure 6 (Color online) Load-driving performance of the photovolta ic wristband at a rotation angle of 90 . (a) Under irradiance levels of 300

and 450 W m 2; (b) under varying irradiance conditions.

4.3 Load-driving performance assessment

When the rotation angle is 90 , the photovoltaic wristband reaches its maximum output power. Therefore, the load-
driving performance of the wristband was evaluated under this codition. The experiment recorded the dynamic
changes of the photovoltaic cell voltageVpy , the supercapacitor voltageVsc, and the load output voltage Vout
over a 60-second period under direct irradiance levels of 300 and @3V m 2, respectively. This comprehensively
illustrates the entire energy supply process from the PV wristbandto the load, as shown in Figure6(a).

The EMM measured the Voc every 16 s and adjusted theVpy to track the Viypp accordingly. As solar irradiance
increased, theViypp also rose. The rated voltage of the energy storage supercapagitis 5.5 V, based on which
the EMM's power supply control strategy is designed to coordinateenergy ow between the PV cells, the storage
capacitor, and the load. During the energy accumulation phase, wén the Vsc reached 5 V (de ned as the maximum
storage voltage,Vsc_uax ), the system was considered to have stored su cient energy to spport the load. At this
point, the load was activated, and the output voltage Voyr was enabled and maintained steadily at 3.3 V to
reliably power a 390 load resistor. Since the PV cells alone cannot meiethe power demand of the load at this
moment, the supercapacitor began to discharge and cooperatedith the PV cells to supply energy to the load.
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As discharging continued, when theVsc dropped to 3.56 V (de ned as the minimum storage voltage,Vsc_wmin ),
the system determined that the remaining energy was insu cient. To ensure that the load can be successfully
reactivated in the next cycle, the Vouyt output was turned o, and power delivery to the load was halted, with the
system returning to the energy accumulation phase.

Experimental results also show that increased solar irradiance piongs the load operating time|from 21.89 s
at 300 Wm ? to 25.34 s at 450 Wm 2. Meanwhile, the energy accumulation rate also improves signi cantly
charging from 3.56 to 3.89 V took 15.13 s under 300 Wh 2, but only 9.95 s under 450 Wm 2. Figure 6(b) further
illustrates the impact of varying irradiance conditions on the energystorage process. At 4.69 s, the solar irradiance
decreased from 550 to 250 Wn 2. The EMM measured the Voc at 6.27 s and adjusted theVpy from 2.47 to
2.33 V at 6.49 s. The photovoltaic wristband is capable of automaticallyadjusting its operating state in response
to dynamic changes in ambient irradiance. As a result, the photovolaic cell current Ipy dropped from 3.83 to
1.88 mA, and the growth rate of the Vsc was signi cantly reduced. Moreover, it is worth noting that during t he
open-circuit voltage measurement process, a sharp instantanae drop can be observed ifpy in Figure 6(b), which
is the typical transient response induced by the measurement opation. Combined with Figure 6(a), multiple open-
circuit voltage measurements are performed during the load activhon phase. Thanks to the energy storage and
voltage regulation mechanisms of the EMM, these transient currenhdisturbances on the photovoltaic side can be
rapidly bu ered, thereby e ectively ensuring a stable power supply to the load and maintaining a constant output
voltage.

Overall, although the photovoltaic wristband functions as a low-power energy harvesting device with relatively
limited output, it can gradually accumulate energy over time through the coordinated operation of the energy
management module and storage components, thereby providingtable power to the load and exhibiting a good
load-driving capability.

4.4 Outdoor experimental results

The photovoltaic wristband demonstrated stable energy harvesing performance and reliable load-driving capability
under simulated sunlight conditions. To evaluate its output characteristics and self-powering capability for wearable
physiological sensing nodes in real-world usage scenarios, a serids @ld experiments were further conducted
under outdoor environmental conditions. An outdoor light illuminanc e acquisition device for the human body was
constructed, as shown in Figure7(a), enabling real-time monitoring of the lighting conditions experienced by the
photovoltaic wristband during actual wear. The system includes far illuminance sensors (MAX44009), which are
positioned to measure the illuminance at the outer §;), inner (S;), rear (S3), and front (Ss) sides of the wrist.
Under the control of an Arduino, data are collected every 10 s andransmitted via Bluetooth to the host computer
for recording.

The overall outdoor testing platform is shown in Figure 7(b). The photovoltaic wristband powers a motion sensing
node, which transmits human motion data to a mobile phone via Bluetodh. The remaining test instruments are
identical to those used in the indoor experiments described in Sectiv4.1. During the experiment, the photovoltaic
cells operating voltageVpy and current | py , the energy storage supercapacitor voltag®sc and current | sc, and the
load side output voltage Voutr and current | oyt were recorded. The corresponding power values were calculated
accordingly. The experiment was conducted in Beijing at 12:00 p.m. onrApril 10, 2025. During testing, the
experimenter stood facing west, with the photovoltaic wristband and the illuminance acquisition device worn on
the left wrist. In this posture, the orientations of the illuminance sensors on the wrist were as follows:S; faced
south, S, faced north, S; faced east, andS, faced west.

The experiment lasted for 120 s, and the distribution of illuminance ondierent sides of the wrist is shown
in Figure 7(c). The overall illuminance exhibited slight uctuations over time, wit h the south-facing sensor §;)
recording the highest average illuminance of 37.38 10° Ix. The corresponding solar irradiance at this location,
measured using a solar irradiance meter, averaged 525 Wi 2. During this period, the output power Ppy of the
photovoltaic wristband also showed minor uctuations in response b the varying illuminance, with an average
output of 15.88 mW.

The electrical performance of the photovoltaic wristband is presated in Figure 7(d). During the experiment,
the EMM periodically disconnected the circuit to measure the Voc. For instance, at 36.81 s, the measured/oc
was 3.26 V.Vpy was then regulated to 2.58 V, and the corresponding currentpy was 6.84 mA, yielding an output
power of 16.72 mW. At 43.06 s,Vsc reached 5 V, triggering the power supply to the sensing node.Voutr was
maintained at a stable 3.3 V. At this stage, the sensing node operatkin standby mode with a current oyt of
2.58 mA. The harvested energy was su cient to meet the power demand of the node, and excess energy continued
to charge the storage capacitor, leading to a further increase iWsc. At 51.85 s, the sensing node established a
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Figure 7 (Color online) Outdoor self-powered experiment of the phot ovoltaic wristband sensing node. (a) Outdoor light illumin ance acquisition
device; (b) outdoor testing platform; (c) light illuminanc e distribution on the human wrist; (d) electrical parameter variations during the power

supply process of the photovoltaic wristband.

Bluetooth connection with the mobile device and began transmitting data. oyt rose to 8.74 mA, requiring the
combined power supply from both the photovoltaic cells and the stoage capacitor. ConsequentlyVsc began to
decline, reaching 3.56 V at 89.69 s, at which point theVoyr ceased and the sensing node powered o. During
a complete \energy accumulation{load activation" cycle, the sensirg node was able to stably sense and transmit
human motion data for a continuous duration of 37.84 s.

Table 1 compares various energy harvesting technologies, including solathermoelectric, and kinetic, used in
wristband-type wearable devices. Although some studies lack ceain speci c performance metrics, the available
information is su cient to support a comprehensive performance analysis. Compared with previous studies, the
exible amorphous silicon photovoltaic wristband developed in this work was tested under real outdoor wearing
conditions, demonstrating excellent overall performance.

In terms of supply power, the proposed device signi cantly outpeforms similar devices based on kinetic and
thermoelectric energy harvesting. Although its energy output is dightly lower than the results reported by Min et
al. who used perovskite photovoltaic cells, it is worth noting that while perovskite materials o er relatively high
photoelectric conversion e ciency, they still face notable limitation s in terms of stability and lifespan. Moreover,
their performance is often evaluated under idealized simulated coritions, which may not accurately re ect real-
world usage scenarios. In contrast, this study evaluated devicegrformance in actual outdoor environments, o ering
greater representativeness and practical reference value.

Additionally, thermoelectric devices typically require large surface aeas to e ectively utilize temperature gradi-
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Table 1 Comparison of di erent wearable energy harvesting devices

Wuthibenjaphonchai

etal [ 16] Min et al. [ 18] Caietal [ 24] Caietal [ 25] Ren etal. [ 22] Yang et al. [ 23] This work
Ener?g/c::;\l/:gs;[llng Optical power Solar energy Kinetic energy Kinetic energy Th ermoelectric Thermoelectric Solar energy
. : - Planetary gear Planetary gear . " . Amorphous
Main materials Silicon Perovskite and magnetic BiTe thermopiles BiTe thermopiles -
system N silicon
spring
Size 1cm 2 2cm 2 51cm 3 2cm 3 150 cm 2 24 cm 2 24 cm 2
Weight 013 g { 299 98¢ { { 198 g
Supply power 0.8 w 25 mwW 2.73 mwW 0.33 mwW 125 w 0.32 mw 15.88 mW
) 08 wocm 2 125mw cm 2 054mW cm 3 017mW cm 3 008 W cm 2 00LmW cm 2  066mwW cm 2
Power density 1 1 1 1
615 W g { 914 W g 3367 W g { { 802mwW g
Output voltage 3{4 Vv 28V 33V { 5V 33V 33V
E imental Theoretical Simulated Simulated Theoretical Theoretical Real outdoor
XCF'O(::E;:: { simulation szTnu a(i ZakriT) szTnu a(i ZakriT) calculation room simulation temp. wearing
@woow m 2) 9 (L 9 (1. temp. 25 C) diff. (4 K) (G25W m 2)
Cost High High Moderate Moderate Moderate Moderate Low
Wearable structure Wrist Wrist Wrist Wrist Wrist Wrist Wris t

ents while kinetic energy harvesters often rely on complex mechandt structures, resulting in higher system mass
and compromising wearing comfort. In contrast, the proposed pbtovoltaic wristband weighs only 1.98 g and has
a solar harvesting area of 24 crh As shown in Table 1, the device outperforms thermoelectric devices in terms of
area-speci ¢ power density, and surpasses kinetic energy harsters in terms of mass-speci ¢ power density. The
exible amorphous silicon photovoltaic wristband conforms to the structure of the human wrist, o ering enhanced
comfort and wearability with virtually no additional burden.

In terms of cost, the photovoltaic energy harvester used in this wudy is a commercially mature product that has
already achieved large-scale production. It features a well-estdished manufacturing process, stable performance,
and environmentally friendly raw materials. With the signi cant advan tages of low cost and ease of integration, it
lays a solid foundation for widespread application in wearable devices.

In summary, this study demonstrates signi cant advantages in tems of size, weight, output performance, exper-
imental conditions, and cost, con rming the practical feasibility and application potential of the proposed solution
for self-powered wearable devices.

Figure 8 presents the output performance of the photovoltaic wristbandduring two typical dynamic movements
of the human wrist: arm swing and body rotation. It can be observal that although 1py and Isc exhibited
periodic variations due to wrist motion, Voyr remained consistently stable at 3.3 V. This indicated that the load
is continuously and reliably powered. Once the energy management odule determines that the system meets the
output conditions for Vour , it enables stable operation of the sensing node even under dynamverist movements,
thereby ensuring the continuity and reliability of sensing data.

These outdoor experimental results demonstrate that the PV wistband possesses strong solar energy harvesting
capability under real wearing conditions, and can reliably power weaable sensors, achieving self-powered physio-
logical monitoring.

4.5 Indoor experimental results

In daily human activities, a certain amount of time is typically spent indo ors. Compared with natural sunlight,
indoor light sources exhibit a signi cantly di erent spectral distribu tion, mainly concentrated in the visible spec-
trum, with illumination levels generally ranging from 100 to 1000 Ix [58]. Therefore, it is necessary to evaluate the
output performance of the photovoltaic wristband under typical indoor lighting conditions.

The output electrical characteristics of the photovoltaic wristband under various rotation angles were tested
under typical indoor lighting conditions. The corresponding results are shown in Figure9, and key performance
parameters are summarized in Table2. In the experiment, L;, L,, and L3 correspond to the illuminance of the
three PV cells on the wristband. Taking the initial placement at a rotation angle of 0 as an exampleL ; represents
the illuminance of the top PV cell, L, represents that of the middle cell, andL 3 represents that of the bottom cell.
During the rotation, the photovoltaic cells corresponding to L, L», and L3 remain unchanged.

Compared with Figure 4 (irradiance of 300 Wm ?), Figure 9 shows that the amorphous silicon photovoltaic
cells used in the wristband exhibit a more linearl -V characteristic under indoor lighting conditions. According to
Table 2, K¢ varies from 0.53 to 0.61, and the Il factor was relatively low. The maximum output power reached
only 87.31 W, showing a signi cant di erence from the performance under suright. This performance gap is
mainly attributed to two factors: rst, the spectral distribution of indoor light sources di ers from that of sunlight,
and the PV cell has a better spectral match with natural sunlight; second, the generally lower indoor irradiance
results in a reduced photocurrent.
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Figure 8 (Color online) Output performance of the photovoltaic wris tband during dynamic wrist movements. (a) Arm swing; (b) bod y
rotation.
Figure 9 (Color online) Electrical performance of the exible photo voltaic wristband under indoor lighting conditions at die rent rotation

angles. (a) |-V characteristics; (b) P -V characteristics.

Table 2 Key performance parameters of the photovoltaic wristband r otated at di erent angles under indoor lighting conditions
Angle () La (X L2 (X) L3 (X) Voc (V) Isc (A Puer (W) Viver (V) Ivep (- A) Koc
0 284 254 14 1.85 109.6 71.32 1.12 63.68 0.61
45 138 304 130 2.09 110 87.31 1.21 72.16 0.58
90 139 279 221 1.98 111.6 80.21 1.15 69.75 0.58
135 89 180 304 1.86 110 68.41 1.06 64.54 0.57
180 11 138 283 1.72 98.67 57.19 0.91 62.85 0.53

Although the output power of the photovoltaic wristband under ind oor conditions is only in the microwatt range,
it can still provide a certain level of energy support through continuous accumulation during daily wear. However,
the energy harvesting performance of the wristband relies more éavily on the user's outdoor activity time.
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Figure 10 (Color online) Application demonstration of a self-powere d wearable motion sensing node based on a exible photovolta ic wristband.
(a) Wearable wireless motion sensing device; (b{e) user int erfaces corresponding to four conditions: stand, walk, run 1, and run2.

5 Self-powered wearable sensing applications

The photovoltaic wristband provides a stable self-powered energwgupply for the motion sensing node. As shown
in Figure 10(a), the wearable wireless motion sensing node is worn on the foreartogether with the photovoltaic
wristband. The motion sensing node was independently developed bthe laboratory and used a exible printed
circuit board as the substrate, allowing it to conform to the contour of the forearm. The main control chip is
the CC2652R ultra-low-power wireless microcontroller from Texas hstruments, speci cally designed for wearable
devices B9]. The sensor module integrates TDK's 6-axis inertial measurement nit MPU6050, which is widely
used for motion detection and can acquire real-time tri-axial acceletion and tri-axial angular velocity data from
the forearm at a sampling rate of 50 Hz §0]. A built-in 2.4 GHz RF antenna enables wireless data transmission.
The motion data, including triaxial acceleration (ax, ay, az) and angular velocity (gx, gy, gz), are transmitted
to an Android smartphone via a low-power Bluetooth protocol, and real-time signal visualization is implemented
on the mobile device. The experiment included four representative mtion states: stand, walk (2 kmh 1), runl
(8 km h 1), and run2 (5 km h 1). The corresponding user interface displays are shown in FiguresO(b){(e).

The collected motion signals were analyzed in the frequency domain. #Ashown in Figure 11(a), the normalized
energy spectra of acceleration and angular velocity clearly demotrate signi cant di erences in frequency charac-
teristics among the various motion states. Principal component aalysis (PCA) was further employed to explore
the separability of di erent motion types. Figure 11(b) presents the projection of the acceleration data onto the
two-dimensional space formed by the rst principal component (PC1) and the second principal component (PC2).
The stand samples are clustered near the origin, while the PC2 valud®er the runl samples tend toward the negative
direction, and those for the run2 samples tend toward the positivedirection. Figure 11(c) illustrates the distribution
of angular velocity data in the space formed by PC1, PC2, and the tlird principal component (PC3). The gx, gy,
and gz components of the stand state are clustered near the oiiig while the runl and run2 states are distributed
along the positive and negative directions of PC2, respectively. Thevalk state exhibits positive values along the
PC3 axis, and the walk and run states are nearly orthogonal in this pincipal component space. These results
indicate that the signal characteristics of di erent motion states exhibit signi cant distinctions, con rming that
e ective human motion state recognition can be achieved based onhie collected tri-axial acceleration and tri-axial
angular velocity data.

A lightweight motion recognition method based on one-dimensional covolutional neural networks (1D-CNN)
was developed. The CNN architecture, shown in Figurel2(a), consisted of two 1D convolutional layers followed
by a Flatten layer to reshape the features, a fully connected layefor feature extraction, and a nal output layer
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Figure 11 (Color online) Frequency-domain and principal component a nalysis of motion signals. (a) Normalized energy spectra of acceleration
and angular velocity; (b) principal component distributio n of acceleration; (c) principal component distribution of angular velocity.

for classi cation. L2 regularization and a Dropout layer were incorporated to e ectively mitigate over tting. The
dataset was split into training and testing sets using Strati edShu eSplit to ensure consistent class distribution. As
illustrated in Figure 12(b), the model converged rapidly within 20 training epochs, showingsigni cant performance
improvement and a stable training process.

After training, the model was evaluated on the test set. The t-SNE algorithm was used to perform dimensionality
reduction and visualization of both the raw motion sensor featuresand the features extracted by the CNN, as shown
in Figure 12(c). In the original feature space, the samples corresponding tthe stand and walk classes were already
relatively distinguishable in the low-dimensional space, while runl and un2 showed signi cant overlap. After CNN
training, the class boundaries became more distinct, signi cantly impoving the separability among the four motion
classes. Figurel2(d) presents the confusion matrix and classi cation metrics. On the test set, the model achieved
near-perfect classi cation performance, with precision, recall, ad F1-score values close to or equal to 1.00 for all
classes. These results demonstrate that the 1D-CNN model canceaurately distinguish di erent motion states.
Moreover, its lightweight architecture makes it suitable for deployment on resource-constrained wearable devices.

In recent years, numerous advanced studies have propelled theedelopment of high-precision human motion
analysis. For instance, the compact dual-core waveguide bendingessor has signi cantly enhanced the accuracy
of hand joint angle detection [61]; the fuzzy-encoded dual-modal soft glove has achieved accugaftclassi cation
of gestures and object graspingg2]; the physics-informed deep transfer learning frameworks combed with novel
neural networks have been employed to estimate the angles andrigues of multiple joints in both wrist-hand coupled
motion and walking motion [63]. Meanwhile, the personalized musculoskeletal model can provide inmpved accuracy
in predicting joint motion tailored to the specic characteristics of w rist/hand coupled movements [64]. These
studies, relying on dedicated sensor arrays, personalized modeptimization, and computational methodologies,
have demonstrated outstanding performance in both motion analgis accuracy and functional extension, thereby
advancing the development of embodied intelligence system$5, 66].

In comparison, the photovoltaic wristband proposed in this work ersures the self-powered operation of the motion
sensing node on the human forearm and, when combined with a lightvight CNN model, enables accurate recognition
of typical motion states. While the proposed system remains challeging to rival the aforementioned methods in
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Figure 12 (Color online) Motion recognition method and results based on wearable sensor data. (a) Schematic diagram of the CNN mod el
architecture; (b) accuracy and loss curves during model tra ining; (c) visualization of original motion data features a nd CNN-extracted features
using t-SNE; (d) confusion matrix and classi cation metric s on the test dataset.

ne-grained gesture recognition or complex joint angle estimation,it nonetheless provides distinct advantages in self-
sustainability, cost-e ectiveness, and ease of wearable integran. Therefore, it shows good feasibility for wearable
motion sensing under resource-constrained conditions.

Meanwhile, the rapid advances in exible materials and skin bioelectroncs have brought new opportunities for
wearable sensors. Dang et al. have conducted a series of studigs @anductive hydrogels and intelligent electronic
textiles: the hydrogel exible smart sensors they developed can & directly attached to the skin or integrated with
textiles for motion monitoring and human-computer interaction [67]; their self-powered supramolecular hydrogels
combine durability, high performance, environmental adaptability, and multi-sensory capabilities [68]; exible hy-
drogels with excellent electrical conductivity and thermo-responé/eness show promising applications in regenerative
wound healing and skin bioelectronics §9]; novel temperature and pressure dual-responsive conductiveyldrogels
can sensitively detect external strain, o ering new design stratgies for exible electronic skin sensors 70]; in
addition, multifunctional biomass-based conductive coatings havebeen used to fabricate exible and breathable
intelligent electronic textiles capable of real-time monitoring of human motion and physiological signals 71]. These
achievements fully demonstrate the great potential of exible materials in wearable sensing and health monitoring.

Looking forward, integrating the photovoltaic wristband proposed in this study with emerging exible sensing
materials and intelligent textiles is expected to further enhance thesensitivity of motion perception and wearing
comfort, while also expanding its application boundaries in human-comuter interaction, health monitoring, and
rehabilitation training.
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6 Conclusion

This study designs and implements a exible photovoltaic wristband cgpable of providing stable self-powered oper-
ation for the wearable human sensing node. Based on irradiance didbution analysis in typical wearing scenarios
and a comparative assessment of PV cell characteristics, exible morphous silicon PV cells are selected as the
energy harvesting devices. Considering the physiological curvate of the wrist, a multi-directional parallel array
layout is developed. The wristband integrates an energy managenmé module implementing an open-circuit voltage
MPPT method, and through a power supply strategy, achieves e cient energy coordination among the PV cells,
the energy storage supercapacitor, and the load.

The proposed system-level design encompasses the complete kvow from energy harvesting scenarios analysis
and wristband design to performance evaluation and sensing applit@ns. Both simulated sunlight and real outdoor
experiments veri ed the e ectiveness of the PV wristband in energy harvesting and power supply. Under the highest
average illuminance of 37.38 10° Ix (525 W m 2), the wristband delivers an average output power of 15.88 mw,
providing a stable 3.3 V supply to enable 37.84 s of self-powered opdian for the wearable motion sensing node. By
processing the acquired motion signals using a 1D-CNN, accurate cegnition of four motion states was achieved.
The wristband also demonstrates excellent environmental friendliess, holding promise for advancing wearable
devices toward greener, low-carbon, and sustainable developmten

Although the output power of the photovoltaic wristband remains constrained by the limited energy harvesting
area and ambient illumination conditions, resulting in insu cient capabilit y to drive high-power loads, the synergistic
coordination of the energy management module and energy storagdevices enables cyclic energy accumulation and
a stable power supply for wearable sensing devices. Future work wilbcus on exploring the correlation between the
wristband's photocurrent and variations in ambient light, developing sensorless state detection schemes capable of
simultaneous energy harvesting and motion sensing to further redce energy consumption, and integrating exible
energy storage devices to enhance wearing comfort. With contimus advancements in energy harvesting materials,
energy management strategies, and low-power circuit technologse the photovoltaic wristband is expected to support
more complex physiological signal monitoring functions and expand & application prospects in healthcare, smart
cities, and other domains.
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