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Abstract. Wearable biosensors, increasingly integral in a digitally-evolving landscape, offer the 
benefits of flexibility, portability, safety, and real-time physiological monitoring, while also being 
environmentally sustainable. Despite significant advancements, the market expansion of these 
flexible devices is impeded by challenges related to energy availability and power consumption. This 
review delves into recent developments in self-powered, flexible wearable devices and sensing 
systems, focusing particularly on the roles of generators, batteries, and functional circuits. The 
existing obstacles are noteworthy, including limited power output of current technologies, the spatial 
and weight constraints imposed by energy storage devices, and the complexities involved in material 
synthesis. Addressing these issues will be transformative, potentially revolutionizing wearable 
sensor systems with advanced power technologies. This exploration not only underscores the 
current challenges but also highlights potential research avenues, emphasizing the profound impact 
that resolving energy issues could have on the deployment of wearable biosensors across various 
domains. 
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1. Introduction 

The recent surge in wearable sensor usage aligns with the increasing digitization and intelligence 

of daily life. Traditional electronic monitoring systems, often bulky and inconvenient for continuous 

wear, fall short in enabling real-time monitoring. In contrast, wearable biosensors excel due to their 

flexibility, lightweight construction, safety, and environmental sustainability. These devices 

proficiently track physiological and physical conditions by detecting signals such as heart rate and 

bodily activity [1]. Moreover, the integration of gesture recognition technology in flexible wearable 

biosensors marks a significant advancement, offering natural, touchless interaction with devices 

across various sectors, including human-computer interaction, accessible device development, 

healthcare, and gaming [2-5]. 

Despite strides in gesture recognition technology, including improved accuracy and data 

processing efficiency, the broader application of flexible wearable biosensors remains limited. 

Challenges such as energy and power consumption continue to constrain current sensing systems 

[6,7]. Given the stringent weight and size limitations of flexible wearable sensor systems, the power 

supply must be efficient yet minimal in size and weight [8]. Insufficient power not only compromises 

the system’s accuracy in recognition and detection but also undermines portability, a key feature of 

these devices. 

This paper presents an in-depth analysis of gesture recognition advancements in self-powered, 

flexible wearable devices and sensory systems. It investigates generators for self-powered devices, 

batteries, energy storage solutions, and functional circuits in wearable technology. The aim is to 

address and analyze the current challenges in this field comprehensively. This exploration seeks to 

enhance the understanding of the existing framework in this domain and inspire novel applications 

and insights in the use of wearable sensor systems. 
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2. Relevant Theories 

2.1. Recent Developments in Self-Powered Wearable Biosensors 

Flexible wearable sensors for gesture recognition typically need to be flexible, lightweight, and 

safe, while also ensuring accuracy in gesture recognition, efficiency in data collection and processing, 

battery life and efficiency. 

Because of their multifunctionality and processability—they can form flexible structures at low 

cost and high efficiency—synthetic polymers like polyethylene terephthalate (PET), which is 

frequently used in clothing, plastic containers, and electrical insulation, polyethylene naphthalate 

(PEN), polyimide (PI), and polydimethylsiloxane (PDMS) have become some of the most widely 

used flexible materials [9,10]. Sensors made from flexible materials can achieve the advantages of 

being wearable, lightweight, and flexible. 

Zhao and colleagues addressed the demand for gesture recognition accuracy by presenting a novel 

type of flexible wearable sensor array based on triboelectric technology. This novel and inventive 

sensor array detects and records a variety of movements by utilizing the concepts of electrostatic 

effects and frictional electrification. High precision gesture recognition is achieved by the system 

through the integration of data from three sensors. Triboelectric technology combined with 

sophisticated machine learning, particularly with Linear Discriminant Analysis (LDA), allows the 

sensor array to recognize various movements with an exceptional accuracy of more than 95%. As 

shown in Figure 1. 

 

Figure 1. Using a sensor array and a machine learning LDA algorithm, a micro displacement sensor 

built on the TENG single electrode mode concept recognized nine different gestures [6]. 

Additionally, Li and colleagues advanced gesture recognition accuracy and sensitivity by 

employing PRF-TES textiles. These materials adeptly detect stress and strain in two-dimensional 

spaces, as well as the mass and location of objects upon contact [11]. The intricate hierarchical 

structure of PRF-TES spans from one-dimensional macro fibers to elastic polymers. These polymers 

encompass internal nanoscale networks of carbon nanotubes, serving dual functions of mechanical 

energy harvesting and force sensing. This configuration provides a substantial contact area, multiple 

contact points, and extensive deformation capacity, as illustrated in Figure 2. 
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Figure 2. (a) Schematic diagram of a friction electric sensor (PRF-TES) based on piezoresistive 

optical fibers. (b) SEM images of silver electrodes. (c) SEM images of carbon nanotubes/sealing 

film sensing fibers on the electrode surface. (d) SEM image of the sensing fiber in cross section. (e) 

Photos of PRF-TES [11]. 

Regarding data collection and processing efficiency, researchers use machine learning algorithms 

and build a machine learning-assisted wearable mechatronic sensing system through data 

preprocessing algorithms, traditional machine learning algorithms (ML), and deep learning 

algorithms (DL). For example, A cheap and simple-to-wear gesture recognition wristband (GRW) 

was created by Tan et al [12]. The GRW wirelessly transfers sensor data to a computer interface via 

a Bluetooth module. At the computer terminal, electrical signals are processed. The complete data 

processing and analysis process is divided into four stages, which are feature engineering, fast ICA, 

noise reduction, and LDA, in order to produce the ML model. In combination with ML technology, 

GRW achieves a prediction accuracy rate of 92.6% for recognizing 26 letters. 

For battery life, flexible wearable sensors have higher requirements for the efficiency, size, and 

weight of the energy storage system. An extensive introduction to the energy storage system will be 

given in the next section. 

2.2. Self-Powered Systems 

A complete Self-Powered System typically consists of modules for energy harvesting, energy 

management and storage, and functional circuits. The power consumption of the system is entirely 

provided by the energy harvesting unit. As shown in Figure 3. 

 

Figure 3. An energy collection unit, energy management unit, energy storage unit, and functional 

circuit (sensing unit) make up the schematic design of a self-powered sensing system [13]. 
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The energy harvesting module plays a pivotal role in powering flexible wearable systems, drawing 

on sources such as solar or biomechanical energy, tailored to the specific application contexts of these 

sensors. For instance, flexible photovoltaic cells, including flexible silicon solar cells (SSC), organic 

solar cells (OSC), dye-sensitized solar cells (DSSC), and perovskite solar cells (PSC), are adept at 

converting solar energy into electrical energy, subsequently stored in batteries [13]. In contrast, the 

harnessing of biomechanical energy is achieved through the triboelectric effect, with piezoelectric 

and triboelectric nanogenerators (TENG and PENG) adeptly transforming biomechanical motion into 

electrical energy. This mechanism not only captures biomechanical energy but also converts it 

efficiently to power the entire system [14]. 

The energy management and storage module is responsible for storing energy. The energy storage 

module can act as the system's energy source in the absence of a direct energy source. Apart from the 

solar cells previously discussed, flexible supercapacitors (SC) and flexible ion batteries are also 

excellent flexible energy storage devices. Due to their many advantages, such as high power density, 

rapid charge and discharge, extended cycle life, compact size, lightweight design, safety, and strong 

mechanical durability, SCs are becoming more and more popular in a wide range of wearable 

electronics. Flexible ion batteries, such as flexible lithium-ion batteries (LIB) and flexible zinc-ion 

batteries (ZIB), are equally common in wearable and portable electronic items due to their better 

capacity and energy density as compared to SCs. 

In the functional circuits module, various different circuits perform different functions in the 

system. The energy management and storage module needs direct current for energy storage, while 

the energy harvesting module typically receives erratic electricity. For instance, TENG uses the 

combined triboelectric effect and electrostatic induction to convert mechanical energy into alternating 

current. In order to efficiently convert alternating current into direct current, this article will present 

a novel multifunctional full-wave rectifier circuit that makes use of a voltage conveyer (VC) as an 

active module. 

3. System Analysis and Application Research 

3.1. Generators for Self-Powered Devices 

Since TENGs perform better than PENGs in terms of output, more wearable electronic items 

powered by TENG are being proposed. Therefore, this part will focus on TENG. 

Based on the combined triboelectric effect and electrostatic induction, TENG is currently regarded 

as a novel energy harvesting technique that can extract energy from the surrounding environment 

[15]. Single electrode, lateral sliding, vertical contact-separation, and freestanding triboelectric layer 

modes are among the different operating modes of TENG. To construct the triboelectric layers, two 

different triboelectric materials are typically placed side by side with collectors linked to their 

respective backs, using the vertical contact-separation mode as an example. Equivalent quantities of 

opposing charges form on the contact surfaces when the triboelectric layers come into contact. A 

significant potential difference and a gas gap are created in the middle as the triboelectric layers split 

from one another. As a result, current flows between the two electrodes at the load. As the triboelectric 

layers approach one another, the potential difference caused by the triboelectric charges disappears 

and the electrons return. 
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Figure 4. Four working modes of TENG [17]. 

The working principle of TENG allows for a wide and flexible selection of electrode materials, 

meaning that the structure of TENG can be developed in the direction indicated by the required 

performance. Therefore, while TENG possesses high-performance energy conversion efficiency, it 

can also accommodate its structural flexibility, making it very suitable for application in flexible 

wearable sensors. As shown in Figure 4. 

A flexible and elastic all-textile TENG that could capture energy from wind, body motion, and air 

noise was developed by Cao and colleagues [16]. In addition, in order to capture rolling motion kinetic 

energy with changing amplitude from various flexible object surfaces, Wang's team created a unique 

TENG (ES-TENG) for conductive elastic sponges [17]. Compared to traditional energy harvesting 

technologies, TENG significantly improves energy collection efficiency. 

3.2. Energy Management and Storage 

Photovoltaic cells, flexible supercapacitors (SC), and flexible ion batteries are all excellent flexible 

energy storage components. 

The advantages of photovoltaic cells include their high conversion efficiency, low weight, and 

compact design. Each kind of flexible photovoltaic cell, including flexible dye-sensitized solar cells 

(DSSC), flexible perovskite solar cells (PSC), flexible organic solar cells (OSC), and flexible silicon 

solar cells (SSC), has advantages of its own. High natural abundance, superior dependability, and 

good power conversion efficiency characterize SSC; OSC, being an organic material, has very good 

flexibility; DSSC has unique advantages such as its light weight, cheap production costs, and ability 

to work with roll-to-roll manufacturing technologies; while PSC offers flexibility, lightweight, and 

excellent photovoltaic efficiency错误!未找到引用源。. 

Flexible supercapacitors (SC) are divided into flexible symmetric supercapacitors (SSC) and 

flexible asymmetric supercapacitors (ASC). For SSC, both sides of the electrodes are made of the 

same material. Carbon-based materials, including as graphene, carbon nanotubes (CNT), carbon 

nanofibers (CNF), and activated carbon particles, are commonly used to make SSC electrodes. 

Regarding ASC, the two electrodes' materials differ. Typically, one electrode is made of carbon, and 

the other is made of an electrochemically active substance such metal oxides, nitrides, or sulfides or 

conductive polymers. Asymmetric SC has a higher capacitance and energy density than SSC because 

the electrochemically active material in ASC can produce pseudocapacitance through reversible 

electrochemical reactions; additionally, flexible, self-powered TENG/SC systems can be created by 

ASC combined with TENG. This system has wide application scenarios in self-powered flexible 

wearable devices. As shown in Figure 5. 
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Figure 5. (a) The flexible SSC device schematic diagram. (b) SSC schematic diagram weaved using 

thread made of activated carbon fiber. (c) Schematic diagram of flexible solid-state ASC. (d) 

Schematic diagram of fibrous ASC device [17]. 

Flexible ion batteries include flexible lithium-ion batteries (LIB) and flexible zinc-ion batteries 

(ZIB). Lithium-ion batteries have a relatively high energy density, but inherent safety issues with 

lithium-ion batteries limit their application in wearable electronic products. Rechargeable ZIBs, on 

the other hand, that employ non-toxic aqueous electrolytes have attracted a lot of attention because 

of their high level of safety, lightweight nature, affordability, and environmental friendliness. 

Particularly, hydrogel electrolyte quasi-solid-state ZIBs exhibit remarkable flexibility and high 

capacity, rendering them a feasible LIB substitute. As shown in Figure 6. 

 

 

Figure 6. (a) Flexible LIB schematic diagram. (b) Diagram schematic of the hollow anode system 

cable LIB. (c) A schematic diagram of a fibrous ZIB with interwoven structure. (d) Schematic 

diagram of flexible plane ZIB. (e) Schematic diagram of yarn ZIB [17]. 

3.3. Functional Circuits in Wearable Devices 

As mentioned earlier, since TENG generates alternating current and the energy storage module 

requires direct current, to change alternating current into direct current, a full-wave rectifier circuit is 

required. 

A voltage conveyor (VC) was used as the active module in a unique multifunctional full-wave 

rectifier circuit presented by L. Safari and colleagues [18]. Traditional full-wave rectifier circuits 

based on operational amplifiers mostly have the disadvantages of complex structure and the need for 

additional voltage buffers. But in contrast to conventional rectifier circuits, this innovative full-wave 

rectifier circuit only requires two diodes, one grounded resistor, and two VCs, simplifying the 

construction and cutting production costs [19]. In addition, in this new full-wave rectifier circuit, both 

input and output signals can take the form of current or voltage, greatly expanding the usage scenarios 

of this circuit. Voltage buffers are not required since the circuit supplies a rectified output voltage at 

the low-impedance Z port of the VC. As shown in Figure 7. 



Highlights in Science, Engineering and Technology BEHDP 2024 

Volume 102 (2024)  

 

344 

 

Figure 7. The VC CMOS implementation[18]. 

Compared to the ideal full-wave rectifier circuit, because of non-ideal parasitic components, this 

circuit requires the addition of an RC filter to eliminate high-frequency noise or fluctuations, making 

the output signal smoother. As shown in Figure 8. 

 

Figure 8. In the non-ideal cases of (a) positive cycle and (b) negative cycle, the schematic diagram 

of full-wave rectifier [18]. 

4. Challenges And conclusion 

In the realm of energy harvesting for wearable sensors, current self-powered devices, despite their 

development, still exhibit relatively low power outputs. As the demand for flexible wearable sensors 

escalates, enhancing power generation becomes increasingly crucial.Regarding energy management 

and storage, the weight and space occupied by energy storage devices (ESDs), including 

supercapacitors (SCs) and batteries, often represent a significant portion of current wearable 

electronics. This is primarily due to energy density limitations, posing a considerable challenge to the 

miniaturization of wearable devices. Additionally, the materials used in ESDs face hurdles such as 

complex synthesis processes, low yields, and environmental incompatibilities. Future research must 

focus on pioneering technologies aimed at augmenting the power output of generators, like 

triboelectric nanogenerators (TENG), and improving the overall efficiency, energy density, and 

conversion efficiency of energy storage devices.The evolution of wearable biosensors, including 

advancing gesture recognition technology, signifies considerable progress in performance, ranging 

from identification accuracy to data collection and processing efficiency. Nonetheless, challenges in 

energy availability and power consumption persist. Advancements in power systems, encompassing 

innovative generators like TENG, flexible energy storage solutions such as SCs and ion batteries, and 

multifunctional circuits, hold promise. Still, obstacles remain, such as the insufficient energy output 
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of current self-powered devices and the size and weight constraints imposed by energy storage 

devices due to energy density limitations. Additionally, the synthesis and environmental 

compatibility of materials used in these devices present further challenges. 

This paper delves into these issues, examining recent developments in wearable biosensors and 

gesture recognition technology. It also identifies potential research avenues and challenges. While 

the path ahead is laden with difficulties, the potential benefits are substantial. The continuous 

technological and research advancements bring hope for the realization of advanced power 

technology in wearable sensor systems, promising significant impacts across various applications. 
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