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Wearable biosensors capable of long-term operation facilitate future precision medicine and personalized health
monitoring by in-situ acquisition, real-time processing, and continuous transmission of biological signals. Self-
powered technologies provide effective strategies to achieve the above goals, but make the entire bio-
electronic system more complex. Ultimately, challenges of material engineering, miniaturization, and perfor-
mance enhancement converge into the all-in-one engineering of self-powered wearable biosensor systems.
Matching the power output of the energy module with the power consumption requirements of the signal module
is the basic prerequisite for achieving all-in-one design. This review takes power as the entry point to compre-
hensively analyze and summarize the mechanisms, performance ranges, enhancement strategies, application
examples, and future prospects of self-powered wearable biosensors. We review the principles, engineering
strategies, and capabilities in energy collection, management, and storage of current self-powered technologies
to determine the output power range and methods for performance enhancement. Next, we discuss and compare
the strategies and mechanisms for signal acquisition, processing, and transmission, focusing on the performance,
size, wearability and enhancement strategies of each module. Most importantly, we summarize the four repre-
sentative all-in-one engineering strategies in the system, covering design principles, basic materials, targeted
parts, integration levels, advantages and disadvantages. Finally, we outline key challenges and potential solu-
tions for six modules in preparation for intelligent and networked sensing.

1. Introduction flexible materials, stretchable circuit design, and advanced

manufacturing techniques, have transformed wearable biosensors from

A biosensor is a self-contained, integrated analytical device that
comprises a recognition element based on biologically sensitive mate-
rials, along with the appropriate physicochemical transducer and the
signal processor [1]. It converts rich biological information from the
surrounding environment, body surface, and internal body into
measurable electrical signals. Since the successful development of the
glucose enzyme electrode in 1962 brought the concept of biosensors to
the public [2], the signal sources of biosensors have expanded from
common vital signs and body movements to bodily fluids such as blood,
sweat, and tears [3]. Combined with wearable technologies, wearable
biosensors have emerged as an extension of traditional biosensors. They
enable continuous and convenient monitoring of biological signals in a
non-invasive or minimally invasive manner. Moreover, advancements in
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bulky first-generation medical devices into lightweight, miniature bio-
electronic devices, paving the way for truly personalized healthcare [3,
4]. For example, the evolution from first-generation washable gluc-
ometers to current continuous glucose monitoring systems, and even
blood glucose monitors, has shifted the monitoring of blood glucose
levels from hospital settings to personal homes and workplaces [5].
Therefore, current wearable biosensors are evolving towards miniatur-
ization, intelligence, multifunctionality, and networking [6].

Most wearable biosensors can be disassembled into four main parts:
energy source, signal collecting component, signal processing compo-
nent and signal transmission component. Among these components, the
typical energy source is a commercial battery, which remains the most
challenging part to miniaturize and make flexible [6]. Encouragingly,
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the natural environment and human body contain abundant energy,
including light energy, mechanical energy, thermal energy, bioenergy,
moisture energy, etc. Flexible and lightweight self-powered technology
can convert the above energy into usable electrical energy based on
various physical effects such as the photovoltaic effect, triboelectric
effect, thermoelectric effect, etc [7]. Based on built-in switching and
triboelectric nanogenerator (TENG) technology, an active sensor ach-
ieves peak power in the watt range [8]. Additionally, wireless power
transfer (WPT) technology can deliver electrical energy to a magneto-
electric material less than one square centimeter through
one-centimeter-thick biological tissue, with a power density exceeding
200 milliwatts per square centimeter [9], demonstrating the potential to
power higher-consumption bioelectronics. By adopting self-powered
technologies, wearable biosensor systems obtain continuous power
supply while minimizing the area occupied by energy storage devices,
thereby ensuring a long lifetime and safety. For example, organic pulse
oximeters integrated with amorphous silicon solar cells (SCs) can enable
continuous, self-powered pulse oximetry measurements [10,11].
Furthermore, self-powered signal acquisition modules have further
enriched wearable biosensor systems, leading to the development of
active sensors. By actively capturing the voltage changes in triboelectric
materials caused by blinking, a self-powered mechnosensational
communication system realizes real-time human-machine interface op-
erations such as smart home control and wireless hands-free typing [12].
Therefore, the self-powered wearable biosensor system module mainly
focuses on energy supply and sensing, which is divided into six major
modules: energy collection, management and storage, and signal
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acquisition, processing and transmission.

The ideal all-in-one wearable biosensors collect energy from the
natural environment and the human body to supply their energy con-
sumption (Fig. 1A). In this review, we summarize and analyze the per-
formance and size data of more than 200 self-powered wearable
biosensors (Fig. 1B), intuitively demonstrating the integration level of
the self-powered wearable biosensor and the synergy effect between
various modules. Fig. 1C briefly shows the writing logic of the main
content of this review. Firstly, we discuss eight energy harvesting
technologies with self-powered property, focusing on the mechanism,
sizes, output power, and performance improvement strategies. Then, we
summarize the energy management and storage strategies along with
their performance (power consumption, conversion efficiency),
analyzing the underlying principles and potential areas for improve-
ment. In the sensing section, wearable biosensors consist of commercial
products and emerging active sensors. Since commercial wearable bio-
sensors integrate signal acquisition, processing and transmission, their
power consumption is more worthy of discussion. For active sensors, the
signal source, sensing principles, and improvements in sensitivity are
particularly worth discussing. Importantly, we summarize and analyze
four all-in-one engineering technologies that are crucial for self-powered
wearable biosensors, covering mechanism, base materials, targeted
parts, degree of integration, advantages and disadvantages. Then, four
main signal transmission technologies are discussed in terms of energy
consumption, transmission distance, etc. Furthermore, four examples of
fully all-in-one representative self-powered wearable biosensor systems

are presented, covering wireless e-health patches, implantable
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Fig. 1. Rationale for the system of all-in-one self-powered wearable biosensors. (A) Schematic illustration of the all-in-one self-powered wearable biosensor. (B)
Comparing the power densities of self-powered technologies. Self-powered technologies include solar cell (SC), triboelectric nanogenerator (TENG), piezoelectric
nanogenerator (PENG), electromagnetic generator (EMG)/ wireless power transmission technology based on electromagnetic field (EF), enzyme-based biofuel cells
(E-BFC), thermoelectric generator (TEG), moisture-electric generator (MEG), and hybrid generators (HG). Based on the literature statistics, an envelope (dashed line)
is constructed by joining the self-powered technologies with the highest power within a given effective area from left to right. The highest point of the envelope is the
device that generates the highest power among all the self-powered technologies counted. All self-powered technologies located on the envelope line have the highest
output power within the effective area, which means they have the maximum power density. The four vertical lines near the y-axis represent the power ranges
required by common biosensors, energy management circuits (EMCs) and communication technologies. (C) A step-by-step design process for the all-in-one wearable
biosensor from energy and signal perspectives, including (1) energy harvesting, (2) energy management, (3) energy storage, (4) signal collection, (5) signal pro-
cessing, and (6) signal transmission. MPPT, the maximum power point tracker. RF, radio frequency. Wi-Fi, Wireless Fidelity.
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biosensing devices, and smart e-textiles. Finally, we discuss the current
challenges faced by each of the six modules and make recommendations,
taking smart contact lenses as an example to look into the future pros-
pects of biosensors.

2. Self-powered technologies support all-in-one wearable
biosensor systems

To convert the scattered energy into electrical energy, three com-
ponents are required: energy harvesting, energy management and en-
ergy storage. These three components are collectively referred to as self-
powered technologies, which support the integration of wearable
biosensor systems. Energy harvesters are divided into eight categories,
including SC, TENG, piezoelectric nanogenerator (PENG), electromag-
netic generator (EMG)/wireless power transmission technology based
on electromagnetic field (WPT-EF), enzyme-based biofuel cell (E-BFC),
thermoelectric generator (TEG), moisture-electric generator (MEG), and
hybrid generators (HGs). Fig. 1B and Table S1 systematically display the
effective area and output power of various energy harvesters. A black
dashed envelope is constructed in Fig. 1B by connecting the energy
harvesters with the highest power output within a given active area. The
black dashed envelope compares the performance of the energy har-
vesters in terms of effective area and output power, and also vividly
represents the highest power density of the energy harvesters currently
used to power wearable biosensors. Moreover, the power consumption
ranges of various biosensors, energy management circuits (EMCs) and
communication technologies are shown as three vertical lines near the y-
axis. Next, from the perspective of energy, this section provides an in-
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depth analysis of eight types of energy harvesters and their commonly
used energy management and energy storage units, along with the
mechanisms, key influencing factors, performance, enhancement stra-
tegies and limitations. The black dashed envelope and the three vertical
energy consumption lines near the y-axis are retained in the perfor-
mance statistics graphs of various energy harvesters for further analysis.

2.1. Solar cells

The solar radiation intensity above the Earth’s atmosphere is about
1357 W m ™2 (solar constant), of which about 50 % can reach the ground
through the atmosphere [13]. Therefore, the large amount of solar en-
ergy in the natural environment provides the basis for realizing
self-powered wearable sensors. In 1883, Charles Fritz invented the first
SC based on the phenomenon of photoconductivity by coating a very
thin layer of Au with selenium, which had an energy conversion effi-
ciency of 1 %. Modern SCs were first invented by scientists at Bell
Laboratories in 1954 [14]. These primitive SCs initially had an efficiency
of about 6 %. The larger band gap of AlGaAs (1.42-2.16 eV) has
increased the efficiency of solar cells based on this material to 20 %
[15]. Based on the photoelectric effect, when photons are injected into
the semiconductor, electron-hole pairs are excited in the PN junction
area [16]. Under the action of the built-in electric field, electrons
migrate toward the N-type semiconductor and holes migrate toward the
P-type semiconductor [17]. After connecting the back electrodes of the
semiconductor, the current is generated in the external circuit (Fig. 2A).
So far, SCs can be divided into three generations. As the first-generation
photovoltaic technology, silicon-based solar cell technology dominates
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Fig. 2. Working mechanism and power density of self-powered technologies. In the power diagrams of Fig. 2, the envelope of the highest power within the
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that this type of self-powered technology may power.
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the global photovoltaic market [18]. To achieve higher power conver-
sion efficiency (PCE), the design of this type of photovoltaic technology
has evolved from passivated emitter and rear contact cells to tunnel
oxide passivated contacts, and now to silicon heterojunction solar cells
[19]. Notably, Lin et al. introduced a nanocrystalline process to fabricate
advanced hole-selective contact layers. When combined with a
custom-designed transparent conductive oxide layer, this contact layer
significantly enhanced the optoelectronic conversion efficiency of
wafer-level single-junction silicon heterojunction SCs, achieving an
impressive 26.81 % [20]. As the second generation of SC technology,
thin-film photovoltaics represented by amorphous silicon materials have
greatly reduced manufacturing costs due to their extremely thin film
thickness foldability, and reduced use of silicon materials [21].
Furthermore, thin-film photovoltaic technology further reduces pro-
duction costs by using flexible substrates and roll-to-roll production
technology [22]. However, it should be noted that in thin-film photo-
voltaic technology, the bandgap values of the thin-film materials from
bottom to top should gradually increase in order to fully utilize the
entire spectrum of sunlight. For example, Li et al. introduced a Cd(O,S,
Se,Te) layer near the front junction with the same crystal structure as the
absorber, creating a bandgap gradient in Cd(Se,Te) SCs and achieving a
PCE over 20 % [23]. Among the third-generation SCs, perovskite
photovoltaic technology has attracted widespread attention due to its
low cost, simple process and high PCE. Perovskite SCs are multilayer
structures in which the perovskite layer is sandwiched between an
electron transport layer and a hole transport layer. By improving
perovskite crystallization methods, modifying perovskite interfaces, and
optimizing charge extraction materials, laboratory-fabricated devices
can achieve PCEs above 25 %. Among these, the hole transport material
extracts photogenerated holes by blocking electron injection and sup-
pressing charge recombination, which significantly enhances the opto-
electronic performance and long-term stability of perovskite
photovoltaics. Zhou et al reported an organic hole transport
material-T2, based on sulfur-methyl-substituted fluorenyl arms and a
spiro core, which demonstrated enhanced hole extraction and reduced
interface recombination. Perovskite SCs based on this material achieved
a PCE of 26.41 % [24,25]. More importantly, the research on indoor
photovoltaic cells has never stopped, providing more options for pow-
ering wearable biosensors [26]. When tested under low light levels
(200-1000 Ix indoor illumination conditions), multiple indoor photo-
voltaic cells based on perovskite and GaAs materials have already ach-
ieved the PCE exceeding 20 % [27-29]. Using liquid-phase processed
SnO,/MgO as a composite electron transport layer, the interfacial car-
rier recombination of an indoor perovskite SC was effectively reduced,
while its stability was improved. Under 400 Ix indoor lighting, the
perovskite SC achieved a PCE of up to 26.9 % [27].

Although perovskite-based solar cells have made remarkable prog-
ress in photovoltaic conversion efficiency, these materials still have
several limitations. Firstly, they exhibit sensitivity to humidity, thermal
instability, and light-induced degradation [30]. For instance, methyl-
ammonium lead iodide is highly hygroscopic and decomposes into
ineffective compounds upon exposure to moisture. Lead-based perov-
skite materials undergo light-induced degradation under high temper-
ature and prolonged light exposure, leading to the loss of organic
ammonium groups and consequently affecting their optoelectronic
performance [31]. Secondly, most high-performance perovskite mate-
rials contain lead. Furthermore, the fabrication of perovskites often in-
volves toxic solvents such as N,N-Dimethylformamide and Dimethyl
Sulfoxide, which pose potential risks to the environment, as well as to
animals and plants [32]. Additionally, during the large-scale fabrication
of perovskite thin films, it is challenging to ensure the consistency of film
quality, which still presents difficulties for large-scale production [30].

In self-powered wearable biosensor systems, third-generation
photovoltaic technologies such as perovskite SCs, organic and dye-
sensitized SCs are the main force in energy supply [33-47]. In a labo-
ratory test environment, the main factor affecting the performance of
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the wearable SC is the input light intensity, which ranges from a few
hundred microwatts to a few hundred milliwatts per square meter
(Table 1). Therefore, the strategies to improve the performance of
wearable SCs are mainly achieved by optimizing materials, structures
and photoelectric conversion processes, which generally include
bandgap matching, interface engineering and defect passivation,
multilayer structures, enhanced light absorption, development of new
materials or the application of multiplication engineering, etc [26].
These methods can not only improve the photoelectric conversion effi-
ciency of wearable SCs, but also ensure their stability under low light
conditions or during long-term wear. For example, by matching the cell
bandgap with the indoor light spectrum, employing multiphase engi-
neering to achieve phase stability and suppress halide segregation, and
utilizing a minimal number of tandem cells, wearable perovskite
photovoltaic cell designed for indoor use can generate 14.5 pW of power
for wireless temperature sensing [48], even under ambient light with an
input intensity as low as 0.16 mW cm™2. In indoor applications, where
the light intensity is relatively low and the spectrum is dominated by
visible light, precisely tuning the material’s bandgap to suit indoor
lighting conditions enhances light absorption and efficiency. Addition-
ally, suppressing the halide phase segregation maintains uniformity and
structural stability in the perovskite material. A tandem structure, on the
other hand, improves efficiency by enabling broader spectral absorp-
tion. Furthermore, Min et al. matched the bandgap of the SC with the
indoor light spectrum and employed a large organic spacer (a-methyl-
benzylamine) to facilitate the formation of quasi-two-dimensional
perovskite structures with large grain sizes and improved defect
passivation [37]. This approach successfully led to the design of a
high-performance wearable SC (0.165 cm?), achieving a remarkable
PCE of 31.2 % under illumination from a light-emitting diode (LED)
with an intensity of 600 1x (0.215 mW cm_z) [37]. In the effective area
of 0.04-30 cm?, the PCEs of wearable SCs are 5 %-30 %, and the output
power is mostly concentrated between 0.1 and 10 mW (Fig. 2A and
Table S1) [33,40-50]. Moreover, a jacket (244.55 cm?) based on
wearable SCs generates more than 1200 mW of electrical power [38].

As shown in the power output diagram of Fig. 2A, compared to the
output power generated by all self-powered technologies (black dashed
envelope), the output power (1.5-3.3 mW) of wearable SCs in the
effective area range of 0.04-2 cm? is very impressive [46,47]. Therefore,
thanks to the strong output performance and unified evaluation criteria,
wearable SCs have developed rapidly and can be easily integrated with
most commercial sensors (smart watches [33], sweat detectors [37],
electronic implants [45], UV detectors [51], etc.), making an important
contribution to the development of all-in-one self-powered wearable
biosensor systems. However, SCs also face many obstacles on the road to
powering biosensors, including the requirement for stable high-power
output under low light conditions, toxicity issues and cost issues dur-
ing manufacturing. Additionally, perovskite SCs face significant chal-
lenges in terms of film uniformity and device stability due to issues like
solution processing technology, the interaction between substrates and
interfaces, high sensitivity of perovskite materials to moisture, and
thermal instability [52,53]. These challenges have a considerable
impact on their industrialization.

2.2. Biomechanical generators

Harvesting biomechanical energy from human motion and visceral
activity is a promising approach to power wearable biosensors. Taking
an 80 kg person walking as an example (frequency, 1 Hz), the power
generated by the heel strike is about 2 W [54]. With the automatic brake
installed, the knee and ankle can generate a maximum power of 34 W
and 20 W respectively [54]. Moreover, each second of exhalation and
pulse beat generates nearly 1 W of power [55]. Despite the difficulties in
harvesting these distributed biomechanical energies, TENG and PENG
have excelled in converting them into electrical energy.

Through the coupling of the triboelectric effect and electrostatic



Table 1
Performance of self-powered technologies for all-in-one wearable biosensors[129-159].
Technologies Solar cell TENG PENG EMG/EF E-BFC TEG MEG HG
Main factors Light intensity: Frequency: Frequency: Frequency: Concentration: AT: 2.3-80 K RH: 20 %—90 % -
0.16-348 mW cm 2 0.1-4 Hz, ~kHz 0.1-5.3 Hz EMG: 0.5-4 Hz 0.2-300 mM
(ultrasound) EF: 1 kHz—10 GHz
Area (cm?)/ 0.04-244.55 cm® 0.363-100 cm® 2.25-4 cm? EMG: 0.006-30 cm? 0.158-128 cm? 0.01-3255 cm? 1-76.06 cm®
Volume 1.53-48 cm® 19.63-76.98 cm®
(em®) 16.617-122.15 cm®
EF:
2.4-100 cm?
0.002625-38.49 cm®
Power/ DC AC (peak) AC (Peak) AC DC DC AC/DC AC/DC
Power ~1282.57 mW ~1076 mW ~42.55 mW EMG: ~23.35 mW ~10.5 mW ~419.8 mW ~37.758 mW ~195 mW
density ~19.38 mW cm 2 ~420.3 mW cm 2 ~19.1 mWem™2  ~0.826 mW cm ™2 ~3.7 mW em 2 ~100 mW cm 2 ~103.13 mW cm ™2 ~30.96 mW cm 2
EF: ~3480 mW
~207 mW cm 2
Pros v High power v Extensive material selection v High power v High integration v High power v High softness v Collecting
v High integration v Various structural designs v Flexible device size v Small devicesize =~ v Commercialization v Stretchability various energies
v Unified evaluation v Flexible device size v High integration v Unified evaluation v Large-scale
criteria criteria manufacturing
Cons e Limited by ambient e Moderate integration e Tissue heating e Low power o Flexibility e Low power e Low integration
conditions e Low average power e Signal crosstalk e Low life cycle o Stretchability e Conditional
e Unstable output e High impedance e Confined to the energy e Request to e Moderate integration recycling
emitting environment maintain fuel e Moderate
supply integration
Refs. [13-53] [8,56-79] [80-92] [9,93-128] [54,160-182] [183-201] [94-100,
127,
202-209]

AT, temperature difference. AC, alternating current.
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induction effect, the relative movement between the two materials with
different electronegativity in TENG leads to the gain and loss of surface
charge, thus forming a potential difference (Fig. 2B) [56,57]. The
charges flow through the external circuit to balance the potential dif-
ference, generating electrical energy. In general, TENG has four basic
working modes, including contact-separation mode, single-electrode
mode, horizontal sliding mode, and independent layer mode, among
which the self-powered integrated wearable biosensor systems are more
inclined to the first two modes [58-62]. Moreover, the wide range of
material choices (from organic polymer films to common solid inorganic
materials) and low-frequency adaptability (usually 0.1-4 Hz) enable
TENG to harvest energy not only from the vitro motion but also from
internal organs [60,63-70]. Notably, Hinchet et al utilized a
single-electrode mode TENG to capture mechanical energy transmitted
by ultrasound (20 kHz) through the skin and liquid [71]. The vibration
of the ultrasound on the skin caused the perfluoroalkoxy film on the
TENG to contact and separate from the electrode, resulting in the charge
gain and loss, producing current output in the external circuit. This
demonstrated a novel method for powering implantable devices.
Although there is a wide variety of commonly used triboelectric mate-
rials, the dielectric materials used to construct high-performance devices
still have some limitations. Firstly, the triboelectric effect is highly
dependent on the friction series, meaning that specific material combi-
nations are required to produce high-output devices [64]. Secondly, due
to the working mechanism, repeated friction between dielectric mate-
rials can lead to surface wear, resulting in a limited material lifespan
[57]. Additionally, some commonly used materials, such as PTFE and
nylon films, are difficult to degrade, posing potential environmental
pollution concerns. Based on the flexible structural design, the effective
area of TENG-based wearable devices ranges from 0.3 to 100 cm? and
the volume is below 50 cm® (Table 1) [8,59-61,67-77]. Generally, by
optimizing materials, structures, and working principles, wearable
TENGs can achieve improved performance and a comfortable wearing
experience. The specific strategies are as follows: 1) Use elastic and
adaptable materials, or modify material surfaces with micro-nano
structures to increase its surface area, enabling the wearable TENG to
work stably in various environments. For instance, Yeh et al utilized
highly elastic liquid metal and microstructured Ecoflex materials as
friction materials for contact-separation TENGs, achieving high charge
transfer and long-term stability [60]. The surface of the flexible, soft,
and biocompatible Ecoflex polymer was modified to resemble the
structure of biomimetic shark skin, endowing the wearable sensor with
high conformability as well as unique hydrophobic and anti-adhesive
properties. 2) Use arrayed, flexible or adjustable structures to enhance
output power and contact effect. 3) Perform energy management to
optimize usage efficiency. A flexible contact-separation direct current
(DC) TENG with a built-in switch to control circuit conduction achieved
an instantaneous power of over 1000 mW and a power density of up to
420 mW cm ™2, which is 23900 times that of a conventional TENG
without a switch [8]. However, the alternating current (AC) pulse
output characteristics and low PCEs make the power output of wearable
TENG concentrated in 0.1-7 mW (Fig. 2B and Table S1) [69-71,74,76].
Compared with the power envelope (black dashed line) based on all
self-powered technologies, the power output of TENG is closer to the
lower right corner of Fig. 2B (power-area plot), which means that the
power density of the most wearable TENG is relatively low (maintained
at 0.1 mW cm’z). Therefore, methods such as material modification,
environmental control, and charge excitation are employed to enhance
the charge density of TENG, thereby increasing power output [78,79].

Unlike TENG, the material options for wearable PENG are relatively
limited, primarily focusing on piezoelectric materials such as lead zirc-
onate titanate (PZT), arrayed zinc oxide (ZnO) nanowires, and poly-
vinylidene fluoride (PVDF) films [80-85]. Based on the piezoelectric
effect, when the piezoelectric materials are deformed by the external
force, the centers of positive and negative charges in the unit cell no
longer coincide, resulting in macroscopic polarization of the crystal and
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opposite charges appearing at both ends of the piezoelectric material
(Fig. 2C) [85]. In 2006, Wang et al. demonstrated the first PENG [86].
The nanogenerator is composed of ZnO nanowires and Pt electrodes.
Based on the piezoelectric effect, ZnO nanowires undergo internal po-
larization when deformed by external pressure. The Pt electrode induces
opposite charges by contacting the ZnO nanowire surface, forming a
potential difference that generates charge flow in the external circuit. It
is important to note that the commonly used piezoelectric materials still
have some limitations. Firstly, the stability of typical piezoelectric ma-
terials is relatively poor. PZT materials are brittle and have high rigidity
[80]. ZnO nanowires are prone to fracture or fatigue under repeated
mechanical stress [86]. PVDF is susceptible to thermal decomposition or
performance degradation at high temperatures, and long-term use may
lead to material aging and a decrease in piezoelectric performance [82].
Secondly, these piezoelectric materials have strong processing de-
pendencies. For example, the piezoelectric performance of PVDF is
highly dependent on the control of crystallinity, and the fabrication
process requires high precision [82]. Therefore, improving the perfor-
mance of wearable PENGs primarily involves enhancing the piezoelec-
tric effect, increasing energy conversion efficiency, and boosting charge
collection and storage capabilities. For example, selecting efficient
piezoelectric materials or optimizing materials through polarization
treatment [82]. Further optimization can be achieved by enhancing
deformation capability or employing a multilayer design. For example,
Xu et al. arranged porous piezoelectric ceramics with microstructures
into ordered macroscopic array structures [80], successfully integrating
multiple sensing units within a small area (2.23 cm?) to construct a
high-performance flexible PENG. The porous, layered piezoelectric
ceramic elements optimized sensing and collection performance, while
the array structure generated high levels of effective strain, and the use
of piezoelectric composites enhanced device flexibility, achieving a
power density approaching 20 mW cm 2. With device areas less than
5 cm?, most wearable PENGs operate at frequencies between 0.1 and
5 Hz, and output powers less than 50 mW (Fig. 2C, Table 1 and Table S1)
[80,82-85,87-89].

Compared with other self-powered technologies, biomechanical en-
ergy generators based on TENG and PENG can choose environmentally
friendly and non-toxic materials to form power-generating units or be
implanted in organisms [90,91]. However, the pulsed output charac-
teristics and large internal resistance (10-100 megohms) result in low
PCEs and average power density, which leads to the fact that these
biomechanical energy generators are often combined with other gen-
erators to generate electricity [92].

2.3. Electromagnetic generator and wireless power transmission
technology based on electromagnetic field

In addition to TENG and PENG, the EMG is also suitable for har-
vesting biomechanical energy. Based on electromagnetic induction,
when the magnetic flux in a closed circuit changes, an induced current is
generated in the closed circuit (Fig. 2D). Wearable EMG mainly drives
the movement of the magnet through the movement of the body, and
then the coil damping converts the mechanical movement energy of the
magnet into electrical energy [93]. As a mature energy harvesting de-
vice, wearable EMG outputs high power (up to 140 mW), accompanied
by the characteristics of large current (up to 70 mA), small voltage
(about 10 V) and small load (below 4000 ohms) [93-100]. Even though
EMG prefers to collect high-frequency (greater than 5 Hz) energy, the
operating frequency of wearable EMG bound to the joints makes it
difficult to meet this requirement [101,102]. Not to mention the diffi-
culty of reducing the effective area and volume of EMGs (20-80 cm?,
20-130 cm®). The power density of EMG is below 1 mW cm 2, as shown
in Table 1 [93-100]. Therefore, wearable EMG is often combined with
other energy harvesters to form a HG for energy collection or motion
sensing, which will be described in detail below in the following
sections.
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However, the energy obtained from the natural environment and the
human body is still limited, which makes it difficult to cope with some
wearable sensors with high energy requirements (such as blood oxi-
meters). The wireless power transmission technology based on electro-
magnetic field (WPT-EF) is an excellent alternative, with the
characteristics of convenient charging, contactless, more hygienic and
longer autonomy. The principle can be briefly described as follows:
electromagnetic waves generated by the time-varying electromagnetic
field are collected across space by a receiving device (such as an an-
tenna) [103]. The receiving device then supplies the collected energy to
the load (Fig. 2D). Moreover, wireless power transmission (WPT) and
wireless signal transmission operate on the same principle, except that
the former focuses on transmitting energy, while the latter focuses more
on the information in the energy transfer process. WPT-EF technologies
can be divided into near-field (frequency, kHz to MHz), mid-field (MHz
to GHz) and far-field (MHz to GHz) energy transmission [104].

For near-field energy transmission, power can be transferred via
inductively coupled magnetic fields or capacitively coupled electric
fields, and the transmission distance is generally in the order of milli-
meters or centimeters [105-110]. In inductive coupling, transmitting
coils with large areas can effectively solve the problem of low energy
transfer efficiency caused by angular misalignment and increased dis-
tance between the transmitting coil and the receiving coil. However,
large transmitter coils (4-100 cm?) do not prevent inductive coupling
technology from transmitting high-power energy (10-3480 mW)
[105-107,110]. Additionally, improving the stretchability and flexi-
bility of the transmitting and receiving coils, while ensuring energy
transfer efficiency, is a key foundation for developing flexible energy
sources based on WPT-EF technology. Using flexible materials such as
liquid metal, conductive polymers, and thin-film materials to fabricate
transmission coils or flexible circuits is a common wearable design
strategy. By filling channels temporarily formed and sealed by a sacri-
ficial layer (such as polyvinyl alcohol film or tape) with liquid metals
like Galinstan under negative or positive pressure, Teng et al. achieved
high-resolution liquid metal patterning at different length scales [105].
The 7 cm diameter wearable wireless charging device achieved a power
density of up to 90.43 mW cm ™2 and a transmission efficiency of 60 %.
Its power output is as high as 3480 mW, which is the maximum power
output of all wearable self-powered technologies we have counted and is
at the highest point of the power envelope. However, these flexible
materials still have certain shortcomings. Firstly, liquid metals such as
gallium and gallium-indium alloys are prone to the formation of an
oxide layer on their surface, which can affect electrical conductivity
[106]. Precise control over the shape and positioning of liquid metals
requires complex microfabrication techniques, such as microchannel
design. Additionally, some liquid metals (e.g., gallium) may have certain
toxicity or evaporate at high temperatures, posing potential risks to the
environment. Secondly, conductive polymers like polyaniline, and
flexible films such as pure graphene films suffer from insufficient me-
chanical properties [111]. Under prolonged bending or stretching con-
ditions, cracks or breaks in the conductive pathways may occur.
Therefore, the chemical stability, conductivity and mechanical proper-
ties of flexible materials can be further improved by introducing
anti-oxidation coatings and developing composite materials. Moreover,
the use of embedded design or array structure design can disperse stress
and extend the stress of devices and extend their life. Furthermore, the
introduction of hermetic packaging or coating protection technology
can also increase the service life of its devices. For mid-field energy
transmission, based on magnetic resonance coupling, the transmitting
and receiving devices have the same resonant frequency through
reasonable calculations of coils and capacitances, which enables energy
transmission over a longer distance and with higher efficiency [103].
Magnetic resonance coupling technology often powers electronic de-
vices inside living organisms and can transfer milliwatt-level power to
micro-implants in deep tissues (more than 5 cm) [112-116]. Based on
this technology, Choi et al. developed a self-powered fully implantable
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cardiac pacemaker with a size of 2.4 cm? (volume, 0.06 cm3), an energy
transmission efficiency of 22.5 %, an output power of 100 mW, and a
maximum transmission distance of 17 cm [116]. Furthermore, a novel
mid-field energy transmission method transfers milliwatt-level power to
micro-implants (2 mm, 70 mg) in deep tissues (>5 cm) for medical
treatments such as physiological stimulation [112]. It uses patterned
metal plates to induce adaptive energy transfer through propagation
patterns in tissue and create a high energy density area deep in the tis-
sue, which allows the energy harvesting structure to be made several
orders of magnitude smaller than traditional pacemakers. However, the
mid-field energy transmission based on magnetic resonance coupling
faces difficulties such as complex technology, signal crosstalk, and large
size. For far-field energy transmission, the energy is sent via radio fre-
quency waves, captured by an antenna at the receiver end and converted
into electrical energy to power the sensors. Radio frequency (RF) power
transmission typically operates in the frequency range of 3 kHz to
300 GHz. In wearable systems, radio frequency technology is widely
used for signal transmission [117-120]. Generally, RF power trans-
mission efficiency can be effectively improved by optimizing antenna
design, matching impedance networks, using advanced materials and
intelligent algorithms, etc [103]. For example, by combining MoS,
rectifiers with flexible Wi-Fi band antennas, Zhang et al. [121] have
fabricated a fully flexible, integrated rectenna that enables wireless
energy harvesting of electromagnetic radiation in the Wi-Fi band
(~10 GHz) with a PCE of 40.1 %.

Moreover, based on electromagnetic induction, magnetoelectric
materials enable millimeter-sized wireless stimulators. Similar to an
induction coil, when the magnetic dipoles in the magnetoelectric ma-
terial align with the external magnetic field, the magnetic field produces
strain in the magnetostrictive layer, and this strain exerts a force on the
piezoelectric layer, thereby generating a voltage [122]. Therefore, this
magnetoelectric material-based WPT technology is different from those
introduced previously, which converts the magnetic field into an electric
field through mechanical coupling between the magnetostrictive layer
and the piezoelectric layer. The ultra-small size (area, 0.06-0.27 cm?;
volume, 0.002-0.008 cm?) of magnetoelectric materials combined with
chip design can generate large output power (up to 56 mW and
207 mW cm™2), making them deep implants (up to 5 cm) in the body for
neural stimulation [9,122-125]. Kim et al. found that WPT based on
magnetoelectric materials can increase power density by enhancing the
adhesion between magnetoelectric material layers, clamping, and opti-
mizing material thickness [9]. Based on these strategies, they can deliver
31 and 56 mW of power to magnetoelectric material receivers of 10 and
27 mm?, achieving an energy density of 207 mW cm 2. However, WPT
technology based on electromagnetic materials has low conversion ef-
ficiency due to two energy conversions, and the external energy supplier
(such as a battery) that provides the magnetic field makes it difficult for
the overall device to be self-powered.

As shown in the power-area data in Fig. 2D and Table S1, in the size
range of 0.001-10 cm?, most of the energy output values of the wearable
EMG and WPT-EF are on the power envelope formed by all self-powered
technologies, indicating the ultra-high energy output (up to 3480 mW
and 207 mW cm~2). Power output in this range meets the needs of most
low-power sensors, such as pacemakers, wireless cameras, etc [6,70,
126,127]. However, for most wearable WPT-EF technologies, the main
challenges faced include: 1) Coupling design of energy-receiving coil
and living body. It mainly depends on the flexible materials used for
coils, including polymers, graphene-based materials, and MXenes-based
composites [111]. 2) Heating of biological tissues. Because organisms
also absorb the energy transmitted by high-frequency strong electro-
magnetic waves (greater than 500 kHz, greater than 10 mT), leading to
unsafe heating of biological tissues [128]. Therefore, it is especially
important to study the energy transfer of low-frequency weak electro-
magnetic waves. 3) Signal crosstalk. Signal crosstalk may occur between
electromagnetic waves of various frequencies, affecting the communi-
cation and energy transmission of WPT equipment. 4) WPT-EF
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technology receivers always require additional energy-transmitting
equipment, which brings difficulties to users in wild environments.

2.4. Enzyme-based biofuel cells

First proposed in 1964, the biofuel cell (BFC) consists of a dual-
electrode cell separated by an electrolyte and is a subclass of fuel cells
that use redox enzymes as catalysts [129]. Enzyme-based BFCs (E-BFCs)
are attractive in the wearable field due to their abundant energy source.
According to reports, the glucose concentration in relevant body fluids
ranges for a healthy adult are as follows: 0.01-0.2 mM in sweat,
0.1-0.6 mM in tears, 0.24-0.72 mM in saliva, and 0.1-0.8 mM in urine
[130-132]. Moreover, as the main metabolite of most tissues in the
body, lactate exists at high concentrations (5-25 mM) in the sweat of
healthy male bodies [133]. Based on these biological fluids, E-BFC can
achieve in-situ power supply. The working mechanism of E-BFC is as
follows: biofuels (e.g., glucose, lactic acid, etc.) are oxidized by oxido-
reductase at the anode, and electrons flow through an external circuit to
the cathode (direct current), where the oxidant (usually oxygen or
peroxide) is reduced to water (Fig. 2E). Generally used oxidoreductases
include cellobiose dehydrogenase [134], lactate oxidase [135], and
bilirubin oxidase [136], etc [137]. The bioanode and cathode materials
used include Au and Au nanotubes [134], graphite [135], platinum and
their modifications [138]. Considering that E-BFCs primarily function in
biological fluids, the functional materials used in E-BFCs should possess
several essential characteristics, including biocompatibility, perme-
ability, antifouling properties, conductivity, transparency, adhesiveness,
and scalability. Biocompatibility refers to the ability of a material or
device to interact with a biological system without causing significant
adverse reactions [139]. This includes the immune and tissue responses
during contact with the material, as well as the material’s toxicity,
stability, and degradability. Currently, natural materials such as cellu-
lose and fabrics, as well as hydrogels like alginate and gelatin, exhibit
excellent biocompatibility [139]. Surprisingly, the above two types of
materials also have good permeability, which means that air and
moisture can be exchanged through them, giving organisms a comfort-
able wearing experience. Additionally, by creating anti-contamination
layers (such as materials like bovine serum albumin and polyethylene
glycol) on the working electrode, high-performance anti-fouling mate-
rials can be formed, which prevent the binding of contaminants with the
sensitive materials in the sensor during the reaction process, thereby
preventing non-specific interactions [140]. However, such layers may
hinder electron transfer, thus affecting the operational efficiency of the
E-BFC. In addition, inorganic materials such as liquid metals, gold and
graphene exhibit excellent electrical conductivity, and polymers like
polydimethylsiloxane (PDMS) and polyimide demonstrate good trans-
parency and adhesive properties [137]. However, these materials also
have their respective limitations. Firstly, these functional materials
cannot integrate biocompatibility, breathability, anti-pollution, con-
ductivity and wearability. Materials such as gold and platinum are
precious metals, making large-scale production economically unfeasi-
ble. The fabrication of nanostructures is complex, making it difficult to
achieve mass production and consistent control [141]. Secondly, the
electrical conductivity of materials like graphite is lower than that of
metals, which limits their application as high-performance electrodes.
Moreover, graphite has fewer active sites on its surface, which hinders
the efficient immobilization of enzymes [137]. Therefore, to enhance
the output power of wearable E-BFCs, strategies should be implemented
to ensure the entire chemical reaction process is efficient and rapid.
These strategies include increasing enzyme activity [142], modifying
the electrode surface to promote electron transfer [143], and using
high-surface-area nanomaterials to boost current density [144]. Addi-
tionally, by incorporating materials that enhance mechanical strength,
such as carbon nanotubes, graphene, and self-healing polymers or
hydrogels, the durability of E-BFCs can be improved after mechanical
wear. The use of high thermal stability materials like polyimide and
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polydimethylsiloxane, along with coatings and encapsulation technol-
ogies such as polytetrafluoroethylene and epoxy resins, can mitigate the
adverse effects of significant temperature and humidity fluctuations on
the devices [139].

Therefore, Kwon et al. assembled gold nanoparticles onto cotton fi-
bers layer by layer to form high-conductivity metal cotton fibers that
serve as conductive carriers for enzyme-free cathodes and enzyme an-
odes [145]. Glucose oxidase was similarly assembled layer by layer onto
the metal cotton fibers to become the anode. This method greatly
enhanced the electrical communication between the enzyme and the
electrode, and prepared a BFC with better performance compared to
traditional devices. When the glucose concentration in sweat is 300 mM,
the BFC with layer-by-layer assembled glucose oxidase-coated metal
cotton fibers achieved a power density of 3.7 mW cm ™2, representing
the best performance output among E-BFCs to date [145]. When the
glucose concentration in sweat is 0.2 mM, the E-BFC based on liquid
metal-based metal polymer conductors [146] produces a power density
of 0.014 mW cm 2. Thanks to technologies such as microfluidics and
screen printing, E-FEC can be printed on PDMS, textile cloth and other
soft base materials in the form of small-sized multi-units (0.006-30
cmz), with a high degree of integration (Table S1) [145-159]. Further-
more, by utilizing the cross-dimensional integration of nanomaterials,
Yu et al reported an E-BFC that achieved a power density of
3.5 mW cm 2 in untreated human sweat at a lactate concentration of
40 mM [156]. Despite the high flexibility of E-BFCs, which allows for
seamless integration with flexible electronic devices, low power output,
limited life cycle, and the continuous need for fuel remain pressing is-
sues for these energy harvesters.

2.5. Thermoelectric generator

In addition to metabolites being capable of generating energy,
human bodies’ thermal emissions are also an underestimated source of
free energy. At room temperature of 25 °C, an adult sitting still releases
approximately 60 W of heat to the atmosphere through sensible heat
transfer, while normal walking at a speed of 1.3 m s ! releases about
100 W [54]. TEGs can convert this wasted energy into electrical energy.
Based on the Seebeck effect, when the two sides of N-type and P-type
semiconductors are exposed to different temperature environments, the
internal carriers diffuse from the hot side to the cold side, generating the
direct current in the external circuit connecting the two semiconductors
(Fig. 2F). Semiconductor materials such as Bi;Tes, GeTe, PbTe, and their
related alloys are traditional thermoelectric materials [160]. Among
them, BiyTe3 and its related dopants are currently the best-performing
materials for thermoelectric applications at room temperature [161].
However, these thermoelectric materials still face some challenges in
terms of cost, environmental impact, and stability. Both bismuth (Bi)
and tellurium (Te) are scarce resources, and their high prices make the
large-scale application of these materials economically unfeasible. PbTe
contains lead, which poses significant environmental and health risks.
At high temperatures, PbTe and GeTe are prone to chemical degradation
or oxidation, which affects their long-term stability and reliability
[161]. Therefore, it is very reliable to develop lead-free, low-toxic,
environmentally friendly and low-cost thermoelectric materials, such as
silicon germanium (SiGe) alloy, tin selenium (SnSe), etc. By adjusting
the thermoelectric properties of materials through doping (such as
adding Sb and Se to BisTes) and alloying, the long-term stability and
efficiency can be improved. The power generation efficiency of TEG is
determined by the thermoelectric figure of merit of the thermoelectric
material (2T = %"T) [162]. Under the condition of a certain temperature
difference, high electrical conductivity (o), high Seebeck coefficient (S)
and low thermal conductivity (x) mean high power generation effi-
ciency. However, these three parameters are interrelated, making their
simultaneous optimization extremely challenging. Therefore, at room
temperature, most current wearable TEGs have zT values around 1
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[161]. More importantly, the development of TEGs in wearable bio-
sensors focuses on enhancing output power under limited dimensions at
room temperature conditions [163].

Compared to TEGs for large-scale energy harvesting that have been
tested at temperature differences of up to 80 K [164], wearable TEGs
operate in environments with temperature differences of only 1-10 K
[165-170]. Typically, wearable TEGs are composed of numerous
micron-sized thermoelectric legs, with a total size ranging from 0.1 to
130 cm?, capable of providing up to 419.8 W of power (Table 1 and
Table S1) [164-181]. Based on a porous sandwich substrate and a
directly welded copper foam heat sink, a new type of wearable TEG
effectively improves the thermal conditions, greatly reduces the thermal
resistance of the cold/hot side, and obtains high flexibility and
419.8 mW of power output [181]. Moreover, it integrates energy man-
agement, energy transmission, and signal transmission modules, func-
tioning as a wearable multi-sensor health monitoring system. Based on
the industrial silicon complementary metal-oxide-semiconductor pro-
cess, Hu et al. fabricated a nanostructured silicon thermopile TEG with a
total area of 48 um x 36 um and a power density of 33.33 mW cm 2,
which brings great opportunities for all-in-one wearable biosensors
based on TEGs [163,182]. As illustrated by the power output in Fig. 2F,
wearable TEGs demonstrate particularly outstanding energy harvesting
performance within the centimeter size range. Therefore, by enhancing
flexibility, stretchability, and integration with sensor chips, the TEG will
become a more prominent energy harvesting technology in the field of
wearable biosensors.

2.6. Moisture-electric generator

Moisture (water vapor), which is widely distributed in the natural
environment, contains immense energy. Theoretically, 1 g of water
transitioning from a gaseous to a liquid state can release 2260 J of en-
ergy, which is nearly equivalent to the energy contained in a standard
AAA battery [183]. Based on the hydroelectric effect, electricity can be
generated through the direct interaction between carbon nano-
structured materials and flowing, dripping, and evaporating water
[183]. Consequently, MEG has recently gained significant prominence
in the field of wearable biosensors. In Fig. 2G, materials with
gradient-arranged oxygen-containing functional groups adsorb water
molecules from the air, resulting in a gradient distribution of H' ions
[184]. Driven by this concentration gradient, the H' ions diffuse,
generating current in the external circuit. In 2015, Qu et al. established
an oxygen functional group gradient in a graphene oxide film [184],
harvesting energy from the diffusion of moisture in the air, thus creating
a pioneering moisture-powered generator with a PCE of up to 62 %.
Later, Liu et al. discovered that protein nanowires could adsorb moisture
from the air and generate charge separation through the interaction
between the moisture and the nanowires [185]. The film devices made
from these nanowires can continuously generate power spontaneously
in the environment due to the self-maintaining humidity gradient. In
addition to the commonly used graphene oxide materials, other active
materials for MEGs include common polymers and their gels, such as
polyacrylic acid (PAA), biomaterials like proteins, and semiconductor
materials such as MoS; films [186]. However, these materials have
limitations in practical applications. The hygroscopic properties of GO
are highly dependent on environmental humidity, which restricts its use
in environments with significant humidity fluctuations [186,187].
Additionally, GO has low mechanical strength and is prone to cracking
or failure. PAA is a soft insulating material that is easily deformed or
fractured, and must be combined with other conductive materials to
enable charge transport [186]. Furthermore, the conductivity of MoS; is
relatively low, limiting its charge transfer rate, and its production cost is
high [186].

So far, research on wearable MEGs is still in the early stages of
development [186]. The tested humidity environments typically range
from 20 % to 90 % and most MEGs generate electrical power around
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1 mW (effective area, 0.01-4 cmz), as shown in Fig. 2G and Table S1
[184,188-197]. Therefore, efficient water capture ability and a
long-lasting water gradient are crucial for achieving sustained
high-power output in MEGs [193]. The former enhances ion diffusion,
leading to higher power output, while the latter ensures continuous
power generation. Current effective engineering methods include:
physicochemical modifications to enhance surface hydrophilicity [195];
creating layered porosity to increase the contact area between materials
and water molecules [184], thereby improving moisture absorption;
forming internal chemical gradients through methods like laser irradi-
ation to establish persistent water gradients [198]; and using asym-
metric humidity environments to provide asymmetric moisture
retention [199]. For example, Zhu et al. adjusted the surface charge and
hydrophilicity of homemade protein films by changing the pH value of
whey protein dispersion and applying plasma treatment [200]. A scal-
able MEG based on the film can generate around 30 mW of power at
40 % relative humidity (area range: 0.1-3255 cm?). Due to the huge
specific surface area and one-dimensional transport nanochannels, MEG
based on gradient-doped polypyrrole nanowires has produced a high
output power density of 103.13 mW cm 2, demonstrating that acceler-
ating ion transport can further optimize the performance of MEGs [201].
Based on the current research, if efficient MEGs can be manufactured
with high power, high stability and adaptability to low-humidity envi-
ronments, they would be compelling candidates for self-powered tech-
nology in the field of wearable biosensors.

2.7. Hybrid generator

Although some energy harvesters can meet the energy requirements
of most low-power electronic devices, their output performance is
mostly limited by the environment. SCs are limited in their application
during the night. Harvesting biomechanical energy requires continuous
triggering of devices. WPT-EF depends on an energy emitter, and BFCs
require a continuous supply of biological fluids. In practical applica-
tions, HGs capable of simultaneously harvesting multiple types of energy
can improve the cost-effectiveness of all-in-one systems significantly.

Based on the flexible structural design, TENGs are easier to integrate
with other energy harvesters to form HGs. Theoretically, combining
TENG with EMG can achieve higher power output, as the former has
high voltage output characteristics while the latter provides high current
output [94,96-99]. For example, a new HG with a volume of 16.617 cm®
achieved an ultra-high power output of 112 mW by rationally inte-
grating EMG with two working modes of TENGs [100]. During the
capacitor charging process in HGs, EMG plays a primary role in the
initial stages, while TENG becomes more significant in the later stages
[94,96-100]. Additionally, the synergistic collection of biomechanical
energy and solar, biochemical energy, etc. is also an attractive approach
in HGs [95,202-205]. By assembling a hybrid power source made of an
independent layered TENG from Ag and PET film and a polycrystalline
GaAs thin-film SC, Yan et al. achieved a power density of up to
30.96 mW cm 2 (PCE, 30.75 %) [205]. Utilizing both mechanical mo-
tion and solar energy, the wireless physiological monitoring system
based on this hybrid power source can further monitor the wearer’s
heart rate, blood pressure, temperature, and motion parameters. Based
on the analysis of the capacitor charging process in most HGs, other
generators contribute the most energy during turbulent charging,
whereas TENG mainly provides energy for trickle charging [206].
Moreover, the integration of other energy harvesters opens up possi-
bilities for diverse forms of energy collection [127,207-209]. For
instance, a hybrid generator combining photothermal and thermoelec-
tric conversion can output up to 195 mW of power under the cover of
biological tissue [127]. However, harvesting energy from multiple
sources also implies accumulating multiple energy harvesters, and un-
reasonable structural designs can lead to increased device size. By
observing the output statistics (Fig. 2H and Table S1), it is evident that
there is a high correlation between the power output of HGs and their
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effective area. Therefore, further improving the structural design of HGs
and enhancing the synergy between different energy harvesters are
essential for developing the application potential of HGs in the field of
wearable biosensors.

Overall, as shown in Fig. 1B, Table 1 and Table S1, the sizes of most
wearable energy harvesters range from 0.01 to 100 cm?, with power
outputs spanning from 0.001 to 1000 mW. The highest and lowest
power output points come from WPT-EF technology and E-BFC tech-
nology, respectively, which are determined by their working mecha-
nisms, device structures, and energy sources. In Fig. 1B and Fig. 2, the
technologies in the upper left corner of these power-size diagrams
exhibit the highest power density. We anticipate that newly invented
energy harvesting technologies or improvements to existing ones (we
have already mentioned in the review of each self-powered technology)
can achieve even higher power densities, expanding the power envelope
in these figures further towards the upper left.

2.8. Energy management for self-powered technologies

According to Fig. 1B, although most of the surveyed energy har-
vesters can meet the power requirements of some low-power electronic
devices, their actual performance in practical applications is often
disappointing. It is primarily due to the mismatch between sensors and
energy harvesting devices, making appropriate energy management
essential. Generally, EMCs for self-powered technologies consist of three
parts: rectifiers, the DC-DC conversion module including the maximum
power point tracker (MPPT) and charging controller, and energy storage
devices. Moreover, the inherent high-voltage, low-current output char-
acteristics of TENGs necessitate the use of distinct EMCs compared to
other energy harvesters (Fig. 3A).

2.8.1. Rectifiers
Before further utilizing the energy harvested by the energy collector,
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a rectifier must first convert the AC output into DC output, including the
half-wave rectifier, the full-wave rectifier, the bridge rectifiers, and the
voltage doubler circuit (Fig. 3B). A half-wave rectifier typically includes
only one diode in the circuit, achieving rectification at the expense of
losing half of the AC output. The half-wave rectifier has a simple
structure and is often used to prevent current from flowing back from the
energy storage unit to the SC [7], or as a charge replenishment channel
in TENG applications [210].

Full-wave rectification utilizes the entire waveform of the AC signal,
converting both half-cycles into DC, significantly improving rectifica-
tion efficiency. It mainly consists of two types: the conventional full-
wave rectifier circuit (using two diodes) and the bridge rectifier cir-
cuit (using four diodes). Using a conventional full-wave rectifier circuit,
the maximum energy provided by TENG to a capacitive load is higher
[211,212]. However, in a bridge rectifier circuit, each diode experiences
a lower reverse voltage, making it the preferred choice for most energy
harvesters [105,213].

Additionally, diodes with guiding properties, combined with ca-
pacitors with charging and discharging characteristics, form the voltage
doubler rectifier circuit [214]. The working principle of the
second-order voltage doubler rectifier circuit is as follows: during the
positive half-cycle of the AC supply, the first diode conducts, charging
the first capacitor. In the negative half-cycle, the second diode conducts,
working in conjunction with the first capacitor to charge the second
capacitor. As the capacitors accumulate charge, the output voltage ul-
timately exceeds the input voltage. This circuit can convert low-voltage
AC signals into high-voltage DC output and has been widely applied in
the field of TENGs [78,215]. Based on this mechanism, the
contact-separated TENG works as a capacitor in the voltage doubler
rectifier circuit, resulting in an exponential charge output. Further
optimization of various parameters, including dielectric materials
(thickness, type, etc.), environmental conditions (air pressure, oxygen,
humidity, etc.), and adjustment of the voltage doubler rectifier circuit
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(order, capacitance, etc.) can significantly enhance the output charge
density of excitation TENG [78], reaching up to 4.13 mC m~2. The lower
output efficiency and susceptibility to external disturbances indicate
that there is significant room for improvement in voltage doubler
rectifier circuits within the self-powered domain.

2.8.2. DC-DC converters

After the rectifier, the energy source from the energy harvester enters
the DC-DC converter. Here, the DC-DC converter adjusts the input
voltage to meet the requirements of subsequent energy management.
The main electronic components of a DC-DC converter include inductors
(L), diodes (D), capacitors (C), and synchronous switches (S), etc.
Typical DC-DC converters are divided into boost type, buck type, and
buck-boost type. Self-powered technologies such as SC, TEG, and E-BFC
have a relatively small output voltage and often use a boost DC-DC
converter, whose simplified schematic diagram is shown in Fig. 3C
(®) [181,216,217]. First, the switch is turned on and the current in the
inductor increases. Then, when the switch is turned off, the polarity of
the inductor is reversed, and the inductor voltage is superimposed with
the input voltage to form a total voltage higher than the input voltage.
The superimposed voltage drives the current through the diode and the
load to charge the output capacitor. However, because the environments
in which these energy harvesters operate are not stable, such as changes
in sunlight intensity and temperature affecting the output voltage of the
energy harvesters, buck-boost DC-DC converters (@) are essential for
self-powered technologies like SC [218], PENG [219], and TEG [220].
The mechanism is as follows: the switch is turned on and the current in
the inductor increases. The output is now mainly maintained by the
discharge of the capacitor. Then, the switch is turned off, and the current
in the inductor flows to the load and capacitor, and then returns to the
inductor after passing through the diode. In this circuit, the output
voltage can be controlled by controlling the duty cycle of the switch.
Currently, advanced manufacturing techniques have integrated the
DC-DC converters, MPPT, and charging controllers into a single circuit
board, resulting in commercialized products (BQ25504, LTC3108, etc.)
[126]. Additionally, in the field of wearable biosensors, energy man-
agement strategies based on boost mode and buck-boost mode have
energy conversion efficiencies ranging from 35 % to 89.6 % [126,127,
165,167,168,173,176,181,221]. Depending on the energy consumption
of the driven sensors, the energy consumption of this management
strategy varies from 0.00072 mW to 13 mW [126,127,165,167,168,173,
176,181,221], as shown in Table S2. It is worth mentioning that by using
nanopower design technology to minimize the inherent consumption
during operation, the fully autonomous power converter chip proposed
by Dini et al. can be applied to a variety of energy harvesters, with a peak
power conversion efficiency of up to 89.6 % and an inherent current
consumption as low as nanoampere level [221].

Furthermore, buck DC-DC converters, which can reduce the voltage
of the energy source, are highly compatible with TENGs. They are
mainly classified into three types: LC converters (®) [222], inductor
transformers (@) [223], and switched capacitors (charge pumps, ®)
[224]. The most widely used are LC converters due to their simple
structure and ease of manufacturing. However, TENGs are often
incompatible with commercially available inductive components,
necessitating the design of custom inductors for optimal performance.
Based on this, Wang et al. proposed a general design procedure for
matching inductors in electrostatic energy conversion, achieving a
module energy conversion efficiency of 90.7 % and a total energy con-
version efficiency of 81.6 % [222]. Similarly, issues with inductive
transformers are resolved by using adjustable automatic spark switches
and custom-made transformers, achieving an energy conversion effi-
ciency of 78.5 % [223]. In recent years, switched capacitors, formed by
series and parallel combinations of capacitor banks, have effectively
demonstrated voltage conversion capabilities. They possess advantages
such as being non-magnetic, highly efficient (greater than 94 %), and
effectively enhancing charge, making them promising for applications in
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TENG, E-BFC and other related fields [224,225]. Specifically, Liu et al
developed a switched-capacitor converter based on a fractal structure.
By reducing the negative impact of the total output voltage drop across
the switches, it efficiently converts high voltage and low charge to low
voltage and high charge, achieving an energy transfer efficiency
exceeding 94 % in constant output mode [224]. The conversion effi-
ciency of buck DC-DC converters ranges from 48 % to 94.5 %, with
energy consumption between 0.002 and 1.5 mW (Table S2) [213,
222-224,226-231].

Due to high internal impedance and pulse signal output, TENGs must
employ switches to achieve low-frequency energy storage and instant
energy release before employing the aforementioned buck DC-DC con-
verters, avoiding significant energy loss [223,231]. Common switches
include contact switches [229], electrostatic vibration switches [232],
electric switches [233], triodes [228], plasma switches and discharge
switches [234,235]. Furthermore, MPPT continuously adjusts the
operating point of the energy source to maintain the maximum power
output, while the charging controller manages the charging process of
energy storage devices, extending their lifespan and ensuring safety [7].

2.8.3. Energy storage units

Finally, commercial capacitors, supercapacitors, or batteries are used
to store the energy after management. Among them, supercapacitors
with fast charging and discharging characteristics can provide stable
power output, which complements the irregular current generated by
the energy harvester and makes up for the energy fluctuations caused by
the unstable working environment, which has attracted widespread
attention [236,237]. Moreover, we have plotted the statistical power
range consumed by EMCs in the wearable biosensor field near the y-axis
in Fig. 1B. Since EMCs consume a significant portion of the energy
captured by the harvesters, improving their energy conversion efficiency
can further optimize the all-in-one self-powered wearable biosensors.

It is worth emphasizing that in recent years, machine learning, as an
emerging approach, has maximized the optimization of the energy
conversion process through its intelligent characteristics, thereby
reducing energy loss and improving overall efficiency. Currently, ma-
chine learning-based energy management mainly focuses on the
following three aspects. First, machine learning models such as time-
series analysis or deep learning are used to predict changes in external
environments such as light intensity or motion frequency, which in turn
adjust the operating modes of self-powered devices. For example, using
a radial basis function neural network algorithm to predict time-series
data, Yona et al. were able to predict the power output of a photovol-
taic system 24 hours in advance based solely on meteorological data,
preparing for solar energy collection, management, and storage in
advance [238]. Second, reinforcement learning or deep learning algo-
rithms optimize the control strategies of energy converters, improving
MPPT and energy conversion efficiency under different load conditions.
For example, an algorithm based on linear and nonlinear regression
machine learning is used to operate photovoltaic systems at their
maximum power point, determining the duty cycle of boost converters
to enhance energy conversion efficiency [239]. Third, in the case of
multiple self-powered technologies coexisting, machine learning can
analyze the output characteristics of each module in real-time and
adaptively allocate energy to different energy storage modules or
directly supply loads. Additionally, machine learning can dynamically
adjust the operational modes of devices (such as sensor sampling fre-
quency or communication intervals), minimizing power consumption
while ensuring performance. For instance, using ultra-low-power edge
computing, a TEG-based self-powered wearable system can estimate
multi-modal health parameters, including time-varying metabolic en-
ergy, in real-time, detecting limb movement and skin temperature
[167]. Therefore, the development of energy management circuits based
on machine learning or adaptive energy routing will further enhance the
operational efficiency of self-powered wearable biosensors.
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3. All-in-one wearable biosensors

Self-powered technologies not only provide energy support for the
integration of wearable biosensors, but they can also serve as active
sensors, offering diverse pathways for signal acquisition. In this process,
the cooperation with integrated engineering such as signal arrays,
microfluidics, screen printing, integrated circuits, etc. enables a large
number of signals to be collected and processed simultaneously, greatly
simplifying sensor networks. Next, we will review wearable biosensors
from the perspectives of mechanisms, size, performance, and integration
technologies, with a particular focus on power consumption, wear-
ability, sensitivity, and their improvement strategies (Fig. 4, Table 2 and
Table S3).

3.1. Wearable biosensors

Wearable biosensors utilize biomaterials as recognition elements to
convert biochemical reactions into quantifiable physical and chemical
signals. By incorporating flexible substrates, they enable real-time, in
situ sensing of various biological signals. The first generation of wear-
able biosensors primarily focused on biophysical monitoring by tracking
an individual’s physical activities or vital signs. Based on physical
principles (such as electrical, optical, mechanical, and magnetic), bio-
physical sensors convert changes in biological systems (such as pressure
changes) into measurable physical signals (such as voltage) [240].
Numerous biophysical sensors have already been commercialized [172].
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The second generation of wearable biosensors primarily relies on bio-
fluids, using biorecognition elements (such as glucose oxidase) to
chemically react with specific analytes in the biofluids (such as glucose)
to produce detectable signals (such as current) [241]. These biochemical
sensors, which come in forms such as patches [242], contact lenses
[243], and textiles [7], are mostly still laboratory prototypes. Currently,
the development of wearable biosensors has gradually shifted from
uniform medical monitoring towards personalized health services
[244]. However, the pursuit of integration has never ceased.

3.1.1. Commercial wearable biosensors

Commercial wearable biosensors integrate signal collection, pro-
cessing and transmission into one device, which can be easily connected
to the energy harvesters to become the integrated devices. As shown in
Fig. 4A and Fig. 1B, typical power requirements for most commercial
low-power biosensors range from 0.005 to 100000 pW. Wherein, most
commercial sensors are based on biophysical signals, including cochlear
implants (power, 513-100 pW) [127,245], microphones (420-3632 pW)
[126,246], thermohygrometers (0.005-10 pW) [172,181,247-250],
accelerometers (2.4-2520 pW) [168,172], pressure sensors (30-1000
pW) [98,251,252], pulse oximeters (24-17000 pW) [6,11,181,253],
electrocardiogram displays (50-100 pW) [153,172], LEDs (750-1100
pW) [173,213], etc. For example, a high-performance TEG combined
with EMCs based on LTC3108 and BQ25570 can drive a blood oxygen
sensor by harvesting thermal energy [181]. The sensor consumes 472
pW at a low operating frequency (1/30 minute), while real-time
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Fig. 4. Commercial and active wearable biosensors. (A) Classification and power consumption range of common commercial products based on wearable
biosensors. (B) Comparison of active biosensors based on self-powered technologies. LEDs, light emitting diodes.
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Table 2
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Comparison of all-in-one integrating technologies for self-powered wearable biosensors.

Technologies Signaling array Microfluidic technology

Screen printing Integrated circuit

Mechanism Integrating multiple signal

units

v Conductive carbon fibers
v Silicone, cotton, PET,
PDMS, PVDF, TPU

Base materials v PDMS, PET

e Energy harvesting
e Signal acquisition
o Signal processing

Targeted parts e Energy harvesting
e Signal acquisition
e Signal processing
o Signal transmission

Degree of Identifying dozens of signals Identifying several signals
integration
Integrating hundreds of units Integrating dozens of units
Packaging Both Yes
Pros v Simultaneous collection of v Low-cost, large-scale production
biophysical signals v Simple technology, various materials
v Simple technology v Soft, conformable, and reducing sensor
v Precise control signals thickness
v Rapid response and on-
site analysis
v Parallel processing and
collection biochemical
signals
Cons e Signal crosstalk e Material Limitations
e Multiple units mean large e Complex and expensive manufacturing
volumes e Disposable
Applications Signal integration Signal integration
Ref. [8,66-68,73,89,166,171,256, [61,155,156,196,278,280,281,288-290]

264,270,273,275,285-287]

Systems that process tiny fluids using
microchannels with dimensions ranging
from tens to hundreds of micrometers

A set of electronic circuits on a

small flat piece of the

semiconductor material

v Polyimide, polyester film,
epoxy resin, parylene

A technology that uses some meshes to pass

ink and other meshes to block ink, thereby

printing the designed graphics

v Graphene, carbon nanotube, liquid metal,
Au, metallic cotton fiber

v Paper, glass, PET, polyimide tape, PDMS,

textile
e Energy harvesting e Energy harvesting
o Energy storage e Energy management
e Signal acquisition e Energy storage
e Signal processing o Signal acquisition
e Signal transmission e Signal processing

o Signal transmission
Identifying several signals Identifying several signals
Integrating hundreds of units
No
v Miniaturization
v Low power consumption
v High performance
v Reliability and durability

Integrating several parts
Both

e Ink uniformity

e Low pattern accuracy

e Electronic components are hard to print
Component integration

e Limited flexibility

e Complex fabrication

e Heat dissipation

Signal and component
integration
[45,46,61,65,72,76,77,83,84,
156,171,298-302]

[106,145,146,148,150,151,153-155,158,
189,200,291-297]

PET, polyethylene terephthalate. PDMS, polydimethylsiloxane. PVDF, polyvinylidene fluoride. TPU, thermoplastic polyurethanes.

operation requires 17000 pW of power. It should be noted that the
wearer’s physical state (static or dynamic), the sensor’s computing
mode (edge computing module or real-time transmission module), and
the signal transmission method (wired or wireless transmission) seri-
ously affect the sensor’s power consumption [167]. Sometimes, these
factors can cause the power consumed by sensors to differ by two or
more orders of magnitude, making the above sensor energy consump-
tion values have a range. Moreover, ozone sensors (0.3-150 pW) and
sweat sensors (25.6-388500 pW) are based on biochemical signals [37,
118,172,241,254]. Among them, the emerging sweat sensors have not
only attracted the interest of researchers in recent years, but also com-
mercial products have been launched, including Epicore Biosystems’ Gx
Sweat Patch, Nix Biosensors, and Philips Health Watch [3]. Although
these commercialized sweat sensors do not disclose specific power
consumption parameters, recent research indicates that the more
sensing signals and higher integration a sweat sensor has, the higher its
energy consumption [241]. Additionally, implantable devices like car-
diac pacemakers and endoscopes with wireless cameras can still be
powered by energy harvesters with the assistance of EMCs, even though
they have relatively high-power consumption (the former, 100-1570
pW; the latter, 1300-100000 pW) [6,35,70,126,127].

In summary, these low-power commercial biosensors have gradually
realized signal sensing from in vivo to in vitro. The energy consumption
ranges of commonly used biophysical and biochemical sensors are
recorded on the two vertical lines near the y-axis in Fig. 1B for reference
in subsequent self-powered biosensors. However, the limited power
output of energy harvesters and the growing market demand for
personalized and multifunctional sensing have prompted the develop-
ment of more active sensors.

3.1.2. Active wearable biophysical sensors
Currently, wearable active biophysical sensors are mainly based on
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various energy harvester technologies, including TENG, PENG, EMG,
TEG, MEG, and HG. Signal sources range from vital signs of organisms to
body activities, including pulse, breathing, sound, body temperature,
heartbeat, various joint movements and external impacts. Based on
physical effects such as piezoelectricity and triboelectricity, the
epidermal strain caused by these vital signs and human body movements
generates electrical signals (such as voltage, current, etc.) through
changes in the properties of the sensor material [3]. Taking the
TENG-type active physical sensor as an example to explain the principle,
when the force applied to the TENG increases, the effective contact area
between the triboelectric layers enlarges, resulting in a higher voltage
output signal. Therefore, the parameters used to characterize the
sensitivity of biophysical sensors are often expressed in units such as V
kPa~!, kPa~!, and pv K~ L. Furthermore, with the rise of artificial in-
telligence, machine learning can extract and analyze deeper and more
subtle sensor information, thereby achieving intelligent identification,
control and decision-making, making accuracy another indicator of
sensitivity. For example, Kong et al. designed a self-powered, self--
sensing lower-limb system that harnesses energy from walking using a
half-wave EMG while accurately detecting the knee joint’s rotation
angle and direction through a three-channel TENG based on binary
encoding [93]. The system utilizes a deep learning predictive model
(long short-term memory) to extract feature signals from TENG output,
achieving a recognition accuracy of 99.68 % and a motion detection
accuracy of 99.96 %. It demonstrated capabilities in detecting move-
ments such as falls, sitting, balancing, and walking, making it highly
suitable for rehabilitation applications. The sensitivity ranges for all
movements are illustrated in Fig. 4B. Although the sensitivity of the
sensors is heavily affected by various factors such as the sensing prin-
ciples, sensing materials, structural design, and signal processing, it can
be significantly enhanced through optimization of material properties,
increased contact areas, noise reduction, integration of multimodal
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sensing technologies, and the adoption of advanced miniaturization and
flexible designs. The pursuit of highly sensitive wearable biophysical
sensors is also part of the all-in-one engineering. By introducing a third
phase at the particle-polymer interface, Peng et al. increased the relative
dielectric constant of the triboelectric layer and suppressed its dielectric
loss [75], obtaining a TENG-based wearable sensor with a pressure
sensitivity of 90.95 V kPa~L. To achieve more precise sensing, the unit
area and volume range of biophysical sensors are 0.01-10 cm? and
0.001-10 cm? respectively [83,255-259]. Among them, based on inor-
ganic laser lifting technology, Park et al transferred high-quality
piezoelectric film to ultra-thin PZT to form a piezoelectric pulse sensor
(thickness 4.8 pm) [260]. The ultra-thin piezoelectric pulse sensor
achieves conformal contact with the skin texture and can respond to tiny
pulses generated on the epidermal surface (sensitivity of 0.018 kPa~},
response time of 60 ms), with a volume as small as 0.00048 cm?®.

Ultimately, active biophysical sensors enable personalized health-
care by detecting vital signs [69,70,83,255,256,260-262], create e-skins
through tactile, temperature, and pressure sensing [75,257,263-270],
facilitate communication through sign language translation and me-
chanical sensing [12,68], and monitor human movement by capturing
various joint motions [89,258,271-275].

3.1.3. Active wearable biochemical sensors

Biological fluids, such as sweat, tears, saliva, blood, urine, gastric
juice, etc., provide a rich signal source for active wearable biochemical
sensors. SC, TENG, EF, E-BFC, and HG provide energy support for active
biochemical sensors. Generally, active biochemical sensors can detect
dynamic changes in biomarkers such as ions and metabolites through
techniques like potentiometry, amperometry, voltammetry, and
impedance spectroscopy [276]. These sensors can diagnose individual
biological diseases by monitoring glucose [117,150,277-281], gastric
juice [282], etc [119]. Compared to active biophysical sensors,
biochemical sensors generally have a larger effective surface area
(0.01-50 cm?) but a smaller effective volume (0.01-2 c¢m?) [117,11 8,
279,280,283]. This is because most active biochemical sensors are
powered by EF and E-BFC, and a larger surface area allows for more
energy reception and provides a greater area for chemical reactions.
Additionally, the sensitivity of active biochemical sensors is primarily
characterized by the ratio of the obtained voltage value to the concen-
tration of the involved biomarkers. The units commonly used to express
this sensitivity are mV cm~2mM !, mV mM !, and mV pH . Enhancing
the sensitivity of active wearable biochemical sensors requires a multi-
faceted approach involving material optimization (using highly
conductive and catalytically active materials), surface functionalization
(attaching specific antibodies and enzymes to the sensor surface),
structural design (employing miniaturization and nanoscale materials to
improve spatial resolution), increasing sensor surface area (by using
nanomaterials), and signal enhancement (through electrochemical
amplification or optical enhancement techniques) [51,117-119,150,
277-284]. These improvements lay the foundation for detecting
biochemical molecules at lower concentrations, enabling real-time and
precise monitoring. Huang et al. reported a stretchable self-powered
sweat sensor with an epidermal electronic format, in which the E-BFCs
serve as both the energy sources and the sensing modules [279]. They
enhanced the sensor’s stretchability and uniformity by spraying gra-
phene on gold electrodes and designing it into an epidermal shape for
comfortable, skin-worn, continuous, real-time monitoring. This
biosensor achieved in-situ detection of lactate with a sensitivity of
2.48mVmM~! and glucose with a sensitivity of 110 mV mM .
Furthermore, a power-free smart contact lens utilizes an electrochromic
material (Prussian blue) as the electrode to enable non-invasive glucose
sensing [283]. In the presence of oxygen, glucose oxidase acts as a
catalyst to oxidize glucose in tears into gluconic acid and Hy0,. The
H505 induces the electrochromic material to transition from its reduced
to oxidized state through the transfer of Na* and K*, causing the Prus-
sian blue to change from transparent to blue. The greater the glucose
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concentration, the more significant the color change of the Prussian
blue. With the integration of image processing and machine learning
algorithms, the contact lens achieves a high correlation coefficient of
0.99543 and can detect glucose concentrations as low as 0.05 mM.

3.2. All-in-one integrating technologies for wearable biosensors

Active biosensors and commercial wearable products enable precise
medical care and personalized monitoring for individuals. However,
whether it involves the collection, processing, and storage of energy or
the collection, processing, and transmission of signals, engineering
integration is essential. Therefore, the trade-offs between performance
metrics and all-in-one integrating technologies deserve further discus-
sion and summary. Here, we summarize four all-in-one integrating
technologies for self-powered wearable biosensor systems, focusing on
the mechanism, materials, target parts, degree of integration, advan-
tages, and disadvantages: signal array, microfluidic technology, screen
printing, and integrated circuit (Table 2).

3.2.1. Trade-offs between performance metrics during integration

The integration of self-powered wearable biosensors is not merely a
matter of combining energy modules and sensing modules. It is more
akin to the all-in-one design of a complete system, requiring careful
trade-offs between the device’s performance metrics. Here, we focus on
discussing the trade-offs between three key pairs of performance metrics
(Table S3), including power density versus flexibility, sensitivity versus
durability, size versus integration. Furthermore, we summarize strate-
gies for balancing these competing factors and explore the implications
of these strategies for the future integrated design of self-powered
wearable biosensors.

During the integration process, there is a trade-off between the
output power of the device and its own flexibility. In general, flexible or
stretchable materials, such as thin-film solar cells, flexible triboelectric
materials, piezoelectric materials, stretchable conductive metals, or
liquid metals, are commonly used to improve the comfort of wearable
biosensors [51,75,89,119,150,265,266,268,269]. However, these flex-
ible materials may exhibit lower power output performance in certain
cases. For example, in the comparison of pressure sensors or electronic
skin based on TENGs and PENGs, their sensitivity is typically expressed
in V kPa~l. Mahanty et al. effectively improved the output power of
PENGs to 0.362 mW cm 2 by using a heterostructure of piezoelectric
composite nanofibers and gap metal sheets [89]. However, the combi-
nation of multilayer piezoelectric films undoubtedly reduced the com-
fort, while the sensitivity of the PENG-based device was 20 + 1.4 V
kPa~l. In contrast, Peng et al. enhanced the relative dielectric constant of
the dielectric material and suppressed dielectric loss by using a
nanometer-scale design of the polymer interface [75], resulting in a
self-powered pressure sensor with a sensitivity of 90.95 V kPa~! and a
power density of 0.122 mW cm™2. A similar situation also occurs in two
types of TENG-based hydrogel electronic skin devices [265,269].
Furthermore, the conductivity, energy conversion efficiency or struc-
tural stability of some flexible materials may not be as good as rigid
materials. For example, unlike rigid solar cells made from crystalline
silicon, thin-film solar cells typically use lightweight semiconductor
materials [22]. As a result, the reduced charge transport capacity, light
absorption depth, and charge collection efficiency in thin-film solar cells
lead to a decrease in their performance [24]. Therefore, the integration
of the system needs to find a balance between power output and flexi-
bility. Therefore, the integration of the system requires finding a balance
between power output and flexibility. Moreover, by employing novel
flexible materials (such as carbon nanotubes, graphene, etc.) [271],
utilizing nanometer-scale design and surface engineering [269], and
adopting reasonable structural designs (such as composite structures)
[266], it is possible to enhance power output while maintaining flexi-
bility, thus meeting practical demands.

In self-powered wearable biosensors, sensitivity and stability are
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often performance metrics that limit each other. Generally, devices with
high sensitivity are more susceptible to variations in environmental
factors such as temperature, humidity, and mechanical stress [83,89,
265,272]. However, this can lead to instability in sensor signals, as even
slight changes in the environment can cause fluctuations in the sensor
output. Additionally, the use of high-sensitivity materials, such as
nanomaterials with a high surface area, may increase material defects or
accelerate aging, which can affect the long-term performance of the
device [271]. As shown in Table S3, the stability of wearable biosensors
has been tested, with stability rates exceeding 90 %. However, the
duration of stability testing varies, ranging from up to 5 months to only
10 cycles [89,265]. Nevertheless, it is undeniable that both high sensi-
tivity and long-term stability are essential characteristics of an excellent
wearable biosensor. Here, we summarize three strategies to balance
sensitivity and stability. First, composite or functionalized material
surfaces can be used. By combining high-sensitivity materials (such as
MXene or graphene) with more stable matrices (such as PDMS or PVDF),
the material’s responsiveness and long-term durability can be balanced
[272]. Second, layered or adaptive designs, along with device encap-
sulation, are recommended to enhance resistance to environmental
interference [260]. Additionally, employing sensor arrays or signal
processing methods based on machine learning can preserve the high
sensitivity response while compensating for the impact of environ-
mental changes on the signal [265].

The balance between device size and integration is also an important
consideration in designing self-powered wearable biosensors. As the
device size decreases, the available space becomes limited, making it
increasingly difficult to add additional functional modules [103]. It
leads to a reduction in integration level. Furthermore, smaller sizes can
result in increased signal interference between functional units,
affecting system performance. Therefore, most self-powered wearable
biosensors adopt modular designs or micro/nano fabrication techniques
to balance size and integration [37]. Modular design allows for func-
tional separation, utilizing flexible connection methods to minimize
space wastage [6]. Alternatively, energy harvesting and sensing func-
tions can be integrated into a single component by developing multi-
functional materials or devices, such as TENG, which can serve as both
an energy harvester and a sensor [56]. Micro/nano fabrication, a more
widely used approach, will be discussed in detail in the following
sections.

Therefore, to balance the various performance metrics of self-
powered wearable biosensors and further enhance the integration of
the biosensors, we have summarized and discussed four all-in-one en-
gineering techniques.

3.2.2. Signaling array

Signal array technology allows most biosensors, especially biophys-
ical sensors, to integrate multiple signal units, enabling the simultaneous
collection, processing, and transmission of multiple signals. Generally,
the signaling arrays are integrated on soft base materials such as
conductive carbon fiber [285], silicone [68,73], cotton [66], poly-
ethylene terephthalate (PET) [8], PVDF [89], thermoplastic poly-
urethanes (TPU) [256], etc. [286], to achieve wearability. Furthermore,
signaling array technology can integrate hundreds of units and recog-
nize dozens of signals through planar [67,68,89], hemispherical [256],
and ring-shaped sensing structures [8,66,73,166,171,273,275]. The
relationship between the number of units and signal recognition is not
linear. Sometimes identifying a single signal requires the participation of
multiple units, while the collaboration of several units can facilitate the
recognition of multiple signals [166,171,256]. For example, based on
TENG and PENG self-powered technologies, a gesture recognition
wristband with only 8 units can recognize 26 letters, enabling full
keyboard functionality and multiple command inputs [273]. Moreover,
TEG mostly uses signaling arrays to achieve up to hundreds of thermo-
electric units [166,171].

However, the goal of all-in-one wearable biosensors necessitates the
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rational design of signaling arrays to achieve optimal signal sensing
within the smallest possible effective area. As the area decreases, the
issue of signal crosstalk within signaling array technology becomes
increasingly severe. Here are four main strategies to mitigate this issue.
Firstly, electromagnetic shielding and proper grounding are essential
[264]. Using conductive materials to shield the sensitive parts of the
signaling array can protect them from external electromagnetic inter-
ference. Additionally, effective grounding can reduce noise and prevent
crosstalk between signal lines. Secondly, physical isolation or orthog-
onal routing can be employed in the structural design [270]. Increasing
the physical distance between adjacent signal units (either horizontally
or vertically) or routing signal lines orthogonally can minimize mutual
inductance and capacitive coupling. Thirdly, employing machine
learning can help identify and correct crosstalk in signal units, opti-
mizing signal processing within the signaling array [273]. Finally,
appropriately matching the impedance of the sensing circuits can
minimize reflections that may cause crosstalk [287]. In general, as
shown in Table 2, signal array technology focuses more on the inte-
gration of biophysical signals.

3.2.3. Microfluidic technology

Unlike signaling array technology, microfluidic technology utilizes
microchannels ranging from tens to hundreds of micrometers to handle
tiny volumes of fluids, focusing on the collection of biochemical energy
as well as the collection and processing of biochemical signals [280,281,
288]. Although only a few materials, such as PDMS and PET [61,156,
196], are used as substrates, microfluidic patches can achieve precise
control of fluid flow and improve the precision of chemical reactions.
Most importantly, this technology requires very small volumes of bio-
logical fluids, ranging from 10~° to 10~ '8 liters, providing the necessary
conditions for rapid response and on-site analysis [269]. Moreover,
microfluidic technology can integrate dozens of signal units, enabling
parallel detection of concentrations of organic compounds and ions in
biological samples [61,155,156,196,278]. Inspired by the E-BFC, a
battery-free wireless electronic sensor has been developed, integrating
12 reaction units based on a timer-controlled microfluidic platform and
embedded colorimetric detection [278]. In this system, the sweat glands
generate pressure to drive sweat through a network of microfluidic
channels and valves. These channels interface with separately placed
sensors, effectively contamination and cross-talk. This platform enables
the simultaneously monitoring of chloride, lactate, and glucose con-
centrations, as well as pH levels, sweat rate, and total sweat volume
[278].

Generally, engineering strategies such as optimizing channel shapes
and sizes to enhance fluid control, integrating multifunctionality into a
single platform to improve system integration and scalability, and
employing micromechanical structures to increase reaction efficiency,
all contribute to the further advancement of microfluidic technology in
wearable biosensors [61,155,156,196,278,280,281,288]. However,
limited material options restrict the chemical compatibility and func-
tionality of microfluidic technology, and it is urgent to develop new
polymer materials [289]. Additionally, the complex and costly
manufacturing techniques make it challenging to produce
high-precision, small-sized microfluidic patches [288]. 3D printing
technology can alleviate this dilemma [290]. Finally, most microfluidic
sweat patches are disposable and must be encapsulated, which makes
them less cost-effective and sustainable [278].

3.2.4. Screen printing

Screen printing technology involves using a stencil to transfer ink
onto a substrate. Some areas of the stencil allow the ink to pass through,
while other areas block the ink, resulting in a printed design. In the field
of wearable biosensors, screen printing technology is commonly used
not only to create structures for signal collection [148], processing
[154], and transmission but also for energy harvesting and storage units
[106,145,146,150,151,291]. The emergence of printable
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supercapacitors has made screen printing technology even more crucial
in the field of wearable biosensors [153]. Therefore, this technology
utilizes a variety of printing inks, including graphene [291], carbon
nanotubes [153], liquid metals [106], Au and metallic cotton fiber [145,
155]. These inks can be printed on substrates such as glass [292] ,
polyimide tape [293], PDMS [146] , PET [294] , textile or paper [189,
295], ensuring that wearable biosensors based on this technology are
both flexible and comfortable, while also being exceptionally thin. Due
to its advantages in low-cost and scalable production, screen printing
technology can integrate up to hundreds of units on a single device [155,
158,189,200]. For example, He et al. made a fully printed planar MEG
using C and C-Al as electrodes, polystyrene sulfonic acid and poly-
diallyldimethylammonium chloride as reaction materials [189]. All the
materials needed for this MEG can be made into screen-printed ink and
printed on substrates such as clothing and PET. Through screen printing
technology, they can integrate 300 MEG units, 6 supercapacitors and 1
electrochromic device into a PET sheet.

However, achieving uniform ink deposition can be challenging,
leading to inconsistencies in wearable biosensor performance [296]. To
this end, it is important to develop new inks with better flow properties
and uniformity. Secondly, screen printing has limitations in achieving
high-resolution patterns. Using finer screens and advanced emulsion
technology can achieve printing needs with fine features [297].
Furthermore, there are electronic devices such as
metal-oxide-semiconductor field-effect transistors (MOSFETs) that
cannot be obtained through screen printing technology. Excessive
stretching or bending will exceed the fracture limit, making the device
extremely vulnerable to damage [297].

3.2.5. Integrated circuit

The integrated circuit, also known as a chip, is a set of electronic
circuits on a small flat piece of semiconductor material. Considering
wearability, the integrated circuits used in biosensors are generally
based on materials such as polyimide [171], polyester film [65], epoxy
resin [45,72,76,77,84], and parylene [46,83]. Unlike other integration
technologies that are applied to only three parts of self-powered wear-
able biosensors, integrated circuits encompass all components, from
energy harvesting, management, and storage to signal collection, pro-
cessing, and transmission [61,65,76,77,83,84,156,171]. Especially in
energy management and signal processing, the integrated circuit pro-
vides guarantees for the miniaturization, low power consumption, high
performance and durability of self-powered wearable biosensors [61,65,
298]. For example, an electronic skin based on 3D integrated circuits
combines electronic components with stretchable fiber substrates, liquid
metal circuits, and hybrid liquid metal solders [299]. This electronic
skin provides high-density complex system-level functions, creates
wireless energy input, and also covers the analysis and processing of
biological signals as well as communication. Song et al. integrated the
TENG in independent layer working mode, sweat sensor patch and
wireless sensor circuit on a soft printed circuit board platform to achieve
in-situ monitoring of biomarkers in the wearer’s sweat [61]. They found
that the design and preparation of the sweat sensor system are
compatible with the traditional manufacturing process of flexible prin-
ted circuit boards, so it can be further mass-produced and highly
integrated.

However, due to limitations in substrate materials, soldering mate-
rials, and rigid electronic components, the flexibility of integrated cir-
cuits still needs improvement [300]. Moreover, the complex
manufacturing techniques and high production costs of integrated cir-
cuits often deter researchers from pursuing their development. Most
importantly, a large number of compact electronic components cause
integrated circuits to generate heat during operation [301]. Therefore,
efficient heat dissipation becomes an urgent problem to be solved when
wearable biosensors use integrated circuits. Furthermore, the electro-
magnetic interference caused by integrated circuits further impacts the
sensing performance and accuracy of wearable biosensors [302].
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4. Communication technologies for all-in-one wearable
biosensor systems

Either for precise medical treatment or personalized monitoring,
communication between wearable biosensors and users is essential. This
interaction helps doctors provide timely medical interventions and en-
ables users to adjust their behavior promptly. Generally, commercial
sensors come with built-in communication capabilities. Only active
biosensors need to be paired with suitable signal transmission technol-
ogies based on their power supply conditions. According to statistics,
self-powered biosensors prefer signal transmission technologies that
consume power in the range of 0.01-130 mW, which is marked in
Fig. 1B, Table 3 and Table S4. Apart from energy consumption, self-
powered biosensors also consider factors such as size, transmission
distance, and wearability when selecting signal transmission technolo-
gies to meet integration requirements (Table 3). Furthermore, we
analyze the limitations of each signal transmission technology, present
the state-of-the-art transmission technologies and methods in the field,
and highlight the challenges that need to be addressed for continued
development.

4.1. Radio frequency communication technology

Radio frequency (RF) communication technology refers to the use of
electromagnetic waves with frequencies between 3 kHz and 300 GHz to
transmit and receive signal data, which is crucial in wireless commu-
nication technology. RF technology encompasses both near-field and
far-field communication techniques. Near-field communication tech-
nology generally operates at lower frequencies, usually below 30 MHz,
with common applications using frequencies around 125 kHz and
13.56 MHz [8,65,77,115-117,280,281]. The signal transmission dis-
tance of near-field communication technology ranges from a few cen-
timeters to a few meters. Far-field communication technology operates
at higher frequencies, typically ranging from a few hundred MHz to
several GHz, enabling long-range communication and supporting high
data rates.

However, due to limitations (such as transmitter power, antenna
design, and environmental conditions), the signal transmission distance
of RF communication technologies is typically restricted to within 2000
centimeters in the field of self-powered wearable biosensors, and the
operating frequency is usually 1 kHz-1000 MHz [8,48,69,73,77,84,115,
116,118,119,278]. By receiving 250 Hz and 1 kHz radio waves, a
TENG-based self-powered hybrid encoder can transmit Morse code and
Gray code to send text messages or remotely control electronic devices
by encoding two actions: touch and press, with a maximum communi-
cation distance of about 2000 cm [77]. Furthermore, these RF commu-
nication technologies range in overall size from 1 to 50 cm? and
consume energy from 0.01 to 20 mW [8,65,69,84,106,115-117,280,
281]. To miniaturize the pacemaker platform, an RF device with a total
area of about 0.99 cm? for the receiver and control unit was tested in
vitro and in vivo, and could transmit signals over a distance of 25 cm
[115]. In order to send temperature data to a mobile phone at a trans-
mission frequency of 1 Hz, the overall power consumption of the mi-
crocontroller unit of a self-powered integrated microsystem can be as
high as 15 mW [98]. Furthermore, RF backscatter has recently become a
low-cost technology, consuming only pW of power [48]. Based on
ultra-thin flexible circuits and microcontroller chips, RF communication
technology (433 MHz) enables a smart contact lens to perform real-time
electrochemical biosensing and on-demand controlled drug delivery,
with a communication distance of 5 cm and a power consumption of
only 2.3 mW [118]. Therefore, the wearability of RF communication
technology relies on the use of liquid metals like magnesium and
tungsten, as well as flexible electrodes like copper, and substrates such
as PLGA, PDMS, PVC, parylene, and polyimide [8,69,106,115,116,118].
However, RF communication technologies across various frequency
bands rely on custom chips or different commercial transmitters, making
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Table 3
Comparison of communication technologies for all-in-one self-powered wearable biosensor systems.
Technologies RF communication technology Bluetooth communication Wi-Fi Visual display
(1 kHz-1000 MHz) (2.4 GHz) (2.4 GHz)
Size 1-50 square centimeters 1-20 square centimeters - 0.09-100 square centimeters
Power 0.01-20 milliwatts 0.05-130 milliwatts 0.04-0.07 milliwatts 0.01-45 milliwatts
consumption (for passive Wi-Fi),
50-330 milliwatts (for Wi-Fi)
Transmission Within 2000 centimeters Within 100 centimeters Within 3000 centimeters
distance
Softness With flexible coils and substrates, soft With flexible substrates, soft Only hard signal transmission ~ With flexible coils and substrates, soft
devices can be made devices can be made module devices can be made
Ref. [8,48,65,69,73,77,84,98,106,115-119, [48,61,66,98,171,176,181,259, [35,38,48,306,307] [33,40,67,127,189,283,308]

278,280,281,303] 304,305]

it challenging to establish connectivity with personal user devices like
smartphones. Additionally, the rise of Long Range and Narrowband IoT
communication technologies offers an alternative perspective for
long-distance, low-power signal transmission [303].

4.2. Bluetooth communication

As one of the far-field communication technologies, Bluetooth uses
radio waves in the 2.400-2.485 GHz frequency band to create a highly
secure personal area network for communication. In the field of self-
powered wearables, Bluetooth communication is favored due to its
user-friendly interface, simple pairing process and strong compatibility.
Based on mature module manufacturing technology, the size of the
Bluetooth module used in the self-powered wearable biosensor is 1-20
cmz, and the data transmission distance is about 100 cm [171,259]. It is
worth noting that the signal transmission distance mentioned here is the
longest distance used in the examples [48,61,66,98,181,304]. In fact,
with sufficient power supply and unobstructed space, Bluetooth usually
supports a communication range of up to 1000 cm. Generally, the en-
ergy consumed by Bluetooth signal transmission is relatively low [48,61,
98,181,304], and a commercial module consumes as little as 0.043 mW
[176]. However, the Bluetooth module consumes a lot of energy at the
moment of connection [66], so its average energy consumption may be
as high as 130 mW [259]. Moreover, research on making flexible
Bluetooth communication modules is still ongoing [305].

4.3. Wi-Fi

Wi-Fi is the abbreviation of Wireless Fidelity and is also a far-field
communication technology (frequency, 2.4 GHz). Similar to Bluetooth
communication technology, it is often used by self-powered wearable
biosensors to transmit signals with personal terminals. Due to the need
to continuously transmit and receive data using radio frequency signals,
the energy consumed by Wi-Fi communication technology in the field of
self-powered wearable biosensors ranges from 50 to 330 mW [38,48].
Recently, passive Wi-Fi has attracted attention for wearable biosensors
due to significantly reduced power consumption [35]. In a passive Wi-Fi
system, the master device actively generates and sends radio frequency
signals, and the sensors reflect these signals with minimal power,
encoding their data in the process. Kellogg et al. demonstrated that
smartphones and Wi-Fi chipsets can decode passive Wi-Fi for data
transmission within 100 feet in both line-of-sight and through-wall
scenarios [306]. They designed a passive Wi-Fi integrated circuit
capable of transmitting signals at rates of 1 Mbps and 11 Mbps,
consuming only 14.5 uyW and 59.2 uW, respectively. This represents a
power consumption 10000 times lower than existing Wi-Fi chipsets and
1000 times lower than Bluetooth. However, passive Wi-Fi supports
transmission of lower data rates and smaller amounts of data. Moreover,
Wi-Fi communication technology can transmit signals up to 3000 cm,
while passive Wi-Fi has a relatively short communication distance and
exhibits higher latency [306,307].
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Overall, whether using far-field communication technologies like
Bluetooth and Wi-Fi or near-field communication technologies, they are
susceptible to interference from other electronic devices, atmospheric
conditions, and physical obstacles. Additionally, security vulnerabilities
such as eavesdropping are critical concerns for wearable biosensors
employing these communication technologies.

4.4. Visual display

For precise personal monitoring, lag-free visual display provides a
more intuitive user experience. Self-powered wearable biosensors use
LEDs or simple display devices composed of LEDs for low-power signal
transmission. For example, a freely constructible self-powered visual
tactile sensor composed of TENG and LEDs can realize the visual
perception of the palm grasping state and force feedback [67]. Addi-
tionally, electrochromic screens and electronic ink displays are
employed for direct visual signal transmission, with power consumption
ranging from 0.01 to 45 mW [33,40,127,308]. Among them, the elec-
tronic ink screen has the advantages of stable display, ultra-low power
consumption, high contrast, etc. A self-powered smart watch based on
the electronic ink screen realizes real-time signal processing, sensing
and display of sweat glucose level [33]. More importantly, the
electrochromic-based signal transmission technology enables visual
displays to be directly applied to contact lenses, achieving non-invasive
glucose sensing [283]. In this smart contact lens, the area of each elec-
trode unit involved in reaction and color display is about 0.096 cm?.
Therefore, according to statistics [33,67,189,283], the size of devices for
visual display ranges from 0.09 to 100 cm? Furthermore, with the use of
flexible substrates like PDMS, visual display devices offer enhanced
wearability [283].

5. Fully all-in-one self-powered wearable biosensor systems

Although many self-powered wearable biosensors have been re-
ported, most of them are active biosensors as we introduced above.
These active biosensors still require the support of external power to
perform subsequent data collection, processing and transmission.
Therefore, the ideal all-in-one self-powered wearable biosensor system
would combine energy harvesting, management, and storage capabil-
ities, allowing for autonomous signal collection, processing, and trans-
mission, as shown in Fig. 5A. Moreover, the all-in-one systems draw
energy from the wearers’ body and their surrounding environment,
enabling a wireless, miniaturized, flexible, and multifunctional wear-
able experience. However, the overall system has multiple complex
components, and the various electrical engineering between the com-
ponents is challenging. By efficiently allocating energy within the sys-
tem and meticulously designing signal-sensing components, the all-in-
one self-powered sensors have achieved biosensing capabilities that
range from external to internal body monitoring, and from rigid devices
to flexible patches. The following four examples demonstrate the com-
ponents and functions of the fully all-in-one self-powered wearable
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Fig. 5. Fully all-in-one self-powered wearable biosensor systems. (A) Six components of the all-in-one self-powered wearable biosensor system. (B-E) Four
examples of all-in-one self-powered wearable biosensor systems. (B) An autonomous wearable biosensor powered by perovskite SCs provides continuous and
noninvasive metabolic monitoring. (C) An intracardiac pacemaker based on TENG. (D) A wireless electronic health patch for monitoring pulse and measuring blood
pressure based on PENGs. (E) A chip-free single optical fiber based on body-coupled energy interaction mechanism for realizing wireless visual-digital interaction.

Panels

Reproduced with permission from: (B) ref. 37, Springer Nature Ltd.; (C) ref. 72, Springer Nature Ltd.; (D) ref. 83, Springer Nature Ltd.; (E) ref. 316, the American

Association for the Advancement of Science.

biosensor systems, covering the sensing of biochemical and biophysical
signals.

5.1. Biomarker monitoring

The content of glucose and various ions in body fluids provides
physiologically and metabolically rich information for personal disease
diagnosis and health monitoring. Notably, self-powered sweat detection
patches applied to the skin are highly valued in the wearable biosensor
field due to their non-invasive, in-situ, and autonomous sensing ad-
vantages. As shown in Fig. 5B, the self-powered wearable sweat detec-
tion patch covers all components of the all-in-one system. The initial
integrated wearable sweat patches did not achieve self-powering func-
tionality [241]. However, they combined plastic sensors with silicon
integrated circuits for signal acquisition and complex signal processing,
enabling the sensing of sweat metabolites, electrolytes, and skin tem-
perature. In the signal collection and processing module, the body’s
sweat glands provide pressure to force sweat through microfluidic
channels and valves connected to separately placed sensor interfaces
[278]. Compared with commercial glucose sensors that rely on micro-
needles that pierce the skin, sweat patches based on microfluidic plat-
forms minimize skin irritation and signal source contamination and
crosstalk. Therefore, leveraging a timed microfluidic platform,
embedded colorimetric assay, and near-field communication technol-
ogy, a BFC-inspired biosensing platform achieves all-in-one battery-free
wireless sweat signal sensing, which has the advantages of being lighter,
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cheaper, and smaller than alternatives [278]. Although NFC can support
continuous communication, it is typically used for intermittent,
low-power exchanges. Therefore, novel energy harvesting devices such
as WPT-EF, E-BFC, TENGs, SCs, and HGs have been incorporated into
sweat patches, enabling self-powered functionality [37,61,156,207].
For instance, an autonomous wearable sweat sensor utilizes flexible
perovskite SCs (PCE, ~31.2 %) and a flexible printed circuit board for
energy harvesting (®), management (®), and storage (®) (Fig. 5B)
[37]. It employs iontophoresis and dynamic microfluidics to extract and
collect sweat signals (®), and uses various electrochemical detection
techniques for multi-channel monitoring of biological signals in sweat
(®) [37]. Finally, it leverages Bluetooth for communication between the
sensor and a smartphone (®). The device dimensions of the fully
all-in-one wearable biosensor mentioned above are
2 cmx 2.7 cmx 0.4 cm and can be comfortably adhered to the skin,
truly realizing the continuous collection of multimodal physical and
chemical signals.

Moreover, utilizing WPT-EF and E-BFC energy harvesting technolo-
gies, smart contact lenses can integrate flexible circuit boards, glucose
sensors, and flexible transparent antennas to monitor glucose concen-
tration in tears [118,283,309]. It also represents a typical design of the
all-in-one self-powered wearable biosensor system, offering promising
real-time, non-invasive monitoring and diagnosis for diabetic patients.
Additionally, self-powered wearable biosensor systems based on bio-
logical fluids such as saliva and urine are also steadily advancing toward
an era of full integration [158,310].
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5.2. Implantable biosensing devices

Researchers have been pursuing the integration of self-powered
biosensors in vivo, such as pacemakers and deep brain stimulation de-
vices. The reasons are as follows. Firstly, traditional implantable devices
may cause circuit breakage and inevitable skin scarring during im-
plantation [311]. Although wireless implantable devices with batteries
address some of the above complications, battery capacity limitations
make long-term operation of the devices challenging [312]. Therefore, it
is highly desirable for implantable biosensors to possess both
self-powered capabilities and fully all-in-one devices. For example, by
utilizing TENG to harvest mechanical motion energy from cardiac mo-
tion, a capsule-structured pacemaker (1.75 g, 1.52 cc) integrates an
energy harvesting unit (), an energy management and storage unit
(@®), and a pacemaker module (®®®), as shown in Figure 5 C [72].
The effectiveness and safety of the pacemaker have been demonstrated
in a large animal cardiac pacing model, laying a solid foundation for the
application of fully all-in-one self-powered pacemakers in humans.
Furthermore, powered by resonant inductive coupling technology based
on WPC-EF, temporary cardiac pacemakers can control heart rate and
rhythm post-surgery [116]. Made from bioabsorbable materials, these
pacemakers fully dissolve and are naturally cleared from the body
within the specified surgical period, forming the foundation for the next
generation of postoperative temporary pacing technology.

Another highly integrable in vivo biosensing device is the wireless
neural stimulator [115,123,124]. Based on the magnetoelectric mate-
rials, the neural stimulator can be used for deep brain stimulation and
miniaturized to a millimeter scale [123]. Its implantable component can
be simplified to include only a magnetoelectric material, a diode, and an
LED [122]. This wireless neural stimulator’s emphasis on self-powering
capabilities and integrated design allows for minimally invasive and
long-lasting interfaces with brain regions and peripheral nerves. How-
ever, as the stimulator becomes more integrated and miniaturized,
ensuring the safety of the human body and the stability of the device’s
operation during energy supply becomes increasingly critical [313].

5.3. Wireless electronic health patches

Apart from some mechanical sensors used for joint and skeletal
rehabilitation that require rigid components [93,167], the ideal model
for most wearable biosensors is the wireless electronic health patch.
Most biomarker monitoring is based on the electronic patch, which has
been introduced above. For monitoring biophysical signals, mature
electronic sensors have addressed the issues of signal collection, pro-
cessing, and transmission. Therefore, the obstacles to full integration are
primarily focused on the units responsible for energy harvesting, man-
agement, and storage. However, in the early research of wireless elec-
tronic health patches, solid electronic components and substrate
materials that are not conformal to the skin make biological individuals
have a poor wearing experience [165]. The latest generation of wireless
electronic health patches utilizes flexible energy harvesters such as
TENG, PENG, and WPT-EF [83,202]. These patches also incorporate
flexible energy management components like organic diodes and flex-
ible energy storage elements such as printable supercapacitors,
achieving outstanding flexibility. For example, as illustrated in Fig. 5D,
an ultra-flexible wireless electronic health patch integrates PENG (®),
organic semiconductor diodes (®), and thin-film capacitors (®), with
each component having a thickness of no more than 2.5 pm [83]. Based
on a 1 pm-thin parylene substrate, this patch combines the PENG-based
active biophysical sensor (®®) and the wireless signal transmission
device (®) to measure pulse and blood pressure unobtrusively. More-
over, utilizing a normalized fabric circuit board quasi-surface mount
technology, a hybrid energy harvesting system seamlessly integrates a
wearable rectifying antenna, TENG, and PMC into a single fabric sub-
strate, resulting in a fabric-based wireless electronic health patch [202].
Furthermore, the mechanical incompatibility between soft surface
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devices and rigid high-performance silicon electronic devices can be
solved by integrating RFID technology with flexible readout circuits
[314].

Most importantly, the development of wireless electronic health
patches must also focus on efficient, user-friendly, large-scale produc-
tion technology. Therefore, technologies such as screen printing, inkjet
printing integrated processes, and 3D printing are used to lay the
foundation for the mass production of wireless electronic health patches
[139,189].

5.4. Smart textile electronics

In self-powered wearable biosensors, flexible and breathable smart
textile electronics offer the most comfortable means for daily
biochemical and biophysical monitoring of individuals. Early self-
powered wearable biosensors merely stitch various components onto
textile substrates or fashion polymer fibers and similar materials into
energy harvesters to power different electronic sensors [204,261]. For
example, a hybrid textile based on lightweight polymer fibers can
simultaneously harvest energy from ambient sunlight and mechanical
movement to power electronic watches, etc [203]. However, they still
rely on rigid electronic components and are less integrated than flexible
electronic patches. With advancements in energy harvesting technology,
electroluminescence, and optical fiber technology, smart textile elec-
tronics have demonstrated increasingly innovative methods for bio-
sensing. Based on textile engineering and fiber electronics technology,
an intelligent textile lighting/display system integrates multiple func-
tions, realizing wireless power transmission and energy storage, as well
as monitoring and transmission of biological signals [315]. As shown in
Fig. 5E, an optical fiber electronic technology that uses the interaction
object itself to couple ambient electromagnetic energy has enabled
wireless energy harvesting, wireless signal transmission, and direct
signal display [316]. Optical fiber cores made from silver-plated nylon
fibers are used to induce alternating electromagnetic fields for energy
harvesting (®). The dielectric layer stores the collected energy (@®),
while the optical layer is employed for sensing and direct visual display
(@®®). This smart textile electronics demonstrates a self-powered,
seamlessly integrated chip-free system, which adds more possibilities
for energy collection and signal transmission of wearable biosensors.

6. Summary and outlook

All-in-one self-powered wearable biosensors offer an in-situ sensing
solution that is ready-to-use, battery-free, and wireless, enabling precise
medical diagnostics and personalized monitoring. A diverse array of
energy harvesting, management, and storage strategies, combined with
precise methods for signal acquisition, processing, and transmission,
provides a comprehensive toolbox for developing the next generation of
biosensors. These biosensors will achieve system-level integration and
miniaturization while maintaining wearability and durability. Although
these all-in-one biosensors are promising, engineering issues arising
from the integration and connection of the six modules still exist.
Mastering the energy conversion and signal acquisition processes at
various stages within an all-in-one platform not only requires enhancing
the performance of each module but also demands advancements in
materials engineering, device design, and intelligent algorithms. Yet, to
fully realize the potential of all-in-one self-powered wearable bio-
sensors, there are still numerous challenges and emerging technologies
for development within the six modules. These include self-consistent
design and biodegradable technologies, efficient hybrid energy har-
vesting technologies, flexible chip technologies, flexible batteries and
supercapacitors, synchronous signal acquisition and high-frequency
sampling technologies, wearable bio-inspired designs, on-chip compu-
tation and analysis technologies, cloud-edge collaborative signal pro-
cessing technologies, Al-assisted signal processing technologies, and 5 G
and 6 G communication technologies. Specific prospects are as follows:
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Energy harvesting (Fig. 6A). When selecting the appropriate power
strategy for all-in-one wearable biosensors, the primary consideration
should be the self-consistency between the energy harvester and the
application scenario. Self-consistency not only refers to the power
matching between self-power technology and sensing applications, but
also refers to the fit of the working environment of the two. For example,
it is more reasonable for smart contact lenses to use MEG and E-BFC for
power supply than WPT-EF technology. The moisture and certain me-
tabolites in tears serve as energy sources for MEG and E-BFC, which
supports a more streamlined and integrated design. Moreover, the
heart’s rhythmic beating causes periodic deformation of materials
attached to it. Therefore, designing cardiac pacemakers based on TENG
and PENG technologies is more logical. Secondly, the degradability of
materials should not only be a consideration for energy harvesters but
also a criterion for entering the all-in-one biosensor material library. For
external wear, biodegradable biosensors are more environmentally
friendly. For in vivo implants, biosensors that act as temporary treat-
ment devices are more user-friendly if they degrade or dissolve under
specific triggering conditions [116]. Lastly, since most energy harvest-
ing modules occupy the main space of all-in-one biosensors, the devel-
opment of efficient hybrid energy harvesting technologies is essential to
improve energy output, extend operating conditions, and enhance reli-
ability. And the materials should have high wearability, including
properties such as breathability and non-toxicity.

Energy management and energy storage (Fig. 6B, and Fig. 6C).
Currently, energy management in all-in-one biosensors faces two major
challenges: flexibility and miniaturization. The flexibility of electronic
components significantly enhances the wearability of integrated bio-
sensors. Miniaturization not only brings size advantages but also reduces
the energy demand. Flexible chip technology, which is in the early
stages of research, may meet these requirements. Among them, the
research and development of thin-film field-effect transistors, two-
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dimensional semiconductor transistors and carbon-based chips are ex-
pected to achieve highly integrated, low-power and high-conversion
energy management modules [317-319]. Similarly, energy storage
also faces the problem of flexibility. Flexible batteries and super-
capacitors are effective ways to solve the above problems.
Graphene-based  supercapacitors and MZXene-based  micro--
supercapacitors, with their high flexibility, thin profiles, and excellent
performance, are likely to become the preferred energy storage devices
for the next generation of all-in-one biosensors [320].

Signal acquisition (Fig. 6D). The next generation of all-in-one
wearable biosensors will focus primarily on the synchronized acquisi-
tion of multi-mode signals and high-frequency sampling. On the one
hand, a wearable biosensor system uses signal arrays or microfluidics
technology to simultaneously collect multiple signals from the organ-
ism, which not only improves the integration of the system but also
reduces energy consumption by reducing the number of sensors. On the
other hand, improving the sampling frequency of the all-in-one
biosensor system can accurately reflect the detailed information of
important biological signals. For example, the original signals of human
heart rate and pulse contain rich information that can reflect physical
health. A high sampling rate can restore the current physical condition
as much as possible, laying the foundation for preventing various dis-
eases. Additionally, leveraging bio-inspired structures to collect bio-
logical signals, thereby enhancing the performance, comfort, and
durability of wearable devices, is also crucial [242]. For example,
microfluidic designs mimicking the vascular system can be used to
achieve efficient transport of biological fluids.

Signal processing (Fig. 6E). To enhance processing efficiency and
enable in-situ processing, the development of on-chip computing and
analysis, as well as cloud-edge collaborative signal processing methods,
is inevitable. For the all-in-one wearable biosensor, real-time computing
and analysis on the built-in chip greatly improve the efficiency of instant
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diagnosis of individual physical conditions, which is particularly
important for precision medicine for patients. Additionally, biosensors
can transmit large and complex signal data to public servers, enabling
collaborative cloud and edge computing to maximize data value. For
instance, wearers share the temperature and humidity of the nearby
environment. Moreover, the entire signal processing process can be
optimized with the help of artificial intelligence algorithms. For
example, by simulating the neural structure and function of the human
brain, neuromorphic computing can simultaneously acquire and process
biological signals, with high energy efficiency, fast parallel processing
speed, and strong scalability [321]. It can form a multi-sensory neural
network and is a potential signal-processing strategy for future all-in-one
wearable biosensors [322].

Signal transmission (Fig. 6F). With the development of wearable
biosensors, the transmission methods of signals will be more diverse in
the future. Most importantly, the bandwidth for signal transmission
should be enhanced, with better support for streaming modes, which is
the key to 5 G and 6 G communication technologies. The 5G and 6 G
communication technologies signify true real-time signal transmission.
It means that wearable biosensors based on these technologies can act as
mediums for real-time human-computer interaction, enabling the pos-
sibilities of virtual reality and augmented reality. Last but not least, the
design of all-in-one self-powered wearable biosensors should take into
account both the wearer’s physical safety and information security, from
energy collection to signal transmission.

In the foreseeable future, energy harvesting, management and stor-
age, as well as signal acquisition, processing and transmission, will
achieve a qualitative leap. The all-in-one self-powered wearable bio-
sensors will be the culmination of all. As shown in Fig. 6G, a small smart
contact lens will collect most of the wearer’s external, surface and in-
ternal signals and display them in front of the wearer in the form of
mixed reality.
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