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Self-powered wearable biosensors

Yu Song, Daniel Mukasa, Haixia Zhang, Wei Gao*

CONSPECTUS

Wearable biosensors hold the potential of revolutionizing personalized healthcare and telemedicine.

Advances in chemical sensing, flexible materials, and scalable manufacturing techniques now allow

wearables to detect key physiological indicators such as temperature, vital signs, body motion, and

molecular biomarkers. With these systems operating on the skin, they enable continuous and non-

invasive disease diagnosis and health monitoring. Such complex devices, however, require suitable

power  sources  in  order  to  realize  their  full  capacity.  Emerging  wearable  energy  harvesters  are

attractive for addressing the challenges of wearable power supply. These harvesters convert various

types of ambient energy sources (e.g., biomechanical energy, biochemical energy, and solar energy)

into electricity. In some circumstances, the harvested electrical signals could directly be used for active

sensing of physiological parameters. On the other hand, single or hybrid wearable energy harvesters,

when integrated with power management circuits and energy storage devices, could power additional

biosensors as well as signal processing and data transmission electronics. Self-powered sensor systems

operate continuously and sustainably without an external power supply, show promising candidates in

the next generation of wearable electronics and the Internet of Things.

This Account highlights recent progress in self-powered wearable sensors towards personalized

healthcare, covering biosensors, energy harvesters, storage, and power supply strategies. The Account

begins with an introduction of our wearable biosensors toward epidermal detection of physiological

information. Advances in structural and material innovations enable wearable systems to measure both

biophysical and biochemical indicators conformably, accurately, and continuously. We then discuss

emerging  technologies  in  wearable  energy  harvesting,  classified  according  to  their  capability  to

scavenge energy from various sources. These include examples of using energy harvesters themselves

as  active biosensors.  Through seamless  integration  and efficient  power  management,  self-powered

wireless wearable sensor systems allow real-time data acquisition, processing, and transmission for

health  monitoring.  The  final  section  of  the  Account  covers  the  existing  challenges  and  new

opportunities for self-powered wearable sensors in health monitoring and human-machine interfaces

toward personalized and precision medicine.

1. INTRODUCTION



In recent years, wearable electronics has greatly improved the quality of daily life and has become

indispensable tools.1,2 Wearable devices targeted for detecting diversified biophysical and biochemical

signals offer a noninvasive means for extracting physiological indicators.3,4 Real-time monitoring of

these indicators can provide valuable information for early diagnosis and prevention of a number of

health  conditions  such  as  cardiovascular  diseases,  gout,  diabetes,  and  COVID-19.5-8 Emerging

nanotechnology, materials science, and flexible electronics have led to wearable biophysical sensors

that are capable of monitoring human activities, body motion, and electrophysiological signals (e.g.,

electroencephalogram  (EEG)  and  electrocardiogram  (ECG)).1,3 In  addition,  wearable  biochemical

sensors are emerging for noninvasive detection of molecular-level  indicators (e.g.,  electrolytes and

metabolites) from biofluids.9,10

To  ensure  wearable  biosensors  can  achieve  continuous  operation  and  make  accurate

measurements,  it  is  crucial  to  develop  renewable  and  sustainable  power  supplies. 11 The  recent

materials and nanotechnology advances have led to new wearable devices that  can harvest  energy

directly from the human body and the surrounding environment. These wearable energy harvesters are

capable of converting different  energy sources such as biomechanical  energy,  biochemical  energy,

thermal energy, and solar energy into electricity.12 In some cases, they can work directly as active

sensors, as their generated outputs correspond to the external stimuli such as motion, bending, strain,

and  molecular  concentration.13 Meanwhile,  the  integration  of  energy  harvesters  with  wearable

biosensors  and  signal  processing  circuits  enables  the  development  of  fully  self-powered  sensor

systems.

This Account provides a systematic introduction and highlights recent advances of self-powered

wearable biosensors in the field of personalized healthcare (with a focus of our own works) as shown

in Figure 1.14-23 First, a brief introduction of wearable biosensors with engineered materials and novel

layouts is given. Subsequently, wearable energy harvesters with different mechanisms are discussed in

detail. Following these sections, the latest strategies of energy harvesters as active sensors and as key

components  in  self-powered  sensor  systems  are  illustrated.  Finally,  a  perspective  on  the  future

development and challenges of self-powered wearable sensors is provided.

2. WEARABLE BIOSENSORS FOR HEALTH MONITORING

Wearable biosensors provide feasible approaches to monitor epidermally physiological signals from

both physical motions and biofluids.3 This section summarizes various types of sensing modalities and

working principles that serve as the foundations for wearable biosensors,  along with their clinical

implementations.  Section  2.1  introduces  wearable  biophysical  sensors  that  are  available  for



noninvasively measuring biopotentials, physical motions, and optical signals associated with human

activities.  With the conformal attachment on the skin,  they can detect various physical  indicators.

Section 2.2 discusses sensing technologies and preparation methods of wearable biochemical sensors.

By exploiting different essential sensing elements, wearable biochemical sensors realize continuous

tracking of chemical biomarkers from biofluids that indicate health status and allow for early disease

diagnosis.

2.1 Wearable biophysical sensors

Pressure and strain sensors. Epidermal pressure and strains caused by the arterial pulse, human

motion, and breathing rate are closely related to human physiological activity.3 Soft wearable tactile

sensors are also of great importance for applications in personalized healthcare, electronic skin, and

prosthesis control.24 Wearable pressure and strain sensors operate by detecting stimuli via changes in

sensor material properties including piezoresistive, capacitive, piezoelectric, and triboelectric effects. 

Piezoresistive pressure sensors are prevalent due to their cost-efficient fabrication, simple designs,

and  easy  acquisition  of  both  static  and  dynamic  response.  Active  materials  including  conductive

polymers,  carbon  nanotubes,  graphene,  and  nanowires  are  promising  candidates  with  mechanical

robustness  and  electrical  reliability.25 Microstructure-engineered  designs  such  as  wrinkles,  cracks,

woven  materials,  and  porous  materials  can  greatly  enhance  the  sensitivity  by  accommodating  to

geometrical  deformations.25 The  synergistic  effect  of  actively  conductive  materials  with  intrinsic

structure provides a feasible approach to obtain satisfying performance. Capacitive pressure sensors

perform with both high sensitivity and low hysteresis. The micro-structured dielectric layer allows for

the detection of subtle changes in pressure.26 Piezoelectric and triboelectric pressure sensors provide

suitable approaches to dynamic measurements with fast response and high signal-noise ratios. Upon

deformation, mechanical to electrical energy conversion occurs allowing for quantification of applied

pressure. Thus, wearable pressure sensors that exploit different sensing modalities have broad utility in

health monitoring,  human-machine interfaces,  and soft  robotics  applications.24 Figure 2A shows a

porous piezoresistive pressure sensor based on CNT-PDMS conductive elastomer through solution-

evaporation fabrication method.20 With optimized dimension and content ratio, this pressure sensor

achieves 0.51 kPa-1 in a 2 kPa linear region and induces stable resistance responses in accordance to

the joint bending states, as well as other muscle movements.

The  conventional  strain  sensors,  mainly  based  on  brittle  materials,  typically  suffer  from low

stretchability and are inappropriate for the detection of human motion. Two mainstream strategies are

available to construct stretchable conductive materials. The first involves introducing stretchability into

intrinsically  brittle  materials  to  develop  different  geometric  patterns,  such  as  cracks  and buckled



structures.27 The  second  strategy  adopts  percolating  conductive  nanomaterial  networks  including

nanoparticles,  nanowires,  and nanotubes.25 Based on these strategies,  Figure 2B presents  a  highly

robust  and  stretchable  strain  sensor  by  3D  self-assembly  of  carbon  nanotubes  and  microsphere

composites.28 When the strain sensor is stretched, applied stress induces the disconnect of overlapped

carbon nanotubes due to the weak interfacial binding and large stiffness mismatch between stretchable

elastomer matrix and nanomaterials, resulting in increasing electrical resistance.

Temperature sensor. Body temperature is a critical indicator to monitor human activities and

determine health conditions. It maintains an extraordinarily narrow range between 36 °C and 37 °C

through  thermoregulation,  and  abnormal  changes  provide  insightful  information  related  to

cardiovascular health, cognitive condition, wound healing, and many other syndromes.29 Traditional

methods  rely  on  simple  thermometers  and  are  not  applicable  for  continuously  point-of-care  use.

Temperature-sensitive  materials  embedded  in  a  flexible  or  stretchable  substrate  can  exhibit  high

sensitivity, fast response, long-term reliability, and skin compatibility. Zhu et al. presents circuit design

strategies  to  improve  the  accuracy  and  robustness  of  a  wearable  temperature  sensor  based  on

stretchable carbon nanotube transistors (Figure 2C).30 The stretchable temperature sensor circuit can

trace sensor output  as a function of temperature,  and negligible change in the temperature output

occurs under a repeatedly uniaxial strain of 15% in the device. To further minimize the strain-induced

errors, smaller feature sizes will enable the integration of instrumentation electronics closer to the

sensor elements and thereby allow accurate temperature monitoring under different stretching strains.

Humidity  sensor. Besides  the  measurement  of  the  typically  physical  parameters  mentioned

above, the analysis of skin humidity can yield insights into various aspects of physiological health.

Real-time measurement of the hydration levels of human skin can be used to monitor respiration and

water evaporation,31 which are important in monitoring disease states and assessing factors related to

the abnormal skin response. Figure 2D shows a wearable humidity sensor with wrinkled CNT-PDMS,

the resistance of which changes due to the presence of water molecules.32 The wrinkled structure

supports  a  more  hydrophilic  and  anisotropic  wetting  surface  with  an  enlarged  surface  area,  thus

enhancing the humidity sensing performance. Through the modulation of the CNT ratio, the wearable

humidity  sensor  shows great  sensitivity  and reliable  repeatability,  especially  in  human motion  or

breathing monitoring. 

Electrophysiological sensor. Biopotential signals are effective indicators for medical diagnosis

and health monitoring. Wearable electrophysiological sensors are available to measure biopotentials

including  ECG,  EEG,  electromyography  (EMG),  and  electrooculography  (EOG)  noninvasively.1,3

These informative signals can be used to monitor heart, brain, muscle, and eye activities respectively.

To  acquire  weak  biopotential  signals,  wearable  electrophysiological  sensors  with  skin-compatible



materials should perform with high signal-noise ratios, stable adhesion, and low motion artifacts for

accurate signal processing.33 Furthermore, functional materials with optimal modulus, minimal skin

irritation, and long-term usage, offer compelling benefits to achieve seamless and conformal contact

with human skin.  Son et  al.  employed self-healing electrodes as active components  to  fabricate a

wearable ECG sensor  composed of  three electrodes (Figure 2E).34 The sensor achieves ECG data

acquisition through the percolated CNT network in a polymer matrix and is capable of returning to its

original states within seconds even after the damage occurred. 

Optical  vital  sign monitor.  Optical  sensors capture the amount of light  either transmitted or

scattered and convert signal changes into electrical outputs.  Wearable optical sensors have utilized

nanostructured materials like quantum dots, nanocrystals, 2D materials, and perovskite materials to

provide clinically relevant information for disease diagnosis and treatment.35 Optical analysis of the

blood flow for example allows for the calculation of key physiological parameters such as arterial

oxygen saturation via pulse oximetry and heart rate variability via photoplethysmography (PPG).36 An

example in Figure 2F shows a wearable optical sensor powered by NFC technology for wireless optical

characterization of the skin.37 Arterial pulse waves temporally modulate the backscattered light, and

the measured signals reveal both systolic peaks and dicrotic notches which are relevant to both remote

diagnostics and health warning. Wearable optical sensors require high photo-response sensitivity and

flexibility  to  ensure  efficient  transport  of  photogenerated  carriers  and  minimize  motion  artifacts.

Ultimately these sensors must be able to measure parameters such as flow rate, pulse wave velocities,

and  heart  disease.  Integrating  a  device  with  both  wearable  optical  sensors  and  other  biophysical

sensors can facilitate a multimodal network of sensors across the body, allowing for a more complete

assessment of one’s health status.

2.2 Wearable biochemical sensors

Considering that  wearable biophysical  sensors only monitor vital signs and physical  activities,

wearable biochemical sensors are essential to assess the human health state at the biomolecular level.

Biofluids, such as saliva, tears, sweat, and interstitial fluids are ideal analytes as they can be retrieved

non-invasively  and  contain  a  wealth  of  physiological  information.8 Using  techniques  including

potentiometry,  amperometry,  voltammetry,  and  impedance  spectroscopy,  wearable  biochemical

sensors  can  continuously  monitor  dynamic  variations  of  biomarkers  in  biofluids.9 Biomarkers

including ions, metabolites, amino acids, hormones, and drugs can be detected to monitor or diagnose

conditions like cystic fibrosis, gout, mental disorders, and drug abuse.8 

Enzymatic  &  ion-selective  sensors.  Metabolites  and  electrolytes  in  biofluids  are  excellent

indicators of health state and can provide warnings for various diseases.38 For example, an imbalance



of glucose leads to severe threats to human health for individuals afflicted with diabetes mellitus, and

increased  lactate  levels  can  correspond  to  cardiac  diseases,  endotoxic  shock,  or  liver  disease.

Concentrations of ions including sodium, potassium, and calcium are also markers for dehydration

during  exercise  activities.  Key  metabolites  such  as  glucose  and  lactate  can  be  monitored  with

amperometric enzymatic sensors while a number of electrolytes (e.g., Na+, K+, NH4
+, and Ca2+) can

alternatively  be  detected  via  potentiometric  ion-selective  sensors.  Figure  3A  demonstrates  an

electrochemical sensor array consisting of enzymatic and ion-selective sensors that can simultaneously

monitor  lactate,  glucose,  as  well  as  sodium  and  potassium  ions  in  sweat  via  amperometric  and

potentiometric techniques, respectively.14 Some special cases should be noted that a combination of

enzymatic and potentiometric sensors is sometimes needed to realize accurate detection of a given

analyte.  For example, an enzymatic urea sensor can be developed based on an NH 4
+ ion-selective

electrode (Figure 3B).17 The urease layer of the sensor converts urea to NH4
+, which is subsequently

detected. This combination of sensors allows for real-time monitoring of urea in sweat.

Voltammetric  sensor.  Voltammetric  sensors  are  the most  relevant  methods for  the rapid and

accurate detection of electroactive analytes. Similar to amperometric sensors, voltammetric sensors

adopt  a  three-electrode  configuration.  The  measured  potential  dramatically  increases  at  a  redox

potential within the oxidization/reduction range of the analytes. Electroactive analytes, such as certain

drugs, amino acids, and vitamins, can be directly oxidized at a specific potential.  To achieve high

sensitivity and low detection limits, pulsed techniques such as differential pulse voltammetry (DPV)

are commonly used to measure analyte oxidation. Figure 3C illustrates a wearable voltammetric sensor

for continuously monitoring uric acid and tyrosine in human sweat.15 The laser-engraved graphene

(LEG) biochemical sensor exhibits great selectivity and sensitivity within the target’s physiological

concentration range in  sweat.  For on-body validation,  the integration of  a  multi-inlet  microfluidic

module  and  the  LEG-based  voltammetric  sensors  ensures  a  reliable  analysis  process  with  high

accuracy and temporal resolution. Combined with a preconcentration process, voltammetric sensors

can also be used to monitor heavy metal ions (e.g., Cu2+, Zn2+, and Pb2+) in biofluids.39 

Bioaffinity  sensor.  Despite  the  current  challenges  for  wearable  implementation,  bioaffinity

sensors have emerged as an efficient and powerful analysis method for analyzing a broad spectrum of

biomarkers,  including protein,  peptides,  and hormones.40-42 In general,  bioaffinity sensors work via

specific  detection  of  target-bioreceptor  interactions  (such  as  antigen-antibody  binding).  Figure  3D

shows one example in which the antibody-based immunosensors are applied to monitor the dynamics

of cortisol in biofluids.42 Cortisol is linked to chronic stress which enhances the threats of depression,

anxiety, suicide, fragile immune system, and cardiovascular diseases. The fully integrated mHealth

system is capable of measuring the cortisol diurnal cycle and the dynamic stress-response profile non-



invasively on the body. 

3. WEARABLE ENERGY HARVESTERS

The rapid rise of bioelectronics is facilitating advancements in wearable biosensors for monitoring

body motion, electrophysiological signs, as well as biomolecular information. One of the challenges in

wearable biosensors is to ensure prolonged use with a reliable power supply. Unlike traditional rigid

batteries  which  require  intermittent  replacement  or  recharging,  novel  wearable  energy  harvesters

provide  a  battery-free  approach  to  efficiently  scavenge  energy  from  human  motion  and  ambient

environment. They can also greatly enhance the feasibility and convenience of wearable biosensors in

continuous  health  monitoring.43 Emerging wearable  energy harvesters  can be  categorized  by their

energy sources,  including mechanical  energy, biochemical  energy, and solar energy.11 This section

presents  a  focused  introduction  of  various  kinds  of  energy  harvesters  tailored  for  wearable

applications. 

3.1 Triboelectric nanogenerator

Triboelectric  nanogenerators  (TENGs)  harvest  mechanical  energy  by  utilizing  contact

electrification coupled with electrostatic induction for energy conversion from dynamic stimuli.44 The

mechanical motion between the two electrified materials with opposite triboelectric charges drives the

flow of induced charges and produces a voltage. TENGs are low cost, biocompatible, and have great

adaptability. Their efficiency largely depends on the differences in the electron-attracting capability of

the tribo-materials and the morphology of the contact surfaces.

Figure 4A shows a freestanding mode TENG (FTENG) consisting of an interdigital stator and a

grating-patterned slider integrated with a commercial  flexible printed circuit  board. 18 The FTENG

converts mechanical energy into electrical energy via the coupling effect of the triboelectrification and

electrostatic  induction.  Surface  charge  density  is  a  crucial  factor  in  electricity  generation  and  is

determined by materials  with different  charge polarities.  The relative movement of two electrodes

made of different triboelectric materials (e.g., PTFE and copper) induces a flow of electric charges to

maintain the electrostatic equilibrium. To further enhance the capability of power output, TENG can

adopt a novel design with multiple panels to meet the high energy demands of wearable sensors. When

fixed on the side torso,  the wearable FTENG shows remarkable mechanical  stability with reliable

outputs during exercise.

Wearable  nanogenerators  are  a  highly  promising  option  for  energy  production  from  body

movements. Similar to TENGs, electromagnetic generators (EMGs) and piezoelectric nanogenerators



(PENGs)  could  also  potentially  be  used  to  power  future  wearables.45 PENG  is  based  on  the

piezoelectric effect,46 and there is an induced piezoelectric potential difference when an external force

is applied to the piezoelectric material. The exploration of new materials with higher charge densities

will  enable improved power outputs of these nanogenerators.  Meanwhile,  the utilization of micro-

structured surfaces such as pyramids,  pillars,  wrinkle shapes, can also increase their  contact  area,

thereby improving the output power densities as well.47

3.2 Biofuel cell

Miniaturized  flexible  biofuel  cells  (BFCs)  offer  an  attractive  innovation  for  wearable  and

implantable power sources as they could directly harvest energy from our body fluids.48 BFCs convert

chemical  energy  into  electricity  by  utilizing  redox  enzymes  as  catalysts.  To  ensure  optimal

performance of BFCs, it is crucial to maximize electrochemical transduction between the enzyme and

the electrode surface. The use of nanomaterial modified electrodes with large electrochemically active

surface area (ECSA) enables high loading and promotes the power generation.

Figure  4B  shows  a  nanoengineered  BFC  array  consisting  of  lactate  oxidase  immobilized

bioanodes and alloy nanoparticle-decorated cathodes.17 Monolithic integration of the hierarchical Ni

microstructures, reduced graphene oxide (rGO) films, and Meldola’s blue–tetrathiafulvalene–modified

carbon nanotubes (MDB-TTF-CNT) on the enzymatic anode increases the ECSA by 3000 times. On

the other hand,  Pt-Co alloy nanoparticles decorated MDB-modified CNT network (MDB-CNT) is

used to immobilize the BFC cathode. Co dopants could enhance the cohesive energy, stabilize the

nanoparticles, and then reduce biofouling, leading to remarkable long-term stability in body fluids.

The BFC array can efficiently catalyze the lactic acid to pyruvate in human sweat and generate a stable

current output with a high-power density (as high as 3.6 mW cm-2). 

The  development  of  wearable  and  flexible  BFCs  will  require  materials  that  can  offer

conformability  and  mechanical  compliance  against  the  body  while  providing  highly  efficient

biocatalytic  chemical  energy  conversion  efficiency.  Their  efficiency  strongly  depends  on  the

dynamically  changed  compositions  of  the  biofluids  during  physical  activities  and  surrounding

environments (temperature, pH, humidity, and oxygen level). It is essential to immobilize the enzyme

on the electrode surface reliability to maintain stable performance in the complex biofluids during

long-term operation.

3.3 Solar cell

Solar cells are one of the most promising green energy harvesters.49 Their ability to convert freely

accessible incident light into electrical energy makes them attractive energy generators for wearable

devices.  Both  materials  development  and  functional  modifications  are  crucial  for  high-efficiency



energy conversion. Among the various materials applied for solar cells, perovskite, dye-sensitized, and

inorganic, organic photovoltaics (OPVs) are of particular interest. 

Figure 4C shows mechanically flexible OPVs which exhibit high power conversion efficiency by

combining stable active layers and an inverted architecture.16 The washable and lightweight  OPVs

remain superior stretchable and stable even in water with an efficiency of 7.9%. The implementation

of such OPVs provides a feasible solution to wearable biosensors for continuous and long-term health

monitoring in the presence of light.

For optimal application in bioelectronics and wearable systems, both experimental and theoretical

studies need to be conducted to provide fundamental  guidelines on the best choices of functional

materials and specific designs of solar cells. It is essential to design the cells that operate stably on the

body and harvest enough energy to power or charge an entire wearable device for a sufficient time.

3.4 Hybrid energy harvester

Hybrid energy harvesting enables one system to convert multiple sources of energy into electricity

simultaneously or  sequentially.50 It  provides  a  simple  but  effective method for  sustainable  energy

harvesting and a promising means to effectively increase their energy production efficiency.51 Hybrid

energy harvesters can either harvest one type of energy, like using TENGs with PENGs or EMGs to

harvest mechanical energy, or utilize various different energy harvesters to enable favorable energy

production in any environment.

Chen et al.  presented a micro-cable hybrid textile that integrates a TENG and a solar cell  for

converting biomechanical energy and ambient solar energy into electricity (Figure 5A).52 Made of the

lightweight and low-cost polymer fibers, the hybrid power textile is highly deformable and breathable

in response to both solar irradiance and human motion. Under sunlight exposure with mechanical

excitation, it is capable of generating sub-mW energy continuously.

Pairing biochemical and biomechanical harvesters is one means of scavenging energy efficiently

and reliably from human activities, as shown in Figure 5B.53 During human movements, the TENGs

harvest biomechanical energy to generate motion-induced charge instantly, and the activated BFCs

harvest biochemical energy from enzymatic reactions of human sweat for continuous power delivery.

With judicious layout design, this wearable microgrid significantly enhances the sustainability and

practically of the self-powered wearable systems.

Through  the  optimization  of  both  performance  and  layout,  hybridization  of  different  energy

harvesters will be beneficial to maintain long-term operation for wearable devices. Since the outputs

from hybrid energy harvesters are variable with distinct characteristics, an efficient power management



strategy is highly desired to modulate the generated electricity.

4. WEARABLE HARVESTERS FOR ACTIVE SENSING

The advent of personalized healthcare requires the independent operation of multi-functional wearable

biosensor  networks.  Emerging  wearable  energy  harvesters  are  highly  attractive  for  wearable

applications: in addition to being the power sources to sensing networks, they can also act as active

sensors. Electrical signals acquired from the energy harvesters can serve as indicators for physiological

events.13 This  greatly  simplifies  the  resulting  biosensor  network,  making  wearable  devices  more

feasible for a broader range of applications. In this section, we will introduce the power outputs of

wearable energy harvesters for active sensing of both biophysical and biochemical parameters.

4.1 Nanogenerators for active sensing

TENGs can convert mechanical energy into electricity and can be easily fabricated from a variety

of functional materials. They can be integrated into wearables to measure electrical outputs such as

voltage,  current,  or  frequency.  These  measurements  can  be  used  to  obtain  information  about  an

individual’s  position  or  frequency  of  movement  and  be  applied  to  health  monitoring  or  human-

machine interfaces.54

Enhanced spatial resolution and motion recognition are essential for TENGs when used as tactile

sensors. Figure 6A shows one such sensor, an analogue smart skin used to detect pressure and velocity

of an object from a single-electrode TENG paired with an analogue localizing method.21 Voltage ratios

obtained from electrostatic induction between two electrodes, reflect the relative position and hence

the direction of motion, with peak voltages indicating touching velocities. This analogue smart skin

exhibits especially high resolution and sensitivity.

TENG-based  strain  sensors  can  be  used  to  detect  vigorous  human  motion.  Different  from

conventional  resistive  or  capacitive  strain  sensors,  active  strain  sensors  can  yield  dynamic

measurements by utilizing TENGs. These sensors are however sensitive to a different set of parameters

and have unstable output signals, limiting their accuracy and long-term durability. Instead of analyzing

voltage or current outputs during the stretching process, Su et al. proposed a digitalized strain sensor

consisting  of  a  flexible  grated  electrode  and  a  stretchable  elastomer  with  two  specially  designed

protrusions (Figure 6B).55 Digitalizing the obtained periodic  signals  from the TENG yields  strain

measurements  with  high  sensitivity  and  accuracy.  This  active  strain  sensor  allows  for  real-time

detection  of  elbow  joint  motion  and  analysis  of  posture,  indicating  potentials  in  prosthetic  and

biomedical applications.



With proper surface modification and structural design, the TENGs can act as active chemical

biosensors  to  monitor  the  concentrations  of  target  biomarkers.  Figure  6C depicts  a  TENG-based

biosensing unit matrix functionalized with various enzymes for real-time perspiration analysis. 23 With

the synergistic effect of triboelectrification and enzymatic reactions, this TENG-based chemical sensor

can selectively analyze biomarkers (such as glucose, lactate, uric acid, urea, and ions) in sweat when

driven by the elbow bending.  Further integration of such enzymatic TENG-based biosensors with

visualization system will facilitate the development of visualized healthcare warning and point-of-care

diagnosis system.

4.2 BFC for active sensing

Biofuel cells convert biochemical energy in biofluids to electrical outputs through redox reactions

with immobilized enzymes.56 The generated power or current is usually proportional to the analyte

concentration,  so BFCs can simultaneously monitor the real-time level  of  specific biomolecules.56

Figure 6D describes  a stretchable textile-based BFC for noninvasive sweat  monitoring.22 With the

synergistic effects of nanoengineered inks and the serpentine designs, this printable textile-BFC can

withstand repeated severe mechanical deformations with minimal impact on its structural integrity.

The output signal of the stretchable BFC is proportional to the lactate level in human sweat, which acts

well as a selective and quantitative lactate sensor. Such capability offers great promise for non-invasive

self-powered continuous metabolic monitoring. 

The combination of BFC and other energy harvesting strategies (TENG, PENG, and solar cell)

can further promote the development of active biosensors for personalized health monitoring. It is of

vital importance to improve the durability and output stability, which ensures the long-term use and

sensitive monitoring for various signals.  Meanwhile, through adopting novel structural designs, the

integration of energy harvesters with other components (signal detection and data transmission) will

eventually enable the applications of active sensors in wireless sensor networks. It  should also be

mentioned that although such energy harvester-based active sensors could be self-powered, the data

collection, transmission, or display will still require additional system-level configurations.

5. WEARABLE SELF-CHARGING POWER UNITS

The  demands  for  wearable,  sustainable,  and  environmentally-friendly  power  supplies  have

subsequently increased over the last few decades. Frequent recharging or replacement of traditional

power  supplies  leads  to  inconvenience and high maintenance cost  during long-term operation.  To

address  this,  the  integration  of  wearable  energy  harvesters  with  energy  storage  devices  (e.g.,

supercapacitors  and lithium-ion batteries)57 to  create  self-charging power  units  (SCPU) has  drawn



tremendous attention.58 This section introduces the progress of SCPUs by integrating single or hybrid

energy harvesters with energy storage devices suitable for wearable electronics.

5.1 TENG based SCPU

TENG  paired  with  supercapacitor  is  a  promising  combination  for  harvesting  and  storing

mechanical  energy.  Supercapacitors  provide high power  density,  have a  long lifespan,  and can be

integrated  onto flexible  substrates.59 Since TENGs have an  alternating  current  output,  the general

strategy is to convert the alternating current into a direct current with a bridge rectifier before charging

an energy storage device. However, most of SCPUs proposed are separate units,  which reduce the

power  density  and  limit  practical  applications.  Though  the  TENG  and  supercapacitors  are  not

available to share electrodes, novel designs are developed to share the package or substrate to achieve

an all-in-one layout with a high degree of integration. For example, Song et al. reported an SCPU with

a  wrinkled  PDMS  based  TENG  and  a  CNT-paper-based  supercapacitor  (Figure  7A).60 When

compressive stress is applied, the SCPU can directly convert mechanical energy into electrochemical

energy and store it in the supercapacitor. Such mechanical energy harvesters are extremely versatile in

terms  of  materials  choice  and  structure  design,  making  the  SCPU wearable,  biocompatible,  and

applicable  to  various  service environments.  Effectively harvesting and storing  energies  from daily

human activities will further expand the longevity of wearable biosensors and make their application

more realistic.

5.2 BFC based SCPU

Integration of enzymatic BFCs with suitable energy storage devices,  like supercapacitors,  will

enable  self-charging  and  promote  overall  device  efficacy.56 Figure  7B  describes  a  textile-based

stretchable BFC-supercapacitor SCPU, capable of harvesting and storing energy from human sweat.61

Fabricated through the screen-printing method on both sides of the textile, the BFC on the inner side

facing the skin is capable of harvesting sweat-lactate to produce biochemical energy. This energy is

then stored in  the supercapacitor  on the outer  side.  Directly laminated on the arm of the human

subject,  the BFC can charge the supercapacitor to 0.4 V in 37 min during cycling exercise.  With

seamless integration and unique architecture, this textile based SCPU opens up future opportunities

for healthcare, fitness, and security monitoring applications.

5.3 Solar cell based SCPU

As solar energy is widely accessible, solar cell based SCPU represent an attractive solution to

obtain stable,  continuous, and high performance power during the daily life for on-body wearable

sensing.  For  example,  Zhang and colleagues report  a solar  cell  based SCPU consisting of  photo-

rechargeable fabrics (with wire-type ZnO nanoarrays photoanode) and rechargeable Zn/MnO2 battery



textile (Figure 7C).62 The fabric is able to deliver a high power of 0.1 mA for 10 min after 1-min

charging under sunlight, sufficient to power a body area sensor network including a humidity sensor, a

temperature sensor, and a motion sensor. 

5.4 Hybrid SCPU

Considering  that  multiple  energy  sources  commonly  coexist  in  real  applications  of  wearable

sensors, hybrid SCPU provide an effective approach to optimize the power outputs and broaden the

scope of applications.63 Wen et al. presented a hybrid SCPU, that can simultaneously collect energy

from ambient light and random human motion that can subsequently be stored as chemical energy

(Figure 7D).64 Based on the all-fiber-shaped configuration, the SCPU can be easily woven into textiles

to develop smart clothes. With impedance matching among solar cells, TENGs, and supercapacitors,

the hybrid SCPU can achieve further improvements in the charging efficiency to sustainably operate

wearable electronics. 

The SCPU is available to harvest energy from common types of renewable energy resources and

has shown the viability of the  in situ storage, making it a promising approach to sustainably power

sensors and systems.65 Different integration strategies with diverse mechanisms allow more practical

applications of SCPU, ranging from wearable sensors, personal healthcare, to implantable electronics.

In the future, power management strategies should be investigated to enable efficient energy transfer as

well  as  innovative  structure  designs  to  improve  system  integration  and  allow  for  large-scale

fabrication.65

6. SELF-POWERED BATTERY-FREE WEARABLE SENSOR SYSTEMS

Wearable biosensors show great promise in the realm of non-invasive health monitoring as they are

able to detect various physiological indicators including both biophysical and biochemical signals. The

realization of data acquisition, processing, and transfer from the biosensor interface typically requires

a bulky and rigid battery, which is an inconvenience and is inadequate for long-term usability. Fully

self-powered wireless wearable sensor system, which harvests energy from renewable and sustainable

sources (e.g., human motion, light, body heat, and biofluids), is an attractive approach to enable the

sustainable operation of biosensors. These integrated system can communicate with the user through

visual display or modern wireless transmission technologies. 

6.1 Self-powered sensor system with visual display

Recent studies have shown that such wearable energy harvesters, when integrated with a digital

watch or an LED or e-ink screen, can realize self-sustainable wearable sensing system with visual



display. For example,  a fully integrated smart  watch powered by a solar  cell  was demonstrated to

monitor sweat glucose continuously during exercise (Figure 8A). A Zn-MnO2 battery was used to store

the harvested solar energy and power an electronic ink screen to display the qualitative sweat glucose

data from an enzymatic glucose sensor.66

6.2 Self-powered sensor system with near field communication (NFC)

NFC is an effective strategy to realize the battery-free wearable system as it could enable wireless

power  delivery  as  well  as  data  transmission.  To  continuously  obtain  quantitative  physiological

information,  Bandodkar et  al.  reported a battery-free multimodal wearable sensor system that  can

simultaneously perform electrochemical,  colorimetric,  and volumetric sweat analysis (Figure 8B).19

The  detection  of  sweat  glucose  and  lactate  was  achieved  using  BFCs  as  active  sensors.  Signal

processing and wireless data transmission between the wearable sensor and the user interfaces (e.g.,

smartphone) was enabled by near-field communication (NFC). 

6.3 Self-powered sensor system with Bluetooth communication

Considering that NFC could suffer from short operation distance, Bluetooth is a more attractive

wireless communication choice for a large number of wearable applications. For such self-powered

wireless systems, although signal processing and sensor operation could consume relatively low power

(~µA level),  Bluetooth communication usually leads to high power consumption (~mW level) and

poses  high  requirement  in  energy  harvesting  and  power  management  efficiencies.17,18 Song  et  al.

proposed  a  fully  self-powered  wearable  system  consisting  of  a  multi-panel  FTENG  array,  a

microfluidic sweat sensor patch, and a power management circuit module (Figure 8C).18 The FTENG

array generates a high power output of ~416 mW m−2 which is temporarily stored in a capacitor. The

system can be periodically woke up for performing biochemical measurement and transmitting the

collected data. Through seamless integration and efficient power management, this TENG-powered

wearable sensor system allows for real-time detection of the molecular level (sodium and pH) in sweat

wirelessly during on-body evaluation (Figure 8D).

BFCs are another energy conversion method gaining popularity in the bioelectronic field due to

their capability of on-site power generation. Molecular biomarkers in sweat can also serve as an ideal

and  sustainable  energy  source  for  BFCs.  Figure  8E  describes  a  fully-integrated  BFC-powered

electronic  skin  for  continuous  monitoring  of  key  metabolic  analytes  (i.e.,  glucose,  pH,  urea,  and

NH4
+).17 The biochemical information collected from the biosensors can be wirelessly transmitted to

the user interface via Bluetooth Low Energy. As shown in Figure 8F, this battery-free biofuel-powered

system demonstrates stable performance in energy harvesting and health monitoring during prolonged

physical  activities.  In  addition,  the  BFC-powered  electronic  skin  can  serve  as  a  human-machine



interface for robotic assistance when integrated with soft strain sensors.

Self-powered wearable sensor systems based on various mechanisms of energy harvesting allow

them for operating continuously without even needing a battery to address the challenge of energy

requirements.  The development of  multimodal,  fully integrated,  and self-powered wearable sensor

system paves a feasible way to personalized healthcare and prosthetic assistance.

7. CONCLUSIONS AND OUTLOOK

In this  Account,  we  have  reviewed and highlighted the recent  advances  in  self-powered wearable

sensors. Novel structural designs of wearable biosensors coupled with functional micro/nanomaterials

enable real-time monitoring of health status at both biophysical and biochemical levels. The seamless

integration of  wearable  energy harvesters  and biosensors  allows for  self-powered wearable  sensor

systems.  The  advances  of  self-powered  wearable  sensor  systems  shed  the  light  on  personalized

healthcare, from real-time health monitoring, human-machine interfaces to on-demand therapeutics. 

Despite the considerable achievements made recently in this field, important challenges remain to

be addressed for self-powered wearable  sensors  in practical  biomedical  applications.  First,  further

improvements on selectivity,  sensitivity,  repeatability,  stability as well  as mechanical  reliability of

biosensors  are highly desired to real-life multimodal  biosensing,  especially  toward human activity

tracking and continuous health monitoring. Second, innovations in materials, structural designs, and

system integration  are  crucial  make  the  key  components  applicable  for  scale-up  fabrication.  For

example,  functional  nanomaterials  and  design  configurations  compatible  with  advanced  printing

technologies such as inkjet printing, 3D printing, and roll-to-roll printing should be explored toward

mass-producible,  high-performance,  and  low-cost  self-powered  wearable  systems.  Third,  the

hybridization of different energy harvesters and high-efficiency power management strategies will be

beneficial in enhancing the adaptability of self-powered wearable sensors in complicated conditions.

At  the  same time,  it  is  important  to  adopt  both  circuit  modules  and biosensors  with  low power

consumption to further decrease the required power capacity. Integrated circuit design, in this regard,

is  an  attractive  solution  to  achieve  miniaturized  ultra-low-power  systems  with  efficient  energy

harvesting and signal processing capabilities.67 Last but not least,  evaluation of the integrated self-

powered wearable sensor systems in large scale human trials are crucial to validate their usability in

practical applications. Interdisciplinary collaborations across materials,  chemistry, engineering, and

clinical medicine fields will be crucial to realize the full potential of self-powered wearable sensors.

The large scale multimodal data collected from the cohort studies, coupled with modern data mining

approaches, could open the door to numerous personalized healthcare applications. 



AUTHOR INFORMATION

Corresponding Author

Wei Gao − Andrew and Peggy Cherng Department of Medical Engineering, California Institute of

Technology,  Pasadena,  California  91125,  United  States;  orcid.org/0000-0002-8503-4562;  Email:

weigao@caltech.edu

Authors

Yu Song − Andrew and Peggy Cherng Department of Medical Engineering, California Institute of

Technology, Pasadena, California 91125, United States; orcid.org/0000-0002-4185-2256

Daniel  Mukasa −  Andrew  and  Peggy  Cherng  Department  of  Medical  Engineering,  California

Institute of Technology, Pasadena, California 91125, United States; orcid.org/0000-0001-8379-3648

Haixia Zhang − National Key Lab of Micro/Nano Fabrication Technology, Peking University, Beijing

100871, China

Notes

The authors declare no competing financial interest.

Biographies

Yu Song is a postdoctoral scholar at the Department of Medical Engineering, California Institute of

Technology. He received his Ph.D. degree in 2020 from Peking University and his B.S. degree in 2015

from Huazhong University of Science and Technology, both in Electrical Engineering. His research

interests include wearable biosensors, bioelectronics, and self-powered systems.

Daniel Mukasa received his BA degree in Physics (high honors) from Oberlin College. He currently

pursuing  a  Ph.D.  at  Caltech  in  the  Materials  Science  department  working  for  Dr.  Wei  Gao.  His

research interests include the rational design of biosensors, wearable electronics, and nanomedicine.

He is also a member of the Sigma Xi Scientific Honor Society.

Haixia Zhang received her Ph.D. at Huazhong University of Science and Technology in 1998, then

finished her postdoctoral research at Tsinghua University and joined Peking University in 2001 as a

faculty member. Her researches focus on micro/nano energy harvesting technology and smart system. 

Wei Gao is  currently an Assistant  Professor of Medical Engineering at  the California Institute of

Technology. He received his Ph.D. degree in chemical engineering from the University of California,

San Diego, in 2014. He then worked as a postdoctoral fellow in electrical engineering and computer

mailto:weigao@caltech.edu


sciences  at  the University  of  California,  Berkeley till  2017.  His  current  research interests  include

flexible electronics, wearable biosensors, digital medicine, and micro/nanorobotics.

ACKNOWLEDGMENTS

This work was supported by the Tobacco Related-Disease Research Program at UCOP (T31IP1666),

the Rothenberg Innovation Initiative (RI2) at California Institute of Technology, and American Heart

Association (19TPA34850157).

REFERENCES

(1) Ray, T. R.; Choi, J.; Bandodkar, A. J.; Krishnan, S.; Gutruf, P.; Tian, L.; Ghaffari, R., Rogers, J. A. Bio-

Integrated Wearable Systems: A Comprehensive Review. Chem. Rev. 2019, 119, 5461-5533.

(2) Gao, W.; Ota, H.; Kiriya, D.; Takei, K., Javey, A. Flexible Electronics toward Wearable Sensing. Acc. Chem.

Res. 2019, 52, 523-533.

(3) Xu, C.; Yang, Y., Gao, W. Skin-Interfaced Sensors in Digital Medicine: From Materials to Applications .

Matter 2020, 2, 1414-1445.

(4)  Liu,  Y.;  Pharr,  M.,  Salvatore,  G. A. Lab-on-Skin: A Review of Flexible and Stretchable Electronics for

Wearable Health Monitoring. ACS Nano 2017, 11, 9614-9635.

(5) Teymourian, H.; Barfidokht, A., Wang, J. Electrochemical Glucose Sensors in Diabetes Management: An

Updated Review (2010-2020). Chem. Soc. Rev. 2020, 49, 7671-7709.

(6) Zheng, Q.; Tang, Q.; Wang, Z. L., Li, Z. Self-Powered Cardiovascular Electronic Devices and Systems . Nat.

Rev. Cardiol. 2021, 18, 7-21.

(7)  Lukas,  H.;  Xu,  C.;  Yu,  Y.,  Gao,  W.  Emerging  Telemedicine  Tools  for  Remote  Covid-19  Diagnosis,

Monitoring, and Management. ACS Nano 2020, 14, 16180-16193.

(8) Yang, Y., Gao, W. Wearable and Flexible Electronics for Continuous Molecular Monitoring. Chem. Soc. Rev.

2019, 48, 1465-1491.

(9) Yu, Y.; Nyein, H. Y. Y.; Gao, W., Javey, A. Flexible Electrochemical Bioelectronics: The Rise of in Situ

Bioanalysis. Adv. Mater. 2020, 32, 1902083.

(10) Kim, J.; Campbell, A. S.; de Avila, B. E., Wang, J. Wearable Biosensors for Healthcare Monitoring . Nat.

Biotechnol. 2019, 37, 389-406.

(11)  Li,  J.;  Zhao,  J.,  Rogers,  J.  A.  Materials  and  Designs  for  Power  Supply  Systems  in  Skin-Interfaced



Electronics. Acc. Chem. Res. 2019, 52, 53-62.

(12) Chen, G.; Li, Y.; Bick, M., Chen, J. Smart Textiles for Electricity Generation . Chem. Rev. 2020, 120, 3668-

3720.

(13)  Chen,  H.;  Song,  Y.;  Cheng,  X.,  Zhang,  H.  Self-Powered  Electronic  Skin  Based  on  the  Triboelectric

Generator. Nano Energy 2019, 56, 252-268.

(14) Gao, W.; Emaminejad, S.; Nyein, H. Y. Y.; Challa, S.; Chen, K.; Peck, A.; Fahad, H. M.; Ota, H.; Shiraki,

H.; Kiriya, D.; Lien, D. H.; Brooks, G. A.; Davis, R. W., Javey, A. Fully Integrated Wearable Sensor Arrays for

Multiplexed in Situ Perspiration Analysis. Nature 2016, 529, 509-514.

(15) Yang, Y.; Song, Y.; Bo, X.; Min, J.; Pak, O. S.; Zhu, L.; Wang, M.; Tu, J.; Kogan, A.; Zhang, H.; Hsiai, T.

K.; Li, Z., Gao, W. A Laser-Engraved Wearable Sensor for Sensitive Detection of Uric Acid and Tyrosine in

Sweat. Nat. Biotechnol. 2020, 38, 217-224.

(16) Jinno, H.; Fukuda, K.; Xu, X.; Park, S.; Suzuki, Y.; Koizumi, M.; Yokota, T.; Osaka, I.; Takimiya, K.,

Someya, T. Stretchable and Waterproof Elastomer-Coated Organic Photovoltaics for Washable Electronic Textile

Applications. Nat. Energy 2017, 2, 780-785.

(17) Yu, Y.; Nassar, J.; Xu, C.; Min, J.; Yang, Y.; Dai, A.; Doshi, R.; Huang, A.; Song, Y.; Gehlhar, R.; Ames, A.

D., Gao, W. Biofuel-Powered Soft Electronic Skin with Multiplexed and Wireless Sensing for Human-Machine

Interfaces. Sci. Robot. 2020, 5, eaaz7946.

(18) Song, Y.; Min, J.; Yu, Y.; Wang, H.; Yang, Y.; Zhang, H., Gao, W. Wireless Battery-Free Wearable Sweat

Sensor Powered by Human Motion. Sci. Adv. 2020, 6, eaay9842.

(19) Bandodkar, A. J.; Gutruf, P.; Choi, J.; Lee, K.; Sekine, Y.; Reeder, J. T.; Jeang, W. J.; Aranyosi, A. J.; Lee,

S. P.; Model, J. B.; Ghaffari, R.; Su, C. J.; Leshock, J. P.; Ray, T.; Verrillo, A.; Thomas, K.; Krishnamurthi, V.;

Han, S.; Kim, J.; Krishnan, S.; Hang, T., Rogers, J. A. Battery-Free, Skin-Interfaced Microfluidic/Electronic

Systems for Simultaneous Electrochemical, Colorimetric, and Volumetric Analysis of Sweat. Sci. Adv. 2019, 5,

eaav3294.

(20) Song, Y.; Chen, H.; Chen, X.; Wu, H.; Guo, H.; Cheng, X.; Meng, B., Zhang, H. All-in-One Piezoresistive-

Sensing Patch Integrated with Micro-Supercapacitor. Nano Energy 2018, 53, 189-197.

(21) Shi, M.; Zhang, J.; Chen, H.; Han, M.; Shankaregowda, S. A.; Su, Z.; Meng, B.; Cheng, X., Zhang, H. Self-

Powered Analogue Smart Skin. ACS Nano 2016, 10, 4083-4091.

(22) Jeerapan, I.; Sempionatto, J. R.; Pavinatto, A.; You, J. M., Wang, J. Stretchable Biofuel Cells as Wearable

Textile-Based Self-Powered Sensors. J. Mater. Chem. A 2016, 4, 18342-18353.



(23) He, H.; Zeng, H.; Fu, Y.; Han, W.; Dai, Y.; Xing, L.; Zhang, Y., Xue, X. A Self-Powered Electronic-Skin for

Real-Time Perspiration Analysis and Application in Motion State Monitoring . J. Mater. Chem. C 2018, 6, 9624-

9630.

(24) Someya, T.; Bao, Z., Malliaras, G. G. The Rise of Plastic Bioelectronics. Nature 2016, 540, 379-385.

(25)  Choi,  S.;  Han,  S.  I.;  Kim,  D.;  Hyeon,  T.,  Kim,  D.  H.  High-Performance  Stretchable  Conductive

Nanocomposites: Materials, Processes, and Device Applications. Chem. Soc. Rev. 2019, 48, 1566-1595.

(26)  Lee,  S.;  Franklin,  S.;  Hassani,  F.  A.;  Yokota,  T.;  Nayeem,  M. O.  G.;  Wang,  Y.;  Leib,  R.;  Cheng,  G.;

Franklin, D. W., Someya, T. Nanomesh Pressure Sensor for Monitoring Finger Manipulation without Sensory

Interference. Science 2020, 370, 966-970.

(27) Lim, H. R.; Kim, H. S.; Qazi, R.; Kwon, Y. T.; Jeong, J. W., Yeo, W. H. Advanced Soft Materials, Sensor

Integrations, and Applications of Wearable Flexible Hybrid Electronics in Healthcare, Energy, and Environment.

Adv. Mater. 2020, 32, 1901924.

(28) Su, Z.;  Chen, H.; Song, Y.; Cheng, X.; Chen, X.; Guo, H.; Miao, L., Zhang, H. Microsphere-Assisted

Robust Epidermal Strain Gauge for Static and Dynamic Gesture Recognition. Small 2017, 13, 1702108.

(29) Barnes, R. B. Thermography of the Human Body. Science 1963, 140, 870-877.

(30) Zhu, C.; Chortos, A.; Wang, Y.; Pfattner, R.; Lei, T.; Hinckley, A. C.; Pochorovski, I.; Yan, X.; To, J. W. F.;

Oh, J. Y.; Tok, J. B. H.; Bao, Z., Murmann, B. Stretchable Temperature-Sensing Circuits with Strain Suppression

Based on Carbon Nanotube Transistors. Nat. Electron. 2018, 1, 183-190.

(31)  Kano,  S.;  Kim,  K.,  Fujii,  M.  Fast-Response  and  Flexible  Nanocrystal-Based  Humidity  Sensor  for

Monitoring Human Respiration and Water Evaporation on Skin. ACS Sens. 2017, 2, 828-833.

(32) Miao, L.; Wan, J.; Song, Y.; Guo, H.; Chen, H.; Cheng, X., Zhang, H. Skin-Inspired Humidity and Pressure

Sensor with a Wrinkle-on-Sponge Structure. ACS Appl. Mater. Interfaces 2019, 11, 39219-39227.

(33) Tian, L.; Zimmerman, B.; Akhtar, A.; Yu, K. J.; Moore, M.; Wu, J.; Larsen, R. J.; Lee, J. W.; Li, J.; Liu, Y.;

Metzger, B.; Qu, S.; Guo, X.; Mathewson, K. E.; Fan, J. A.; Cornman, J.; Fatina, M.; Xie, Z.; Ma, Y.; Zhang, J.;

Zhang, Y.; Dolcos, F.; Fabiani, M.; Gratton, G.; Bretl, T.; Hargrove, L. J.; Braun, P. V.; Huang, Y., Rogers, J. A.

Large-Area Mri-Compatible Epidermal Electronic Interfaces for Prosthetic Control and Cognitive Monitoring .

Nat. Biomed. Eng. 2019, 3, 194-205.

(34) Son, D.; Kang, J.; Vardoulis, O.; Kim, Y.; Matsuhisa, N.; Oh, J. Y.; To, J. W.; Mun, J.; Katsumata, T.; Liu,

Y.; McGuire, A. F.; Krason, M.; Molina-Lopez, F.; Ham, J.; Kraft, U.; Lee, Y.; Yun, Y.; Tok, J. B., Bao, Z. An

Integrated Self-Healable Electronic Skin System Fabricated Via Dynamic Reconstruction of a Nanostructured



Conducting Network. Nat. Nanotechnol. 2018, 13, 1057-1065.

(35) Cai, S.; Xu, X.; Yang, W.; Chen, J.,  Fang, X. Materials and Designs for Wearable Photodetectors. Adv.

Mater. 2019, 31, 1808138.

(36) Chung, H. U.; Kim, B. H.; Lee, J. Y.; Lee, J.; Xie, Z.; Ibler, E. M.; Lee, K.; Banks, A.; Jeong, J. Y.; Kim, J.;

Ogle, C.; Grande, D.; Yu, Y.; Jang, H.; Assem, P.; Ryu, D.; Kwak, J. W.; Namkoong, M.; Park, J. B.; Lee, Y.;

Kim, D. H.; Ryu, A.; Jeong, J.; You, K.; Ji, B.; Liu, Z.; Huo, Q.; Feng, X.; Deng, Y.; Xu, Y.; Jang, K. I.; Kim, J.;

Zhang, Y.; Ghaffari, R.; Rand, C. M.; Schau, M.; Hamvas, A.; Weese-Mayer, D. E.; Huang, Y.; Lee, S. M.; Lee,

C. H.; Shanbhag, N. R.; Paller, A. S.; Xu, S., Rogers, J. A. Binodal, Wireless Epidermal Electronic Systems with

in-Sensor Analytics for Neonatal Intensive Care. Science 2019, 363, eaau0780.

(37) Kim, J.; Salvatore, G. A.; Araki, H.; Chiarelli, A. M.; Xie, Z.; Banks, A.; Sheng, X.; Liu, Y.; Lee, J. W.;

Jang, K. I.; Heo, S. Y.; Cho, K.; Luo, H.; Zimmerman, B.; Kim, J.; Yan, L.; Feng, X.; Xu, S.; Fabiani, M.;

Gratton, G.; Huang, Y.; Paik, U., Rogers, J. A. Battery-Free, Stretchable Optoelectronic Systems for Wireless

Optical Characterization of the Skin. Sci. Adv. 2016, 2, e1600418.

(38) Someya, T., Amagai, M. Toward a New Generation of Smart Skins. Nat. Biotechnol. 2019, 37, 382-388.

(39) Gao, W.; Nyein, H. Y. Y.; Shahpar, Z.; Fahad, H. M.; Chen, K.; Emaminejad, S.; Gao, Y.; Tai, L.-C.; Ota,

H.; Wu, E.; Bullock, J.; Zeng, Y.; Lien, D.-H., Javey, A. Wearable Microsensor Array for Multiplexed Heavy

Metal Monitoring of Body Fluids. ACS Sens. 2016, 1, 866-874.

(40) Tu, J.  B.;  Torrente-Rodriguez, R. M.; Wang, M. Q.,  Gao, W. The Era of Digital Health:  A Review of

Portable and Wearable Affinity Biosensors. Adv. Funct. Mater. 2020, 30, 1906713.

(41) Torrente-Rodriguez, R. M.; Lukas, H.; Tu, J.; Min, J.; Yang, Y.; Xu, C.; Rossiter, H. B., Gao, W. Sars-Cov-2

Rapidplex: A Graphene-Based Multiplexed Telemedicine Platform for Rapid and Low-Cost Covid-19 Diagnosis

and Monitoring. Matter 2020, 3, 1981-1998.

(42) Torrente-Rodriguez, R. M.; Tu, J.; Yang, Y.; Min, J.; Wang, M.; Song, Y.; Yu, Y.; Xu, C.; Ye, C.; IsHak, W.

W., Gao, W. Investigation of Cortisol Dynamics in Human Sweat Using a Graphene-Based Wireless Mhealth

System. Matter 2020, 2, 921-937.

(43) Wang, Z. L. Triboelectric Nanogenerators as New Energy Technology for Self-Powered Systems and as

Active Mechanical and Chemical Sensors. ACS Nano 2013, 7, 9533-9557.

(44) Wang, Z. L.; Chen, J., Lin, L. Progress in Triboelectric Nanogenerators as a New Energy Technology and

Self-Powered Sensors. Energy Environ. Sci. 2015, 8, 2250-2282.

(45) Wu, H.; Huang, Y.; Xu, F.; Duan, Y., Yin, Z. Energy Harvesters for Wearable and Stretchable Electronics:



From Flexibility to Stretchability. Adv. Mater. 2016, 28, 9881-9919.

(46) Jiang, D.; Shi, B.; Ouyang, H.; Fan, Y.; Wang, Z. L., Li, Z. Emerging Implantable Energy Harvesters and

Self-Powered Implantable Medical Electronics. ACS Nano 2020, 14, 6436-6448.

(47) Wang, H.; Han, M.; Song, Y., Zhang, H. Design, Manufacturing and Applications of Wearable Triboelectric

Nanogenerators. Nano Energy 2021, 81, 105627.

(48) Bandodkar, A. J.; You, J.-M.; Kim, N.-H.; Gu, Y.; Kumar, R.; Mohan, A. M. V.; Kurniawan, J.; Imani, S.;

Nakagawa, T.;  Parish,  B.;  Parthasarathy, M.;  Mercier,  P.  P.;  Xu,  S.,  Wang, J.  Soft,  Stretchable,  High Power

Density Electronic Skin-Based Biofuel Cells for Scavenging Energy from Human Sweat.  Energy Environ. Sci.

2017, 10, 1581-1589.

(49) Nayak, P. K.; Mahesh, S.; Snaith, H. J., Cahen, D. Photovoltaic Solar Cell Technologies: Analysing the State

of the Art. Nat. Rev. Mater. 2019, 4, 269-285.

(50) Pang, Y.; Cao, Y.; Derakhshani, M.; Fang, Y.; Wang, Z. L., Cao, C. Hybrid Energy-Harvesting Systems

Based on Triboelectric Nanogenerators. Matter 2021, 4, 116-143.

(51) Ryu, H.; Yoon, H. J., Kim, S. W. Hybrid Energy Harvesters: Toward Sustainable Energy Harvesting . Adv.

Mater. 2019, 31, 1802898.

(52) Chen, J.; Huang, Y.; Zhang, N.; Zou, H.; Liu, R.; Tao, C.; Fan, X., Wang, Z. L. Micro-Cable Structured

Textile for Simultaneously Harvesting Solar and Mechanical Energy. Nat. Energy 2016, 1, 16138.

(53) Yin, L.; Kim, K. N.; Lyu, J.; Tehrani, F.; Lin, M.; Lin, Z.; Ma, J.; Moon, J.-M.; Yu, J.; Xu, S., Wang, J. A

Self-Sustainable Wearable Multi-Modular E-Textile Bioenergy Microgrid System. 2020, 10.21203/rs.3.rs-86222/

v1.

(54) Ouyang, H.; Tian, J.; Sun, G.; Zou, Y.; Liu, Z.; Li, H.; Zhao, L.; Shi, B.; Fan, Y.; Fan, Y.; Wang, Z. L., Li, Z.

Self-Powered Pulse Sensor for Antidiastole of Cardiovascular Disease. Adv. Mater. 2017, 29, 1703456.

(55) Su, Z.; Wu, H.; Chen, H.; Guo, H.; Cheng, X.; Song, Y.; Chen, X., Zhang, H. Digitalized Self-Powered

Strain Gauge for Static and Dynamic Measurement. Nano Energy 2017, 42, 129-137.

(56) Jeerapan, I.; Sempionatto, J. R., Wang, J. On Body Bioelectronics: Wearable Biofuel Cells for Bioenergy‐

Harvesting and Self Powered Biosensing. ‐ Adv. Funct. Mater. 2019, 30, 1906243.

(57) Yin, L.; Scharf, J.; Ma, J.; Doux, J.-M.; Redquest, C.; Le, V. L.; Yin, Y.; Ortega, J.; Wei, X.; Wang, J.,

Meng, Y. S. High Performance Printed Ago-Zn Rechargeable Battery for Flexible Electronics.  Joule 2021,  5,

228-248.

(58) Pu, X.; Hu, W., Wang, Z. L. Toward Wearable Self-Charging Power Systems: The Integration of Energy-



Harvesting and Storage Devices. Small 2018, 14, 1702817.

(59) Pomerantseva, E.; Bonaccorso, F.; Feng, X.; Cui, Y., Gogotsi, Y. Energy Storage: The Future Enabled by

Nanomaterials. Science 2019, 366, eaan8285.

(60) Song, Y.; Cheng, X.; Chen, H.; Huang, J.;  Chen, X.; Han, M.; Su, Z.; Meng, B.; Song, Z., Zhang, H.

Integrated Self-Charging Power Unit with Flexible Supercapacitor and Triboelectric Nanogenerator. J. Mater.

Chem. A 2016, 4, 14298-14306.

(61) Lv, J.; Jeerapan, I.; Tehrani, F.; Yin, L.; Silva-Lopez, C. A.; Jang, J.-H.; Joshuia, D.; Shah, R.; Liang, Y.;

Xie,  L.;  Soto,  F.;  Chen,  C.;  Karshalev,  E.;  Kong,  C.;  Yang,  Z.,  Wang,  J.  Sweat-Based  Wearable  Energy

Harvesting-Storage Hybrid Textile Devices. Energy Environ. Sci. 2018, 11, 3431-3442.

(62) Zhang, N.; Huang, F.; Zhao, S.; Lv, X.; Zhou, Y.; Xiang, S.; Xu, S.; Li, Y.; Chen, G.; Tao, C.; Nie, Y.; Chen,

J., Fan, X. Photo-Rechargeable Fabrics as Sustainable and Robust Power Sources for Wearable Bioelectronics.

Matter 2020, 2, 1260-1269.

(63) Chen, X.; Ren, Z.; Han, M.; Wan, J., Zhang, H. Hybrid Energy Cells Based on Triboelectric Nanogenerator:

From Principle to System. Nano Energy 2020, 75, 104980.

(64) Wen, Z.; Yeh, M. H.; Guo, H.; Wang, J.; Zi, Y.; Xu, W.; Deng, J.; Zhu, L.; Wang, X.; Hu, C.; Zhu, L.; Sun,

X., Wang, Z. L. Self-Powered Textile for Wearable Electronics by Hybridizing Fiber-Shaped Nanogenerators,

Solar Cells, and Supercapacitors. Sci. Adv. 2016, 2, e1600097.

(65) Song, Y.; Wang, H.; Cheng, X.; Li, G.; Chen, X.; Chen, H.; Miao, L.; Zhang, X., Zhang, H. High-Efficiency

Self-Charging Smart Bracelet for Portable Electronics. Nano Energy 2019, 55, 29-36.

(66) Zhao, J.; Lin, Y.; Wu, J.; Nyein, H. Y. Y.; Bariya, M.; Tai, L. C.; Chao, M.; Ji, W.; Zhang, G.; Fan, Z., Javey,

A. A Fully Integrated and Self-Powered Smartwatch for Continuous Sweat Glucose Monitoring. ACS Sens. 2019,

4, 1925-1933.

(67) Talkhooncheh, A. H.; Yu, Y.; Agarwal, A.; Kuo, W. W.-T.; Chen. K.-C.; Wang, M.; Hoskuldsdottir, G.; Gao,

W.; Emami, A. A Biofuel-Cell-Based Energy Harvester With 86% Peak Efficiency and 0.25-V Minimum Input

Voltage Using Source-Adaptive MPPT. IEEE J. Solid-St. Circ. 2020, DOI: 10.1109/JSSC.2020.3035491.



Figure 1. An overview of the self-powered wearable sensors. Reproduced with permission from ref

14.  Copyright  2016  Springer  Nature.  Reproduced  with  permission  from  ref  16.  Copyright  2017

Springer  Nature.  Reproduced  with  permission  from  ref  15.  Copyright  2020  Springer  Nature.

Reproduced with permission from ref 19. Copyright 2019 American Academy for the Advancement of

Science. Reproduced with permission from ref 17-18. Copyright 2020 American Academy for the

Advancement  of  Science.  Reproduced  with  permission  from  ref  21.  Copyright  2016  American

Chemical Society. Reproduced with permission from ref 20. Copyright 2018 Elsevier.  Reproduced

with  permission  from  ref  22.  Copyright  2016  Royal  Society  of  Chemistry.  Reproduced  with

permission from ref 23. Copyright 2018 Royal Society of Chemistry.



Figure 2. Wearable biophysical sensors. 

(A) Porous CNT-PDMS based piezoresistive pressure sensor for body motion monitoring. Reproduced

with permission from ref 20. Copyright 2018 Elsevier.

(B) Strain sensor with immobilized MWCNT networks for finger gesture recognition. Reproduced

with permission from ref 28. Copyright 2017 Wiley-VCH.

(C)  Stretchable  temperature  sensor  for  strain-independent  temperature  sensing.  Reproduced  with

permission from ref 30. Copyright 2018 Springer Nature.

(D) Wrinkled CNT-PDMS as a humidity sensor for hand approaching detection. Reproduced with

permission from ref 32. Copyright 2019 American Chemical Society.

(E)  Self-healable  electrocardiogram  sensor  for  measurement  of  cardiac  signals.  Reproduced  with

permission from ref 34. Copyright 2018 Springer Nature.

(F) Epidermal optical sensor for heart rate and mean arterial pressure recording. Reproduced with

permission from ref 37. Copyright 2016 American Academy for the Advancement of Science.



Figure 3. Wearable biochemical sensors.

(A)  Enzymatic  and  ion-selective  sensors  for  continuous  analysis  of  metabolites  and  electrolytes.

Reproduced with permission from ref 14. Copyright 2016 Springer Nature.

(B) Enzymatic sensors based on ion-selective electrodes for continuous urea sensing. Reproduced with

permission from ref 17. Copyright 2020 American Academy for the Advancement of Science.

(C) Voltammetric sensor for sensitive detection of uric acid and tyrosine. Reproduced with permission

from ref 15. Copyright 2020 Springer Nature.

(D) Bioaffinity sensor based on the antibody-antigen interactions for cortisol analysis.  Reproduced

with permission from ref 42. Copyright 2020 Elsevier.



Figure 4. Wearable energy harvesters that convert various energy sources to electricity.

(A) Freestanding triboelectric nanogenerator for scavenging mechanical motions energy. Reproduced

with permission from ref 18. Copyright 2020 American Academy for the Advancement of Science.

(B) Flexible nanoengineered biofuel  cell  array for chemical  energy harvesting from human sweat.

Reproduced with permission from ref 17. Copyright 2020 American Academy for the Advancement of

Science.

(C) Stretchable and waterproof organic solar cell as a textile-compatible power source. Reproduced

with permission from ref 16. Copyright 2017 Springer Nature.



Figure 5. Hybrid energy harvesters.

(A)  Micro-cable  structured  textile  for  simultaneously  harvesting  solar  and  biomechanical  energy.

Reproduced with permission from ref 52. Copyright 2016 Springer Nature.

(B) Wearable e-textile microgrid system that unites BFCs and TENGs for hybrid biochemical and

biomechanical energy harvesting. Reproduced with permission from ref 53.



Figure 6. Wearable energy harvesters for active sensing.

(A) Analogue smart skin as a tactile sensor for detecting location with high resolution. Reproduced

with permission from ref 21. Copyright 2016 American Chemical Society.

(B) Digitalized strain sensor with high linearity for static and dynamic measurement. Reproduced with

permission from ref 55. Copyright 2017 Elsevier.

(C)  Electronic  skin  as  a  chemical  sensor  for  real-time  perspiration  analysis.  Reproduced  with

permission from ref 23. Copyright 2018 Royal Society of Chemistry.

(D) Biofuel cell as a lactate sensor and the generated voltage signal for lactate sensing. Reproduced

with permission from ref 22. Copyright 2016 Royal Society of Chemistry.



Figure 7. Wearable self-charging power units.

(A) Sandwiched TENG-supercapacitor-TENG integrated power unit with efficient mechanical energy

harvesting. Reproduced with permission from ref 60. Copyright 2016 Royal Society of Chemistry.

(B)  Wearable  BFC-supercapacitor  textile  and  real-time voltage  charged during  a  constant  cycling

exercise. Reproduced with permission from ref 61. Copyright 2018 Royal Society of Chemistry.

(C) Renewable energy fabrics based on solar cell and rechargeable battery for powering body area

sensor networks. Reproduced with permission from ref 62. Copyright 2020 Elsevier.

(D)  Fiber-shaped  hybrid  power  textile  with  different  operation  modes  under  outdoor  and  indoor

conditions.  Reproduced with permission from ref  64.  Copyright  2016 American Academy for  the

Advancement of Science.



 

Figure 8. Fully integrated self-powered battery-free wireless wearable sensor systems.

(A) Solar cell powered sweat glucose sensor with visual e-ink display. Reproduced with permission

from ref 66. Copyright 2019 American Chemical Society.

(B) Battery-free, skin-attachable chemical sensing platform. Reproduced with permission from ref 19.

Copyright 2019 American Academy for the Advancement of Science.

(C) Wireless wearable sensor powered by human motion to analyze sweat biomarkers for personalized

healthcare.

(D) On-body evaluation of the FTENG-powered wearable sweat sensor system for wireless, dynamic



perspiration analysis. (C)−(D) Reproduced with permission from ref 18. Copyright 2020 American

Academy for the Advancement of Science.

(E)  Biofuel-powered  soft  electronic  skin  for  multiplexed  wireless  sensing  and  human-machine

interfaces.

(F) On-body validation of the biofuel-powered electronic skin for personalized metabolic monitoring

and robotic assistance. (E)−(F) Reproduced with permission from ref 17. Copyright 2020 American

Academy for the Advancement of Science.
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