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Review

Wearable Biosensors for Body Computing

Yuanjing Lin, Mallika Bariya, and Ali Javey*

The challenges of growing and aging populations combined with limited clin-
ical resources have created huge demand for wearable and portable health-
care devices. Research advances in wearable biosensors have made it easier 
to achieve reliable noninvasive monitoring of health and body status. In 
this review, recent progress in the development of body computing systems 
for personalized healthcare is presented, with key considerations and case 
studies. Critical form factors for wearable sensors, their materials, structures, 
power sources, modes of data communication, and the types of information 
they can extract from the body are summarized. Statistically meaningful data 
analysis considerations, including using cohort and longitudinal correlation 
studies, are reviewed to understand how raw sensor signals can provide 
actionable information on the state of the body. This informs discussions on 
how collected sensor data can be used for personalized and even preventative 
care, such as by guiding closed-loop medical interventions. Finally, out-
standing challenges for making wearable sensor systems reliable, practical, 
and ubiquitous are considered in order to disrupt traditional medical para-
digms with personalized and precision care.
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continuous, and personalized health 
monitoring.[6,7] Systems in this new land-
scape of body computing for personalized 
healthcare use sensors that interface with 
the body to extract physical and physiolog-
ical signals in real time (Figure  1). These 
sensors connect to phone apps and cloud 
platforms to consolidate raw signals and 
parse them into actionable health infor-
mation using big data analytics and artifi-
cial intelligence. Beyond revealing health 
status to the user, these platforms further 
connect individuals with virtual health 
care providers that can determine inter-
ventions and therapies based on sensor 
output.[8,9] Alternately, sensors connect 
directly to closed-loop on-body systems 
that can deliver precision drug doses or 
recommend behavioral changes (such as 
gait adjustment in physiotherapy).[10] By 
expanding the body information available 
to us and using it to modulate the ways in 
which we conduct ourselves and interact 

with our environments, these personalized healthcare systems 
augment the ways in which we can understand and control 
body function, and potentially enable seamless integration of 
individuals with personalized medical care anywhere and at any 
time.[6,11]

In this review, we highlight key considerations and case 
studies that capture recent progress in the development of body 
computing systems for personalized healthcare. We focus on 
wearable sensors, including their materials, structures, power 
sources, modes of data communication, and the types of infor-
mation they can extract from the body. We next review schemes 
of data collection and analysis, including using cohort and lon-
gitudinal correlation studies, to understand how raw sensor sig-
nals can give us actionable information on the state of the body. 
We discuss how this data can be used for personalized and 
even preventative care, such as by guiding closed-loop medical 
intervention. We summarize by considering outstanding chal-
lenges for wearable sensor systems that must be addressed to 
make body computing for personalized healthcare a safer and 
more reliable component of emerging healthcare.

2. Body Surfaces and Secretions  
for In Situ Analysis
The location at which a wearable sensor is envisioned to inter-
face with the body, and the type of biofluid or biosignal that 
it measures, informs sensor design.[12] Before reviewing struc-
tural and material considerations, we first review key body 

1. Introduction

Traditional modes of monitoring physical and physiological 
health and fitness rely on hospital-based care with in-person 
consultations, lag times between testing and assessment, 
expensive equipment, and discrete analysis.[1–3] Not only is 
this inefficient and costly, it fails to allow careful monitoring 
of evolving health conditions, including sudden changes in 
physiological state such as hypoglycemic events or dehydration 
during exercise.[4,5] In response, a novel landscape of decentral-
ized healthcare relying on a network of wearable devices and 
wireless communication promises to allow for immediate, 
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surfaces and secretions that wearable sensors can target for 
noninvasive monitoring, and what broad information they can 
offer about the state of the body and its interactions with the 
environment.

2.1. Skin

The skin is the largest body organ and offers abundant dis-
creet and convenient areas for wearable sensor attachment. 
Sensors attached conformally to skin can probe physical 
body indicators including heart rate, blood oxygenation, 
and electrophysiological signals from neuron activity. Skin 
also mediates the body’s interaction with its environment 
through complex sensations of touch and temperature, 
allowing other skin sensors to detect temperature, pressure, 
and movement. These various physical signs can indicate 
the health of the body and guide personalized rehabilitation 
therapies.

2.2. Skin Secretions—Sweat, Interstitial Fluid (IF),  
and Wound Exudate

Biofluids secreted through skin have rich molecular composi-
tions, allowing skin-attached sensors to directly yet noninva-
sively access biomarkers that could reflect the deeper chemical 

and physiological state of the body.[13] Skin-mediated secre-
tions include sweat, IF, and wound exudate, or secretions pro-
duced by the body at sites of tissue damage during healing. 
Sweat can be accessed at distributed body sites by actively 
elevating body temperature through exercise or thermal treat-
ment, or can be passively and continuously accessed at small 
volumes and low secretion rates as the body finely manages 
thermoregulation.[14,15] Sweat can also be locally induced 
through iontophoretic chemical stimulation. Sweat contains 
high concentrations of ions, metabolites, and xenobiotics as 
well as lower concentrations of proteins, hormones, and DNA, 
making it an attractive biofluid for noninvasive health moni-
toring.[6,16] Interstitial fluid is another chemically rich biofluid 
that can be accessed through the skin. IF is found sur-
rounding cells in the extracellular spaces and contains many 
of the same molecules found in blood, including salts, acids, 
sugars, and other small molecules, but notably lacking red 
blood cells.[17] Components of IF are filtered in from blood at 
levels that correlate closely with blood levels for several mole-
cules including glucose, making IF an attractive surrogate for 
traditional blood-based diagnostics and monitoring.[18] IF can  
be locally, noninvasively withdrawn through the skin via 
reverse iontophoresis, a process of electro-osmotic fluid and 
biomarker retrieval. A third biofluid accessed on the skin is 
wound exudate, liquids secreted by wounds as a part of the 
reparative process, and which can maintain hydration and act 
as a barrier to bacteria and debris.[19] Wound exudate contains 

Figure 1.  Schematic illustration of body computing for personalized health monitoring. Wearable biosystems for body computing use sensors to 
monitor physical and physiological status. Using big data analytics and artificial intelligence, the extracted signals are transmitted to mobile and cloud 
platforms, and processed into actionable health information. These biosensing platforms enable seamless integration of individuals with personalized 
medical care either via closed-loop systems or virtual healthcare providers.
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proteins, nutrients, electrolytes, enzymes, and inflammatory 
components, with a composition that evolves over the stages 
of healing. Real-time monitoring of indicators including 
pH, acids, and inflammation proteins can therefore be used 
to track the progression of healing or identify the onset of 
infections.

2.3. Saliva

Saliva is easy to access on-demand and has a composition that 
varies with body health and state, making it attractive for non-
invasive health monitoring.[20] Typical salivary production rates 
can exceed 1 L a day, and levels of metabolites, enzymes, hor-
mones, and proteins can alter in response to exercise, dietary 
intake, chronic diseases like diabetes and pancreatitis, stress 
and depression, and cancer.[21,22] Salivary flow rate can also be 
indicative, as it changes based on hydration, medications, and 
circadian rhythms and can further modulate biomarker con-
centrations. However, saliva is prone to contamination, so care 
is needed to ensure that the analytes being sampled are rep-
resentative of secretions from salivary glands and not residual 
food or drink.

2.4. Tears

Tears are attractive for continuous health monitoring due to 
their on-demand and abundant supply, with tears typically 
being generated at rates of over 1  µL min−1.[23] Tear composi-
tion includes salts, proteins, and lipids, with key biomarkers 
including glucose and cholesterol showing promising cor-
relations with blood concentrations. Levels of nutrients, dis-
solved gases, growth factors, and pH are narrowly regulated 
in healthy individuals but can deviate for patients with health 
conditions, underscoring tears’ diagnostic potential.[24] Tear 
composition can directly signify ocular disease such as dry 
eye, in which certain protein levels increase. Autonomic condi-
tions can affect rates of tear production, as can various drug 
therapies.

2.5. Breath

Breath is an attractive medium for noninvasive health moni-
toring as it can be safely accessed without needing direct 
body contact and is thus convenient to monitor across diverse 
populations, from newborns to athletes to patients. Breath 
sensors need not adhere to strict requirements for biocompat-
ibility and flexibility that other wearable sensors must follow, 
and can thus seamlessly take advantage of existing electronics 
manufacturing materials and technologies. Exhaled breath 
has thousands of components that arise from the lungs and 
nasal cavities or have systemic origins in blood.[25] Constit-
uent gases including volatile organic compounds (VOCs), 
ammonia, and nitric oxide among others can indicate dis-
eases like jaundice, asthma, diabetes, and lung cancer, while 
breathing patterns can also reflect respiratory conditions like 
sleep apnea.

3. Sensor Materials and Platform Considerations

Materials, structures, and form factors are important considera-
tions in the design of wearable computing systems. Sensor com-
ponents in contact with the body must be biocompatible and 
use separation or encapsulation techniques to protect against 
contamination.[26] Material breathability and resistance to water 
damage should be considered when sensors are intended for 
biofluid sampling. Electrodes that sit flush against the skin 
must be conductive but not rigid—even as the underlying body 
site moves and contorts, they must retain integrity under strain 
and have appropriately robust architectures. Sensor size can 
depend on available volumes of the biofluid being accessed, on 
the timescale of sensor operation on body, and on comfort and 
wearability. Sensors that serve medical purposes might adopt 
discrete form factors like patches, while those for athletic pur-
poses can utilize more conspicuous wristband or headband 
formats. These are some of the consideration that inform the 
design and development of body computing and wearable sen-
sors. Below we highlight some broad solutions to these and 
other constraints.

3.1. Materials and Structures for Flexible and Wearable 
Electronics

Wearable electronics for body computing must typically be able 
to withstand the strains of on-body wear. This is particularly the 
case for sensors that are conformally attached to soft body sites 
like skin. In order to maintain their integrity as the underlying 
surface deforms, sensors can be made out of soft, stretchable 
materials, incorporate thin layers or nanostructures of tra-
ditionally rigid materials to impart flexibility, or utilize strain 
engineered architectures to effectively decrease the overall 
device stiffness.[27,28] We review these material and structural 
choices in more details.

3.1.1. Flexible and Stretchable Materials

Polymers are intrinsically bendable and a common choice for 
flexible electronics. They can serve as substrate and packaging 
materials or be engineered into stretchable conductors that 
are the basis of wearable electronic devices including skin-like 
sensors, wearable energy harvesters, and soft actuators.[29,30] 
Polymers that are attractive as sensor substrates include poly-
dimethylsiloxane (PDMS), polyethylene terephthalate (PET), 
and polyimide (PI), while conductive polymers like polyaniline 
(PANI), polypyrrole (PPY), and poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) can be used as electrode 
and transducer materials. Composites that encapsulate metals 
within polymeric networks marry conductivity with stretchability 
(Figure 2A).[31] Conductive inks that combine polymer binders 
with conductive nanoparticles can be printed to produce planar, 
flexible electrodes and interconnects, or permeated through 
other materials to impart conductivity (Figure 2B).[32] Hydrogels 
use crosslinked networks of hydrophilic polymers to maintain 
their structure even as they swell to accommodate large volumes 
of water, offer an important consideration for devices operating 
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in wet physiological environments.[33] These materials are attrac-
tive for wearable sensor applications as their stiffness moduli 
can be tuned to match that of skin or tissue, allowing for sus-
tained contact.[34] Hydrogels can be made conductive by directly 
using conducting polymers (Figure  2C) or by embedding con-
ductive materials into the polymer network, allowing their 
use in flexible electronics.[35,36] Significant research has been 
recently conducted on achieving high conductivity in hydrogels 
and other polymers through tuning of dopants and fabrication 
conditions.[37]

3.1.2. Flexible Nanostructures

Nanomaterials and high-aspect ratio nanostructures that can 
be patterned into films or arrays can impart flexibility for elec-
tronic components, allowing conductive materials that are rigid 
in their bulk forms to be adapted for body-interfacing applica-
tions.[38–39] We have seen that incorporating 0D nanoparticles 
into elastomeric matrices can produce composite materials 
and inks for flexible printed components.[40] 1D and 2D struc-
tures including metal nanowires, thin metallic sheets, carbon 
nanotubes, and graphene are commonly used as conductive 
electrode materials for elastic, large-area sensor networks.[41] 
For example, meshes of gold nanowires can be directly lami-
nated onto skin to produce flexible conductive traces for direct, 
on-body electronics (Figure  2D).[42] However, the biocompat-
ibility of nanomaterials is still unclear, so care must be taken to 

ensure they do not leach into the body from sensing materials 
and electronics.

3.1.3. Strain Engineered Structures

Apart from using flexible materials, another approach to 
ensuring electrodes maintain structure and performance under 
strain is by designing their layout such that large strains in the 
underlying substrate translate to small local strains within the 
electrodes.[43] This can be done by patterning interconnects in 
serpentine or mesh structures, having electrodes wave out of 
the sensor plane with intermittent tethering points, creating 
prewrinkled conductive films, or using interwoven meshes of 
conductive threads (Figure  2E–G).[44–46] These morphologies 
can rotate or buckle to accommodate deformations, reducing 
overall stiffness and enabling more stretchable and flexible 
electronic structures.

3.2. Sensor Form Factors

Wearable systems’ form factors are informed by the type of 
biosignals being monitored. For example, sensors that detect 
electrical pulses beneath the skin must be structured for highly 
conformal skin contact. Sensors that wick up skin secretions 
must securely seal against skin to prevent evaporation and 
leakage, while salivary sensors must be able to sit unobtrusively 

Figure 2.  Materials and structures for conformal sensors. A) Metal–polymer composite for flexible and conductive films. Reproduced with permission.[31] 
Copyright 2019, Wiley-VCH GmbH. B) Textile-permeable conductive ink for flexible e-fabrics. Reproduced with permission.[32] Copyright 2017, Wiley-VCH 
GmbH. C) Conductive and stretchable PEDOT:PSS polymer networks with tunable swelling. Reproduced with permission.[35] Copyright 2019, Nature 
Publishing Group. D) Metallic nanowire network for highly skin-conformal electrodes. Reproduced with permission.[42] Copyright 2017, Nature Publishing 
Group. E) Serpentine, strain engineered electrode structure. Reproduced with permission.[44] Copyright 2014, Nature Publishing Group. F) Out-of-plane 
wrinkles of conductive film accommodates strain. Reproduced with permission.[45] Copyright 2015, The Royal Society of Chemistry. G) Interwoven conduc-
tive yarn for stretchable smart textiles. Reproduced with permission.[46] Copyright 2020, American Association for the Advancement of Science (AAAS).
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in the mouth. A wide variety of form factors can be adopted to 
satisfy these constraints. Wearable systems can be configured 
as tattoos, patches, bands, clothing, and accessories to effec-
tively measure secretions and signals while being comfortable 
to wear.

3.2.1. Skin-Interfaced Sensors

Sensors that interface with skin for monitoring physical vital 
signs or biomarkers in skin secretions have unique flexibility 
and stretchability requirements to accommodate deformations 
of the curvilinear skin surface on which they are attached.[47,48] 
Specifically, sensors must be mechanically robust, lie flush with 
the skin surface to access dermal electrical signals or secre-
tions, and deform along with skin curvature and strains. These 
constraints guide sensor design including sensor attachment 
mechanisms and overall form factor (Figure 3).

i.	 Tattoos

Sweat and interstitial fluid sensors must lie close to the skin 
surface to capture freshly secreted fluid with minimal evapora-
tion. One approach involves patterning sensing electrodes onto 
adhesives that can be directly applied to the skin as temporary 
tattoos (Figure  3A). Kim et  al. patterned electrodes and con-
tacts for iontophoresis and reverse iontophoresis onto tempo-
rary tattoo transfer paper, enabling simultaneous sweat and IF 
induction and sensing in a consolidated device.[49] Wang et al. 
used a cut-and-paste method to tattoo gold electrodes, less than 
2  µm thick, in an open-mesh structure that reduces artefacts 
from motion and trapped sweat compared to thicker, large-area 

tattoos, enabling more accurate skin temperature, hydration, 
and pulse sensing.[50] Tattoo sensors can be affixed at diverse 
body sites and are suitably discreet for medical monitoring 
applications. However, one challenge is ensuring noise-free 
connection between the highly thin and conformal electrode 
layer and associated circuitry for signal extraction. Further, 
some sensor measurements may be prone to evaporation arte-
facts as tattoos do not encapsulate biofluids like sweat before 
measurement.

ii.	 Patches and bands

Skin-affixed wearables like sweat sensors can also be packaged 
as patches mounted with medical-grade adhesives (Figure 3B).[51] 
This form factor allows diverse sensor placement and versatile 
incorporation of microfluidics to guide sweat flow and limit 
evaporation. To maintain close skin-to-sensor contact, patches 
can be made with soft materials like PDMS, with thin and flex-
ible plastic substrates, or intentionally made of flexible but non-
stretchable materials to ensure integrity of fluidic channels and 
preserve a tight seal against the skin surface to prevent sweat 
leakage.[51,52] For athletic applications, sweat sensors can alter-
nately be packaged smart wristbands and headbands that con-
stitute a convenient and familiar form factor for sports.[53] Zhao 
et al. developed a sweat sensing watch with a digital display for 
direct and simple readout of biomarker levels (Figure 3C).[54] An 
added benefit of this strap-on form factor is that sensor adhe-
sives will not delaminate from high sweat secretion volumes.

iii.	 Textiles and clothing

Sensors for biomarker measurements and vital signs 
can further be integrated into textiles and clothing. “Smart” 

Figure 3.  Form factors for skin-conformal sensors. A) Tattoo with electrochemical sensors for sweat and IF analysis. Reproduced with permission.[49] 
Copyright 2018, Wiley-VCH GmbH. B) Patch with microfluidic and sensors for sweat sensing. Reproduced with permission.[51] Copyright 2019, AAAS.  
C) Wrist strap sensor for glucose. Reproduced with permission.[54] Copyright 2019, American Chemical Society. D) Glove. Reproduced with permis-
sion.[14] Copyright 2020, AAAS.
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garments have been successfully commercialized for contact-
less payments and simple measurement of body fitness met-
rics, but there are growing opportunities to incorporate more 
advanced physical and chemical sensors. Bariya et al. function-
alized sweat sensors within nitrile gloves that take advantage of 
high sweat gland densities on the hands and limited evapora-
tion through the nitrile to accumulate large volumes of natural, 
passively produced thermoregulatory sweat without needing 
active sweat induction (Figure 3D).[14] Conductive interconnects 
can be woven into fabric to form temperature sensors, detect 
electrical activity related to the heart and brain, or have shape 
sensitivity for motion detection.[55] Liu et al. developed conduc-
tive stretchable fabrics to infer joint rotation from skin defor-
mation, advancing over existing motion capture systems for 
athletic and physical rehabilitation applications.[56] Piezoelectric 
and photovoltaic elements can also be incorporated into smart 
textiles for integrated energy harvesting from body motion or 
ambient light to power sensor processes.

3.2.2. Other Mountable Sensors

i.	 Mouthpieces

Wearable sensors that do not interface to deformable body 
sites like skin have less stringent flexibility requirements, 
though other constraints may be relevant. Salivary sensors 
can have sensing layers and wireless transmission electronics 
integrated into rigid mouthguards (Figure  4A), as Kim et  al. 
demonstrated for salivary uric acid (UA) measurement and 
monitoring of hyperuricemia drug therapy.[57] Sensors can alter-
natively be packaged in more flexible, planar orientations to 
directly affix to the teeth, as Tseng et al. did for dielectric sen-
sors that distinguish between different consumed foods.[58] In 
both cases, sensor components must be well encapsulated to 

prevent contamination and degradation, a particular challenge 
in the humid and bacteria-prone environment of the mouth.

ii.	 Contact lenses

Tears can be accessed noninvasively with flexible sensors 
partially contacting the eye or directly integrated into contact 
lenses. Flexible electrodes and transmission components like 
antennae can be fabricated directly onto the convex contact 
lens surface (Figure  4B).[59] However, this form factor has not 
been demonstrated for on-body use in human subjects, and 
outstanding challenges include ensuring sensor components 
are transparent and produce negligible local heating during 
operation.

iii.	 Other accessories

Other body computing systems involve packaging sensors 
into form factors including glasses, shoes, and other acces-
sories. Ota et  al. presented a continuous core temperature 
tracker that has sensing and transmission components inte-
grated into an earpiece, a structure with renewed promise for 
detecting infectious virus symptoms (Figure 4C).[60] Sweat sen-
sors can be functionalized onto the skin-contacting surfaces of 
glasses’ nose-bridge pads, potentially allowing sweat analysis in 
elderly populations as this site is naturally prone to sweating 
(Figure 4D).[61] Sensors for bending and force detection can be 
integrated into shoes for gait estimation, with important appli-
cations in rehabilitation and outpatient safety (Figure 4E).[62,63] 
Güder et  al. integrated paper-based humidity sensors into 
masks to analyze respiration, a simple form factor that could be 
extended to support breath composition analysis (Figure 4F).[64] 
Smart electronics integrated into accessories have also seen 
commercial success beyond research prototyping. Fitness 
tracking bracelets and smart watches are ubiquitous, and newer 
products include L’Oreal’s nail sticker that tracks UV exposure. 

Figure 4.  Form factors for mountable and accessory sensors. A) Mouthpiece. Reproduced with permission.[57] Copyright 2015, Elsevier. B) Contact 
lens. Reproduced with permission.[59] Copyright 2020, AAAS. C) Earpiece. Reproduced with permission.[60] Copyright 2017, American Chemical Society.  
D) Glasses. Reproduced with permission.[61] Copyright 2017, The Royal Society of Chemistry. E) Shoes insoles. Reproduced with permission.[63]  
Copyright 2019, EasyChair. F) Mask. Reproduced with permission.[64] Copyright 2016, Wiley-VCH GmbH.
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Overall, accessories offer abundant form factors for interfacing 
wearable electronics with the body in convenient and nonintru-
sive ways.

4. Biosignals for Wearable Sensing

Wearable sensors have been developed to target a vast library 
of physical and chemical indicators, providing comprehensive 
avenues of insight into the body’s cardiac, respiratory, and 
endocrine health among other body functions. Here, we detail 
some representative sensors and the biosignals they extract to 
demonstrate the broad ways in which body computing systems 
can noninvasively probe the state of the body.

4.1. Physical Sensors

Physical sensors measure quantities like temperature, displace-
ment, pressure, strain, and electrical activity. Wearable phys-
ical sensors can monitor biosignals including heart activity, 
neuronal activity, and signals originating from motion and 
contact to provide information of the body and its interaction 
with the environment.[65] We now present a few examples for 
these classes of physical biosensors, and consider how mate-
rial, structural, and sensing scheme choices are made for better 
biosignal access.

Lee et  al. developed a wearable patch for electrocardiogram 
(ECG) and heart rate readings (Figure 5A).[66] The patch is thin 
and flexible for intimate coupling with skin, advancing over 
traditional bulky heart monitoring instruments as well as the 
noisy skin interfaces of first-generation wearable ECGs. Polyu-
rethane encapsulation protects the device from water ingress, 
allowing continuous measurement for hours with wireless 
transmission of waveforms to a smartphone for data processing 
and interpretation. This long operating time is important as a 
user’s personal ECG signature must be learnt in order to make 
heart rate estimates.

Li et al. used ultrathin optoelectronic circuits attached to skin 
like tattoos for wireless determination of arterial blood pressure 
without requiring an inflatable cuff (Figure  5B).[67] The patch 
attaches to skin with gentle van der Waals interactions, elimi-
nating skin irritation to enable continuous measurement over 
long periods of wear. Noninvasive detection of arterial wave-
forms relies on a stable optical path between the light sources, 
photodetectors, and others components involved in the meas-
urement process, but this is made difficult by the deformability 
of skin. Postprocessing of the extracted signals is required to 
compensate for this effect.

For electrophysiological monitoring, Tian et  al. prepared 
large-area skin-like sheets with stretchable serpentine elec-
trodes that can be conformally shaped over different areas of the 
body while accommodating strains introduced through motion 
(Figure 5C).[68] This work introduces manufacturing methods for 
large-area sensors, techniques for mounting sheets with remov-
able polymer supports to maintain conformal skin contact over 
large areas, and materials to ensure a breathable and nonirritating 
interface. The resulting skin-like sensor sheets can be attached to 
the cranium to map brain signals with electroencephalography 
(EEG), interfaced with magnetic resonance imaging (MRI), or 
attached to sites of limb amputation for prosthetics control.

To assess stress, Yoon et  al. made a stamp-sized patch for 
multimodal detection of skin temperature, conductance, and 
arterial pulsewaves (Figure  5D).[69] Heart rate variability and 
temperature are expected to increase under stress, as is skin 
conductance due to an increase in sweat gland activity. Stacked 
layers minimize the device footprint to reduce skin irritation, 
and flexible piezoelectric materials are combined with open-
structured supports to enhance the device’s overall flexibility.

Along with the electrical and pulsewave biosignals monitored 
by the above devices, physical sensors can be made to target 
motion and pressure to decode the body’s interactions with its 
environment.[70]Monitoring tactile sensations and interactions has 
numerous applications in health monitoring, robotics, and virtual 
reality (VR). Gao et  al. reported a microfluidic pressure sensor 
embedded in a wristband format that uses liquid-metal-based 

Figure 5.  Wearable physical sensors for electrical biosignals. A) Wearable cardiac sensor for monitoring ECG and heart rate signals in remote and ambula-
tory settings. Reproduced with permission.[66] Copyright 2018, Nature Publishing Group. B) Optoelectronic sensor with suppression of motion artefacts 
for continuous blood pressure monitoring. Reproduced with permission.[67] Copyright 2020, Oxford University Press. C) Large-area, MRI-compatible elec-
trode networks for simultaneous EEG and EMG monitoring. Reproduced with permission.[68] Copyright 2019, Nature Publishing Group. D) Stress moni-
toring patch with skin conductance, temperature, and arterial pulse-wave sensing. Reproduced with permission.[69] Copyright 2017, Wiley-VCH GmbH.
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sensors capable of withstanding extreme strains to provide tac-
tile feedback upon touching and holding objects (Figure 6A).[70] 
Unlike other devices that seek to minimize the impact of skin 
deformation on signal integrity, this device relies on skin defor-
mation and corresponding perturbations of the sensor’s elasto-
meric substrate to detect fine changes in pressure.

Motion sensing can be realized using capacitive strain sen-
sors as demonstrated by Atalay et al., who integrated sensors into 
fabric sleeves and belts for on-body monitoring of respiration 
and movement (Figure 6B).[71] Prestrained elastomeric sheets are 
subjected to microstructural surface texturing to enhance stretch-
ability of overlaying metal electrodes for a wider crack-free strain 
range. In general, this method of incorporating microstructures 
and stretchable substrates is a common approach to making 
wearable physical sensors more durable for on-body wear.

4.2. Chemical Sensors

In contrast to physical sensors, chemical sensors transduce 
chemical concentrations, redox potentials, and reaction rates. 

Wearable chemical sensors monitor the body’s physiological 
state by detecting concentrations of analytes including metab-
olites, ions, heavy metals, hormones, acids, and xenobiotics 
across biofluids like sweat, saliva, and tears. Electrochemical, 
colorimetric, and optical schemes can be used for concentration 
analysis. Sensors can also track biofluid secretion rates, which 
modulate secreted analyte concentrations and are important 
for interpreting concentration measurements. We next survey 
some representative examples of wearable chemical sensors.

Electrochemical sensors for concentration analysis are attrac-
tive to their simple detection schemes and low detection limits, 
and many sensors for sweat-based physiological monitoring 
use electrochemical sensors for biomarker quantification. 
Bandodkar et  al. developed a sweat sensing patch with micro-
fluidics to isolate sweat from the skin surface and prevent bio-
fouling (Figure  7A).[72] Near-field communication (NFC)-pow-
ered electrochemical sensing of metabolites is combined with 
colorimetric sensing of ions and visual monitoring of sweat 
rate for continuous monitoring that is battery-free. Yang et  al. 
presented an electrochemical patch for detecting sweat uric 

Figure 6.  Wearable physical sensors for motion and pressure sensing. A) Microfluidic diaphragm sensor for sensing motion and pressure. Reproduced 
with permission.[70] Copyright 2017, Wiley-VCH GmbH. B) Strain sensors based on microstructured electrodes for capacitive monitoring of arm motion 
and respiration. Reproduced with permission.[71] Copyright 2017, Wiley-VCH GmbH.

Figure 7.  Wearable chemical sensors for biomarker sensing. A) Colorimetric ions and sweat rate sensing. Reproduced with permission.[72] Copyright 
2019, AAAS. B) Sweat uric acid and tyrosine sensing patch. Reproduced with permission.[73] Copyright 2019, Nature Publishing Group. C) Multimodal 
monitoring of sweat ions and secretion rate. Reproduced with permission.[74] Copyright 2019, The Royal Society of Chemistry. D) Tear-based lactate 
sensing contact lens. Reproduced with permission.[75] Copyright 2011, Elsevier. E) Optical fluoresce sensor for inflammatory biomarkers. Reproduced 
with permission.[76] Copyright 2017, Wiley-VCH GmbH. F) Antimicrobial peptide (AMP) recognition molecules for bacteria detection. Reproduced with 
permission.[77] Copyright 2012, Nature Publishing Group.
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acid and tyrosine (Tyr) , which they found can be indicative of 
high protein diets and patients with gout (Figure 7B).[73] Laser 
engraving is used to rapidly pattern electrodes for chemical and 
physical indicators, and microfluidics are again used to entrap 
sweat and minimize evaporation. Yuan et al. developed a third 
microfluidic sweat sensor for multimodal monitoring of sweat 
ions and generation rate (Figure  7C).[74] To ensure flexibility, 
electrodes are patterned on thin PET beneath soft PDMS flu-
idics. By using a discrete sensing scheme with interdigitated 
electrodes beneath the fluidic channel that respond to the 
advancing sweat fluid front, highly selective sweat rate sensing 
is achieved. This is an advancement on previous autonomous 
sweat rate sensors that show interference from sweat conduc-
tivity. Such a device could be used in athletic applications for 
hydration monitoring, or to study electrolyte imbalances in the 
elderly, which can cause decreased attention, impaired gait, and 
higher risks of falling.

Electrochemical sensors can be applied beyond analyzing 
skin secretions like sweat. Thomas et al. made an electrochem-
ical lactate sensor in a contact lens form factor for monitoring 
tear-based excretion of lactate from the body (Figure  7D).[75] A 
permselective Nafion encapsulation layer inhibits interference 
from many components of the rich tear, while a nonfunction-
alized, control electrode is used to subtract away background 
signals from other interferents. In future, radio components 
could be integrated for wireless signal transmission from the 
contact lens.

Optical methods of chemical detection include fluorescing 
sensor components. Liu et  al. used 3D printing of hydro-
gels containing programed bacterial cells to produce stimuli-
responsive structures on wearable patches (Figure 7E).[76] These 
patches can be made into sensors that fluoresce in response 
to signaling chemicals. The hydrogels are printed over skin-
like elastomeric sheets that maintain conformal body contact 
without delamination of the “living” tattoo, and could in future 
be programmed toward other chemicals including inflamma-
tory biomarkers.

Electrical methods of chemical sensing include using 
electrodes functionalized with biorecognition elements and 
detecting impedance changes that arise when those elements 
interact with their target molecule. Mannoor et al. developed a 
tooth tattoo comprising of graphene functionalized with anti-
microbial peptide (AMP) recognition molecules to detect bac-
teria in saliva and tooth enamel (Figure  7F).[77] Due to their 
elasticity and biodegradability, silk films are used as supporting 
substrates to conformally transfer the graphene tattoo onto 
the tooth. Coil antennas are patterned on the tattoo for wire-
less extraction of the impedance signal. This detection scheme, 
enabled by passive interaction of sensor and target, requires no 
external power input and is well suited for autonomous wear-
able sensing.

5. Bioenergy for Self-Powered Sensors

In most cases, wearable electronics for applications in personal 
healthcare and continuous body monitoring are powered by 
batteries.[53,78–80] However, external power sources fail to enable 
autonomous operation for extended times without requiring 

user intervention. Instead, body computing systems can have 
self-powering capabilities by directly harvesting energy from 
the environment (e.g., from solar energy and wind power) or 
from bioenergy naturally released by the body (e.g., from body 
movement and perspiration).[81,82] Using these clean and abun-
dant energy sources to power wearable sensing devices have 
attracted increasing research interest.

5.1. Perspiration-Powered Devices

Devices that can harvest bioenergy in noninvasive manner have 
attracted considerable attention.[82] For example, by utilizing the 
enzymatic redox reaction of lactate in sweat, electrical flow can 
form and generate power output collected.[78,83] Such devices 
are known as biofuel cells (BFCs). Integrated wearable patches 
with BFCs for self-powered body sensing have been reported in 
a variety of platforms such as of textile, a self-powered band/
watch.[79,84]

The generated electrical current densities are generally pro-
portional to the analyte concentrations in body fluid. Thus, to 
achieve stable power output, device stability and proper bio-
power module designs are critical challenges to be addressed.[82] 
Gao and co-workers reported a fully perspiration-powered elec-
tronic skin with biosensing capability as shown in Figure 8A.[85] 
It is worth mentioning that the combination of nanomaterials 
in different dimensionals contributes to a record breaking 
power intensity. The stable and efficient self-power capability 
enables the monitoring of critical metabolic analytes and Blue-
tooth wireless data transmission to the user interface. Such 
platforms can also serve as a human–machine interface.

Apart from noninvasive health monitoring, a self-powered skin 
electrochromic timer with automatic activation of microneedle 
array for drug dose management was developed by Nishizawa 
and co-workers, as shown in Figure  8B.[86] The electrochromic 
timer consists of an enzyme (fructose dehydrogenase) modified 
carbon electrode, which generates current flow with the existence 
of fructose on skin. The displayed color depth is a result of redox 
reaction charges, indicating the time lapse. When in contact with 
skin, transdermal current flow can activate the integrated porous 
microneedle array integrated with the electrochromic timer. The 
as-developed skin patches are expected to be further explored as 
a platform for drug dosing and wound healing monitoring in 
fields of healthcare/medical and cosmetics.

5.2. Body Heat Dissipation

Human body heat dissipation varies quite significantly across 
the body and can be largely influenced by the surrounding. For 
instance, under sedentary status and room temperature, the 
general heat flow is around 1–10 mW cm−2, while it can be as 
high as 10–20 mW cm−2 on the wrist.[87] Thermoelectric devices 
can convert continually released body heat into reliable power 
output for functional devices as a result of the temperature dif-
ference between the human body and the surrounding. This 
heat flow with temperature gradient, generates a voltage by 
the Seebeck effect. However, the temperature difference on the 
human body and environment is normally quite limited, thus 
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it introduces high thermal resistance and poses challenges to 
stable and sufficient power output for wearable applications.[88] 
One of the common practices to achieve low thermal resistance 
is to integrate a heat sink to the cooler side of the device. Metal 
heat sinks with large surface area have shown capability to 
achieve sufficient heat exchange, while its heavy weighted and 
inflexible nature limits its integration into wearable devices.

Recent advances in flexible and high thermal conductive heat 
absorbers and new types of heat sinks seek to address the limi-
tation of low power efficiency and the rigid and bulky nature of 
traditional thermoelectric generators, so as to facilitate utilizing 
body heat to power up wearable sensors. Superabsorbent poly-
mers with intrinsic flexibility and can be engineered with large 
surface area morphologies, which facilitate heat exchange, have 
shown to be a promising alternative to metal. For instance, 

Cho and co-workers reported using sodium polyacrylate as a 
superabsorbent polymer. Such long-chained molecule provides 
superior properties to anchor water molecules. The thermo-
electric generators with such polymer-based flexible heat sink 
realized an impressive output power density of 38 µW cm−2 as 
compared with 8 µW cm−2 with a metal heat sink[88] Figure 9A 
shows a skin-attachable thin film thermoelectric generator as 
power supply for continuous physiological monitoring and 
motions tracking with a pressure sensor.[89] The combination 
of thermal conductive polymer films for heat absorption and 
hydrogel heat sink performs a high output voltage. The 3D 
network hydrogels with large water content  allow quick water 
evaporation and heat dissipation factor. The device showed a 
remarkable enhancement up to 92% compared to those without 
hydrogel heat sinks. These values are among the records of 

Figure 9.  Body generated energy for self-powered sensors. A) Thermoelectricity. Reproduced with permission.[89] Copyright 2020, Elsevier. B) Piezoelec-
tricity. Reproduced with permission.[91] Copyright 2019, Wiley-VCH GmbH. C) Triboelectricity. Reproduced with permission.[92] Copyright 2020, Elsevier.

Figure 8.  Biofuel cells for self-powered sensors. A) A flexible and fully perspiration-powered integrated electronic skin for multiplexed metabolic 
sensing. Reproduced with permission.[85] Copyright 2020, AAAS. B) A self-powered skin electrochromic timer with automatic activation of microneedle 
array for drug dose management. Reproduced with permission.[86] Copyright 2018, Elsevier.
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flexible skin-attached thermoelectric generators. For self-powered 
sensing systems utilizing the body released heat, it is critical 
to ensure that the sensing performance is independent of the 
temperature gradient, so as to achieve reliable biosignals.

5.3. Motion Energy

Mechanical energy generated via vibration or friction can also 
be collected. Piezoelectric nanogenerator (PENGs) and tribo-
electric nanogenerators (TENGs) has aroused tremendous 
research interest.[81,90] These devices can generate proportional 
signals to the mechanical deformation. When arranged in 
arrays, they can function as both multipixel motion sensors and 
high-power output generators, which has promising applica-
tions in human–machine interface.

Several types of semiconducting materials, such as zinc 
oxide, have been utilized for motion energy devices. Normally, 
the resulted AC signals needs to be converted to DC output via 
a bridge rectifier. Figure 9B shows a kirigami inspired self-pow-
ered piezoelectric sensor for wearable body motion tracking.[91] 
This device is composed of a stretchable self-powered piezo-
electric sensor, and a flexible NFC module interface for wireless 
data transmission.  Interestingly, kirigami-based architecture 
significantly enhanced the stretchability, and realized a con-
formable and compliant interface to human skin.

On the other hand, TENGs utilize electrostatic phenomenon 
when friction force is applied. There are mainly two devices con-
figurations for sliding and contact operation modes respectively 
operation. For instance, potential difference can be generated 
eletrostatically when there is triboelectric interaction between 
the two components. Figure  9C demonstrates a wearable eye 
blinks tracker based on triboelectric sensor. The power output of 
the motion sensor can also support the wireless near-field com-
munication. It allows further integration with human–machine 
interface to achieve intelligent eye motion control applications.[92]

5.4. Simultaneous Self-Powered Sensing Platforms

Simultaneous sensing platform with infinite self-powered capa-
bility is highly desirable for wearable and portable devices. The 

integration of biosensors into wearable electronics to achieve 
comprehensive body computing will require proper matching 
of power supply modes and power management for sensor 
functionality, data extraction, and decoding. The power supply 
module is expected to provide sufficient power density for bio-
sensing as well as the functionality of other supporting com-
ponents. For instance, the triboelectric voltage output normally 
exceed the capacity upper limit of most electronics, thus it 
cannot be directly connected to the system as power generator. 
In this regard, it is of significance to develop power manage-
ment solutions and design the corresponding circuits, so as 
to realize stable functionality of self-powered systems even in 
harsh environment.

Hybrid energy harvester for multitypes of energy have 
attracted research interest due to their capability to achieve 
higher power harvesting and conversion efficiency, as well as 
reduced risks of power cutoff. Recently, Zhang and co-workers 
reported a flexible energy harvester for simultaneously solar 
and mechanical energy collection, as shown in Figure  10A.[93] 
A flexible organic solar cell on the outward surface and a TENG 
attached to skin were integrated via a common electrode. The 
hybrid energy harvester is controlled by a power management 
module to utilize the large photovoltaic current and the high 
triboelectric voltage output. The converted electricity realized 
fast charging and superior performance compared to single 
harvester module.

Another strategy to eliminate environmental constraints 
for a self-powered system is to integrate energy harvesting 
and storage devices to ensure continuous power supply, such 
as BFC-supercapacitor, nanogenerator-supercapacitor.[94,95] 
A variety of self-powered systems in both rigid and flexible 
platforms have been designed and fabricated successfully. 
The system functional mechanism can be illustrated by the 
schematic diagram as shown in Figure  10B.[96] The reported 
self-powered wristband utilizing solar energy to support gas 
sensing applications, and photocharging supercapacitors for  
backup energy storage. In such integrated systems, the col-
lected energy can either directly drive the active devices, or can 
be stored and released controlled by designed circuits.

These advances of  self-powered sensor systems can inspire 
the research efforts on wearable devices for next-generation 

Figure 10.  Power Management for self-powered sensors. A) Hybrid energy harvesting system for simultaneously harvesting both solar and mechanical 
energy. Reproduced with permission.[93] Copyright 2019, Elsevier. B) Integration of energy conversion and storage devices. Reproduced with permis-
sion.[96] Copyright 2018, Wiley-VCH GmbH.

Adv. Funct. Mater. 2020, 2008087



www.afm-journal.dewww.advancedsciencenews.com

2008087  (12 of 21) © 2020 Wiley-VCH GmbH

intelligent body computing, especially for long term tracking 
personalized healthcare, biomedical monitor applications.[97] 
It is worth noting that apart from improving the power man-
agement capability and stability in flexible and stretchable plat-
forms, special research efforts are required for rational and 
friendly wearable designs on the skin interaction interface to 
eliminate mechanical interference.

6. Biosignals Extraction

Wireless networks have largely benefited our daily life. This also 
contributes to the advances in biosensing data extraction to effi-
cient and intelligent fashion without relying on costly and bulky 
laboratory tools. To facilitate accurate noninvasive biosensing, 
especially with minimum biofluids that can either be quickly 
evaporated or be easily contaminated during sample collection 
and transfer, delicate research efforts have been emphasized on 
real time data assessment.[98]

6.1. In Situ Analysis and Display

In situ and straightforward biosignal assessment is preferable 
for patient-friendly wearable tracking devices, as it provides a 
simple and clear feedback. Especially for users without clinical 
background, it is unnecessary to display the exact numeric 
results of the biosensing on wearable devices. Thus, colori-
metric quantitative readout with convenient comparison with 
calibration markers appears to be one of the most convenient 
schemes. As shown in Figure 11A, Rogers and co-workers used 
enzymatic reaction to trigger colorimetric response to realize 
biomarkers concentrations in situ readout.[98] The as-developed 
wearable sweat sensing patch consists of microfluidics for 
sweat collection and colorimetric assays to allow quantitative 
assessment of perspiration rate and biomarkers. With opti-
mized cocktail composition and standard fabrication of enzy-
matic colorimetric assays, these sensors provide the attractive 
high reproducibility and calibration-free properties. However, 
such colorimetric sensor readout schemes possess limitations 
for sensitivity and continuous monitoring.

To enable continuous health monitoring, Zhao et  al. devel-
oped a smart watch that incorporating self-power capability, 
noninvasive biosensing, signal analysis, and data display in an 
integrated platform (Figure  11B).[54] The flexible photovoltaic 
panel and rechargeable aqueous batteries served as self-power 
watchband. Noninvasive glucose monitoring is achieved via 
sweat sensing, and the biosignals are in situ processed and 
display on the customer designed watch panel with embedded 
microcontroller and low power display. Innovative design on 
these wearable platforms with operational convenience are 
expected for daily body computing.

6.2. Wireless Data Transmission

The breakthrough in industries and interdisciplinary research 
fields, such as Internet of things (IoTs), has revolutionized 
communications into an intelligent and wireless connected 
network. Nowadays, transmission of data or information with 
a high speed to other devices can be widely achieved over a dis-
tance by using electromagnetic waves like radio frequencies, 
infrared, satellite, etc., without requiring wires, cables, or any 
other electrical conductors.[99] There are well developed wireless 
communication technologies, such as NFC, Bluetooth, Zigbee, 
and Wi-Fi. Device network arrangement and power consump-
tion will be the main considerations for integration with bio-
sensing devices. In general, Bluetooth, NFC, and Zigbee 
offer low power consumption for portable devices. Bluetooth 
provides the best power per bit requirement and suitable for 
continuous data communication. On the other hand, NFC is 
ideal for “touch to action” data extraction. However, Zigbee is 
not compatible with mobile operating systems currently, lim-
iting its applications in wearable biosensing data extraction. 
Although WiFi is relatively power hungry, it provides efficient 
information and data transmission to cloud storage for big 
data analysis. Therefore, Bluetooth and NFC are preferable for 
sensor to mobile devices wireless communication, and become 
most commonly used wireless communication schemes for 
body computing applications.

NFC enables contactless power delivery and data trans-
mission across a distance of a few centimeters based on 

Figure 11.  In situ biosensing data display. A) Colorimetric readout. Reproduced with permission.[98] Copyright 2019, The Royal Society of Chemistry.  
B) E-ink alarm signals display. Reproduced with permission.[54] Copyright 2019, American Chemical Society.
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radio frequency identification (RFID). It provides advantages 
including low power consumption, lightweight, and small 
device volume. It has been well developed for contactless pay-
ments, access control, and interactive tags, and compatible 
with most of the mobile devices, such as smartphones. There-
fore, it appears to be an attractive biosignals readout scheme. 
Figure 12A shows that a reversible magnetic NFC module can 
be conveniently attached to a disposable colorimetric biosensing 
platform.[72] Such NFC electronics have also been embedded in 
wearable sensors in a variety of formats, including disposable 
band, etc. It enables robust data extraction and instant analysis 
with mobile app, which provides more accurate readout of the 
biosensing results.

Compared with NFC that data transmission is only possible 
when the sender and receiving antennas are located in direct 
proximity with each other, Bluetooth as an ultralow-power 
consumption technology uses radio waves in a range of sev-
eral tens of meters to communicate between paired devices.[100] 
However, only two devices can be connected at the same time. 
Thus, proper designs of device identification and pairing func-
tionality are required so as to allow one receiving end node 
to extract biosignals from multisensing devices for compre-
hensive body computing. As shown in Figure 12B, a wearable 
microfluidic patch was integrated with a custom-developed 
printed circuit board, which realized signal processing and 
Bluetooth communication with a smartphone that preloaded 
with a custom designed user interface.[101] The real time and 
wireless data transmission strategy enables dynamic sweat 
secretion analysis and provides easy read-out profiles for sweat 

rates and biomarkers, without interference from users’ phys-
ical movements.

Overall, the development of wireless sensors network will 
no doubt pave the way for intelligent body computing and its 
implementation in fields of point-of-care and remote diagnos-
tics. However, it is essential to establish standards on data pri-
vacy and security when using wireless data and information 
communication.

7. Decoding Biosignals with Correlation Studies

The physiological significance of certain biosignals are well 
established, particularly for physical indicators and for tradi-
tionally examined biofluids like blood. For example, high or 
erratic heart rate is a red flag for cardiovascular disease, fevers 
can indicate infection, and blood creatinine is a starting point 
for assessing kidney function. Wearable sensors that target 
these biosignals therefore have clear diagnostic utility. How-
ever, recent technological developments have made many other 
biosignals newly accessible in ways that traditional, off-body 
measurement systems with large sample requirements could 
not. These older tools precluded fundamental studies into the 
physiological significance of biosignals extracted from nonin-
vasively accessed biofluids like sweat. With new wearable sys-
tems, we can now retrieve vast quantities of biosignal data but 
still lack an understanding of what they signify about the state 
of the body.[102] For example, concentrations of sweat ions and 
metabolites can be tracked continuously over time, but it is 

Figure 12.  Wireless data transmission. A) NFC. Reproduced with permission.[72] Copyright 2019, AAAS. B) Bluetooth. Reproduced with permission.[101] 
Copyright 2018, American Chemical Society.
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unclear exactly how these evolving profiles relate to the body’s 
deeper dynamic physiology. Further, while elevated levels of 
certain molecules in blood can indicate disease, their corre-
sponding normal versus elevated concentration ranges in sweat 
are unknown. To establish the value of tracking these biosig-
nals, it is critical to conduct fundamental investigations into 
their correlations with body state.[51] In a reversal of the typical 
tool development process, sensors must first be built to accu-
rately detect these biosignals and then deployed in fundamental 
scientific studies to determine and validate sensor utility.

The fundamental mechanisms of biomarker filtration 
into biofluids like sweat and tears are poorly understood but 
thought to be complex. It is possible that many body factors 
may impact final secreted concentrations.[74] To reverse engi-
neer how measured concentrations relate to body health, it 
is important to conduct multivariate studies that track the 
biosignal of interest along with a wealth of other body parame-
ters that could influence the correlations. For example, in stud-
ying how sweat glucose relates to blood glucose levels, studies 
should track not only glucose concentrations but also broader 
factors that influence sweating and blood-to-sweat filtration, 
including diet, hydration, hormone levels, stress, and heart 
rate. Factors that influence sensor responses must also be con-
sidered—for example, sweat pH can influence enzyme activity 
and therefore signal amplitudes of electrochemical glucose 
sensors, and should be monitored along with sweat glucose 
to compensate for this effect when developing sweat-to-blood 
correlations. Multiplexed sensing is thus a key desired property 
of body computing systems that aim to fundamentally investi-
gate physiology. Aggregating a large amount of data is critical 
to identifying statistically significant correlations. For this, both 
longitudinal and large-scale population studies are necessary. 
Longitudinal studies are important given that body indicators 
can have complex relationships, so it is possible that correla-
tions between certain biosignals and body state will be highly 
personalized. How one individual’s sweat composition relates 
to their blood levels may depend on unique characteristics of 
that person’s metabolism and physiology. Establishing person-
alized biosignal baselines is thus essential for differentiating 
between normal and concerning biosignal levels for each indi-
vidual. On the other hand, it is possible for more universal cor-
relations to emerge across individuals, especially when factors 
that vary person-to-person are taken into account. Conducting 
large-scale population studies for big data generation can allow 
broadly applicable correlations to be developed. In this way, 
more universal cutoffs for healthy versus concerning biosignal 
levels can be developed for secretions like sweat and tears, sim-
ilar to traditional blood tests that have universal healthy ranges 
for many ions, acids, and metabolites. Overall, large-scale, 
multiparameter population and longitudinal studies will deter-
mine how novel biosignals relate to body health, allowing wear-
able sensor data to be transformed into actionable metrics that 
can inform behavioral changes, interventions, and therapies.

7.1. Correlation Studies for Sweat Analytics

While sweat sensor technology has matured significantly in 
the past few years, very few correlations have been robustly 

established between sweat parameters and body state or health. 
For foreign compounds absorbed or ingested into the body, 
such as nicotine by smoking and caffeine by drinking coffee, 
sweat is often a primary route of excretion and the mere pres-
ence of those molecules in sweat can be informative.[103,104] 
For example, many recreational and performance enhancing 
drugs emerge in sweat and can be used for doping control, and 
toxic heavy metals in sweat indicate dangerous environmental 
exposure.[105] Alcohol is a rare xenobiotic that has been shown 
to more closely correlate between sweat and blood. Wearable 
sweat ethanol patches worn for several hours after alcohol 
intake revealed similar pharmacokinetics across the two bio-
fluid compartments, with the overall sweat alcohol profile lag-
ging that of blood by up to 35 min (Figure 13A).[102] However, 
exact changes in the sweat ethanol sensor signal in response to 
fixed alcohol bolus varied between trials and subjects. Further 
data must be collected to determine if sweat alcohol levels cor-
relate universally and 1-to-1 with blood alcohol content (BAC), 
or to determine correlation fitting coefficients that account for 
differences in subject metabolism and physiology.

For endogenously produced molecules, preliminary correla-
tions or the lack thereof can provide insight into fundamental 
mechanisms of sweat filtration. Microfluidic patches that can 
monitor sweat composition and secretion rate at various body 
sites have shown that local sweat loss, particularly on the fore-
head and forearm, potentially correlate with overall body fluid 
loss as monitored by repeatedly weighing subjects during exer-
cise (Figure 13B).[51,106,107] This finding suggests that continuous 
sweat rate monitoring with wearable sensors could be used to 
estimate hydration status and inform athletes when to replenish 
their fluid and electrolyte reserves to avoid dehydration. In con-
trast, the same work showed that fasting iontophoretic sweat 
glucose concentrations do not universally follow blood glucose 
concentrations across healthy and diabetic cohorts, even when 
accounting for sweat rate (Figure  13C). Poor correlation sug-
gests that the mechanism of glucose filtration into sweat from 
blood may be complex and contingent on broader body fac-
tors. Longitudinal studies that compare individuals’ sweat and 
blood glucose dynamics have shown similar profiles between 
fluid compartments, though further correlation studies must 
be collected to see if quantitative 1-to-1 correlations can be con-
structed and if multiplexed sensing of sweat glucose along with 
other noninvasively accessed body indicators has potential for 
replacing invasive glucose tests.

In blood, the hormone cortisol elevates in response to stress 
triggers as well as undergoing a diurnal cycle to mobilize 
energy reserves. Instead of disruptive and stress-inducing blood 
tests, noninvasive tracking of circulating cortisol levels would 
be powerful for tracking mental health and the body’s regula-
tion and response mechanisms. To determine if this is pos-
sible, a wearable cortisol sensor was developed and used in lon-
gitudinal and small-scale subject studies to study sweat cortisol 
patterns (Figure  13D).[108] Sweat levels replicated the circadian 
rhythm seen in blood and linearly correlated with plasma levels 
with a Pearson correlation coefficient of 0.87 across aggregated 
data from eight subjects, suggesting sweat to be a faithful sur-
rogate for blood cortisol testing.

Recently, a wearable sweat sensor was developed to measure 
and study UA and Tyr, molecules whose blood levels have 
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been considered for nutritional and metabolic management 
(Figure  13E).[73] In sweat, UA and Tyr were found to elevate 
after a high protein diet, with UA levels being further found 
to correlate with blood concentrations across healthy subjects 
and gout patients with a correlation coefficient of 0.86 across 
nearly 50 data points. This and other studies help build a port-
folio of applications in which sweat may be valuable in disease 
diagnosis and management. Expanding these correlations over 
more data will better define the constraints and capabilities of 
sweat testing for personalized healthcare.

7.2. Correlation Studies for Other Secretions and Signals

Beyond sweat, other noninvasively accessed biofluids including 
wound exudate, tears, and saliva have also emerged as candi-
dates for point-of-care health monitoring. By exploiting newly 
developed wearable technologies including smart contact lenses, 
sensing mouthguards, and skin-like sensing patches, correlation 
studies can identify applications for each of these secretions.

The tear proteome has been extensively studied off-body 
to identify biomarkers for psychological state, pathologies 
including cancer, and ocular diseases like dry eye.[109] However, 
in situ measurement by wearable sensors allows real-time, 
dynamic monitoring of tear composition while reducing evapo-
ration and contamination risks associated with sample storage 
and transport. Wearable sensors thus offer a fresh oppor-
tunity to study the physiological significance of tear biosig-
nals. Sempionatto et  al. presented eyeglasses with sensors for 

alcohol, vitamins, and glucose integrated onto the nose-bridge 
pad, close to the site of tear secretion.[110] Longitudinal sensor 
measurements reveal that the tear alcohol profile closely tracks 
BAC profile, and tear glucose levels rise after meals in a pat-
tern similar to that of blood glucose. Much work is still needed 
to expand the library of tear compounds detectable by sensors 
that are safe for direct eye contact. As the technology matures, 
further correlation studies relating real-time tear biosignals to 
health state will be possible. Similar to tears, saliva is acces-
sible at high rates and on-demand, allowing it to have a long 
history of off-body analysis. However, wearable sensors for 
continuous saliva analysis are creating new opportunities and 
interest for understanding saliva composition. For example, 
salivary cortisol levels as monitored with mouthguard sensors 
have replicated the diurnal hormone variation seen in blood. 
Wound exudate can also be examined through careful correla-
tions to decode wearable sensor signals. Impedance changes at 
wound sites have been shown to reflect tissue damage, allowing 
wearable electrode arrays to indicate sites and stages of pres-
sure ulcers.[111] In addition to decoding chemical sensor signals, 
multimodal physical sensors that track heart rate, blood oxygen 
content, and skin temperature were shown to detect the onset 
of illnesses including Lyme disease.[112]

7.3. Outlook on Correlation Studies for Personalized Healthcare

The development of wearable sensors and systems small 
enough to enable a density of devices being affixed to the body 

Figure 13.  Sweat-based biomarker correlation studies. A) Correlation between sweat ethanol and blood alcohol concentration (BAC) after alcohol 
intake. Reproduced with permission.[102] Copyright 2018, The Royal Society of Chemistry. B) Correlations between whole-body fluid loss and local sweat 
secretion rates on the forehead (blue), forearm (red), underarm (green), and back (yellow) during stationary biking. C) Comparison of sweat and 
blood glucose levels for healthy and diabetic subjects in the fasting state. Reproduced with permission.[51] Copyright 2020, AAAS. D) Linear mapping 
of sweat and serum cortisol levels. Reproduced with permission.[108] Copyright 2020, Elsevier. E) Correlation between sweat and serum uric acid levels. 
Reproduced with permission.[73] Copyright 2019, Nature Publishing Group.
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simultaneously for real-time, near-continuous big data gen-
eration has created tremendous new potential for precision 
health and medicine. The large density and variety of biosig-
nals collected at minimal time intervals can no doubt review 
the body status change in a more comprehensive manner. For 
instance, the same drug dosing could perform various effective-
ness and metabolism among patients with similar symptoms, 
which could be attributed to the factors including gender, age, 
daily diet, and activities. Therefore, population and correlation 
studies are critical to taking these vast amounts of biosignal 
data and transforming them into actionable information 
about the state and dynamics of the body. However, it could 
be challenging to perform vast amount of data recording and 
analyzing manually. Thus, the advances in big data analytics 
and artificial intelligence algorithms can contribute to com-
prehensive data decoding and provide personalized therapies. 
Moreover, the biosensing database involving comprehensive 
calibration factors can be utilized for machine learning so as to 
further optimize the decoding algorithms and review correla-
tions in a more accurate and intelligent manner. By identifying 
health conditions as well as their mechanistic underpinnings, 
these studies are instrumental for making wearable sensor 
technology truly impactful for personalized health monitoring.

Multiparameter sensing and accumulation of longitudinal 
biomarker data are key to comprehensively assessing health 
and detecting deviations from normal baselines that could aid 
in early disease detection and prevention. While most efforts 
have focused on sensor development, few studies conducted 
such longitudinal and population studies to deeply probe 
sensor data significance. In one work, longitudinal multiomics 
tracking using wearable systems was used to detect infection 
and early glucose dysregulation.[112] In another, deep molecular 
and physiological profiling of a population for up to 8 years was 
used to learn the healthy baselines of key parameters for dif-
ferent individuals, and then identify pathways associated with 
metabolic and cardiovascular pathophysiologies.[113] Going for-
ward, it is imperative that more such longitudinal studies are 
conducted by combining advances in wearable sensors and 
computational technologies to probe fundamental physiological 
relations, derive insight into the mechanisms that cause health 
conditions, and ultimately enable predictive, preventive, preci-
sion care.

8. Closed-Loop Body Computing Platforms

Human body relies on a natural and complex closed-loop physi-
ological system to maintain a stable and healthy status. How-
ever, it is unavoidable that this intrinsic equilibrium could be 
disturbed. Thus, there exist research opportunities to develop 
intelligent and wearable platforms that enable autonomous 
body intervention with continuous physiological status moni-
toring.[114]  With the advances in a large library of biosensors, 
integrated user-friendly wearable platforms and intelligent 
biosignal data processing, closed-loop wearable body com-
puting systems that trigger active functions corresponding 
to biosensing is one of the promising solution.  For next gen-
eration closed-loop wearable platforms, reliable biosensors 
for continuous and minimal invasive monitoring are the core 

components to provide quantifiable biosignals that indicate the 
targeted biomarkers levels. With accurate signals decoding, the 
controller units can deliver command to trigger the actuators 
to perform tasks, so as to maintain/adjust the target analytes 
at stable values. The effectiveness is then monitored by the bio-
sensors, which form a closed-loop algorithm. Such wearable 
closed-loop systems will bridge the gap between biosensing and 
therapies, which aims at revolutionizing patient care and per-
sonalized disease management.

8.1. Drug Delivery

Generally, the functionality of closed-loop drug delivery sys-
tems relies on three subsystems, that is, biosensors as ana-
lytes trackers, programmable controller as data and demand 
processor, and actuators for required drug dosing.[114–115] Such 
closed-loop systems are currently available for anesthesia 
delivery as well as insulin therapy for diabetes management, 
based on laboratory tools. Impactful research advances in 
wearable and portable automated closed-loop drug delivery are 
expected, with breakthroughs in biomaterials study, flexible 
sensors, and nanofabrication techniques.

Kim and co-workers reported an integrated system consists 
of graphene-based multipixel biosensors for sweat glucose 
noninvasive monitoring and a thermoresponsive microneedle 
for diabetes therapy on separated skin patches, as shown in 
Figure  14.[116–117] The  hybrid patches are connected to a port-
able electrochemical analyzer. The detection of elevated glucose 
level will trigger the heater and activate the thermoresponsive 
microneedles for insulin delivery. However, research in closed-
loop automotive drug delivery is still in an early stage. Several 
challenges including devices long-term stability, therapy effec-
tiveness and reliability, and user safety are to be addressed.

8.2. Rehabilitation

Rehabilitation monitoring is of significance for evaluation of 
treatment effectiveness, such as postsurgery tracking. Rieger 
and co-workers integrated epidermal ultrathin sensors for 
surface electromyography monitoring with data processors 
to facilitate swallowing therapy after head/neck cancer sur-
gery.[118] Clinical study also suggested potassium monitoring is 
critical to patients who received cardiac surgery. Development 
of wearable devices for rehabilitation monitoring will enhance 
the healthcare quality for patients, enable therapists for remote 
diagnostics, and eliminate the infection risks for associated 
with frequent in person clinical visits.

For some diseases/disabilities, rehabilitation therapies are 
preferable than pharmaceutical and surgical treatments. For 
instance, joint injuries can lead to  deterioration, and pharma-
ceutical therapies can only alleviate some symptoms, while 
surgeries usually involve risks. Thus, biomechanical treat-
ments are considered as an effective method for rehabilitation. 
Conventionally, these biomechanical treatments are conducted 
with expensive, complex, and space-bound instruments, which 
limits its implementation in clinical practice. Figure 15A shows 
a wearable biofeedback system using inertial sensors for motion 
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tracking combined with VR headset.[119] Based on motion sen-
sors to quantify foot progression angle, it generates real-time 
visual feedback to instruct the users on gait retraining.

The applications of biosensors for therapeutic system also 
attribute to their minimized form factors. Recently, Yeo and 
co-workers constructed an eye vergence tracking system for 

ocular disorder VR therapies.[120] As shown in Figure  15B, the 
skin-conformal sensors can be seamlessly applied onto the 
periocular area, which enable comfortable fitting under a VR 
headset. The sensing signals were transmitted in a real-time 
manner, and analyzed based on data classification algorithm. In 
vivo subjects study demonstrates it as a promising protocol for 
eye disorder therapies.

Despite the demonstrated benefits and its growing market 
demand, their clinical implementation is currently limited. The 
rational sensing network design, extraction of reliable correla-
tions between biosensing signals and body status, as well as 
the comprehensive big data evaluation are critical to improve 
the therapy effectiveness.[121] The accuracy and effectiveness for 
rehabilitation will require careful verification with well-estab-
lished techniques and laboratory tools.

9. Outlook

The conflicts of large populations and limited clinical 
resources have triggered huge market demand for wearable 
and portable healthcare devices. The advances in reliable 
sensors and rational sensing system design make it possible 
to perform systematic and statistical studies to reveal the 
correlations of the targeted biomarkers to our body status. 
These wearable biosensing systems demonstrate a promise 
to achieve body computing for personalized healthcare 
applications.

So far a variety of sensing strategies have been studied and 
proposed, including physical sensors, chemical sensors, and 
optoelectronics. The sensitivity and selectivity of wearable 
biosensing have been largely enhanced with flexible material 
innovation and the utilization of nanostructured materials. 
However, to realize accurate body computing in real appli-
cations, biosensors with enhanced stability in flexible plat-
forms are expected, especially for its applications in correla-
tion study and closed-loop systems. Several factors including 
sensor fabrication reproducibility, shelf life, biofouling issue, 
and mechanical interference still require research efforts on 
material engineering and device structural optimization. For 

Figure 14.  Closed-loop drug delivery systems. An integrated system con-
sists of graphene-based multipixel biosensors for sweat glucose non-
invasive monitoring and a thermoresponsive microneedle for diabetes 
therapy. Reproduced with permission.[116] Copyright 2016, Nature Pub-
lishing Group.

Figure 15.  VR-assisted body computing for rehabilitation therapies. A) A wearable biofeedback system using inertial sensors for motion tracking com-
bined with VR headset visual feedback for gait retraining. Reproduced with permission.[119] Copyright 2018, Nature Publishing Group. B) A soft skin-like 
sensor comfortably fitting under a VR headset for eye disorder therapies. Reproduced with permission.[120] Copyright 2020, AAAS.
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instance, biofouling issues can be eliminated with the micro-
fluidic channels to allow fluids refreshing. Besides, it is quite 
challenging to achieve high sensitivity, desirable selectivity, 
and decent stability using a single device. For instance, com-
pared with enzymatic sensors, nonenzymatic sensors using 
electrochemically stable sensing materials (e.g., metal-oxide 
and polymers), which are much less sensitive to variation of 
factors such as temperature and pH, are also highly desired 
for stable sensing, while the challenges mainly exist in its 
unsatisfying selectivity. One of the promising approaches 
to address selectivity issues is to utilize multipixels sensors 
array, utilizing stable active materials in conjunction with reli-
able sensing signal processing. For instance, by applying AI 
technology, the specific response patterns from these different 
sensors to biomarkers can be achieved and the decoding of the 
compositions/concentrations of the tested fluids can be real-
ized by an automated pattern recognition algorithm. Besides, 
AI can also provide support to realize the self-calibration 
capability, so as to ensure the sensing accuracy and achieve 
calibration-free sensors, which is highly desirable for real 
applications.

To ensure the functionality of biosensing, energy man-
agement of these wearable devices is of significance. Apart 
from using commercially available power devices, such as 
batteries, intense research interest has been attracted to 
the utilization of bioenergy during biosensing. However, 
the intrinsic unstability of bioenergy might not provide 
stimulus power output that matches the system require-
ment. Thus, the incorporation of proper power management 
strategies, such as hybrid energy harvesting and conversion, 
and intelligent power control module design is necessary. 
More research efforts are expected to focus on improving 
the energy conversion efficiency, power supply durability, 
as well as parameters matching within these self-powered 
systems.

The advances in developing robust biosensors, rational 
sensing system design, energy management module, and reli-
able sensing data transmission and decoding make it possible 
to achieve closed-loop wearable system for body computing. 
These cutting-edge demonstrations of wearable biosensing 
systems provide attractive routes to a brand-new type of smart 
sensors with distinguishability among different types of bio-
markers for reliable point-of-care applications, which is one 
of the ultimate goals for biosensors. This will no doubt be a 
breakthrough and revolution to conventional diagnostic prac-
tice, and effectively release the pressure on clinical resources, 
especially for a society facing the challenge with growing aging 
populations.
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