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Skin-Interfaced Sensors in Digital
Medicine: from Materials to Applications
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Progress and Potential

Skin-interfaced sensors present a

great opportunity toward

predictive analytics and real-time

diagnosis in digital health. These

wearable or mobile health

(mHealth)-based electronic

devices could not only monitor

physical activities and vital signs

but also keep track of molecular

biomarkers of the human body.

However, conventional wearable

sensing systems and products

face various challenges such as

mechanical mismatch between

the skin and rigid electronics
The recent advances in skin-interfaced wearable sensors have
enabled tremendous potential toward personalized medicine and
digital health. Compared with traditional healthcare, wearable sen-
sors could perform continuous and non-invasive data collection
from the human body and provide an insight into both fitness moni-
toring and medical diagnostics. In this review, we summarize the
latest progress of skin-interfaced wearable sensors along with their
integrated systems. We first introduce the strategies of materials
selection and structure design that can be accommodated for inti-
mate contact with human skin. Current development of physical
and biochemical sensors is then classified and discussed with an
emphasis on their sensing mechanisms. System-level integration
including power supply, wireless communication, and data analysis
are also briefly discussed. We conclude with an outlook of this field
and identify the key challenges and opportunities for future wear-
able devices and systems.
during dynamic body motion,

limited sensing functionality,

signal extraction and

physiological correlations of

biomarkers, and long-term

reliability. This review summarizes

the latest advances of skin-

interfaced wearable sensors, with

an emphasis on materials,

structural approaches, sensing

strategies, and system

configurations. Continued

progress in this emerging field is

promising for the development

and commercialization of more

reliable multifunctional wearable

systems in the near future.
INTRODUCTION

Skin is the largest organ of the human body. It protects the body as a physical

barrier and harbors sophisticated sensations of touch and heat, enabling us to

perceive temperature changes, pressure and vibrations, and texture and shapes of

our surroundings. Mimicking the properties of human skin, wearable and flexible

electronic devices provide an intimate yet non-invasive contact with the human

body and are capable of digital monitoring of physical and biochemical signals.

Compared with bulky, wired clinical equipment, these miniaturized on-skin sensors

are characterized by real-time diagnosis and continuous monitoring, which open up

new opportunities for long-term health assessment and disease diagnosis.

Over the past years, tremendous progress have been made in various aspects of

wearable sensors including fundamental chemistries and materials,1 mechanical

engineering,2 biological interfaces,3 sensing techniques,4 and non-invasive

sensing demonstrations.5 This review highlights the significant recent progress in

wearable and flexible sensors, along with their applications in digital health assess-

ment. In particular, we first summarize materials innovation and structural designs

to manufacture flexible electronic materials that can be intimately attached to hu-

man skin; we then review flexible electronics for monitoring physical activities and

physiological signals, such as body motion, skin temperature, heart rate, blood

pressure, and pulse oximetry, as well as wearable chemical sensors for continuous

molecular monitoring in biofluids including sweat and interstitial fluids. The sys-

tems-level device integration, including power supply, energy harvesting, wireless

communication, and data transfer, is also briefly discussed. Finally, we discuss cur-

rent bottlenecks and present our perspectives on potential future directions of this

emerging field.
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MATERIALS AND STRUCTURAL DESIGNS FOR SKIN-INTERFACED
WEARABLE SENSORS

The integration of wearable sensors with the human body demands that themechan-

ical properties of the sensors should be soft, stretchable, and compliant to curved

skin (Figure 1A). Silicon is the default material for semiconductor electronics, but

its modulus is �100,000-fold higher than that of the human skin. Considering the

huge mechanical mismatch, the most intuitive approach is to develop intrinsically

soft and conducting materials to achieve mechanical compatibility and improved

wearing comfort. Several review articles have been published with emphases on

materials synthesis, structural engineering, and platform designs.2,6–11

Soft Electronic Materials

Liquid Conductors

Liquid conductors, such as liquid metals and ionic liquids, have infinite stretchability

while maintaining high conductivity due to their fluidic nature. Gallium metal alloys,

particularly eutectic gallium indium (EGaIn) and Galinstan (GaInSn), are commonly

used due to their low toxicity and negligible vapor pressure. Ga-based alloys will

rapidly form an atomically thin oxide layer (Ga2O3) on their surfaces when exposed

to ambient air, which holds the metal flush and enhances mechanical stability.

Direct printing (e.g., three-dimensional [3D] printing) of complex structures of liquid

metals has been realized at high resolution (Figure 1B).12 In addition, ionic liquids,

which are liquid salts at room temperature, can be combined with liquid metals to

form liquid-state heterojunction sensors. These materials are typically embedded

in fluidic channels of elastomers and exhibit superior conductivity even during

stretching (Figure 1C).13

Hydrogels

Hydrogels are 3D networks of hydrophilic polymers, which have been widely applied

as biomaterials owing to their mechanical similarity with tissues and biocompati-

bility. Conductive hydrogels can be obtained by mixing hydrogel networks with

conductive materials (Figure 1D).14 Traditional gel synthesis methods include phys-

ical crosslinking by entanglement and chemical crosslinking by covalent bonds.20

Physically crosslinked hydrogels have lower mechanical stiffness but show good

self-healing capability (Figure 1E),15 while chemically bonded hydrogels can with-

stand severe deformation but cannot recover bonding or maintain conductivity after

fracture.21 Some recent manufacturing strategies involve double networks and

sliding crosslinking to tailor to specific requirements of biomedical applications, tun-

ing the Young’s moduli from kilopascals to megapascals.22–24 The major challenges

of hydrogels are to realize robust bonding with other components and degradation

due to water evaporation, which can be resolved by supramolecular chemical modi-

fication and elastomer encapsulation.25

Polymers

Intrinsically stretchable polymer materials represent another category of materials

due to their well-studied chemical functionality and highly tunable properties.

Conductive polymers are of particular interest due to their capability of intercon-

necting with other electronic components, including poly(2,3-dihydrothieno-1,4-

dioxin)–poly(styrenesulfonate) (PEDOT:PSS),16 poly(3-hexylthiophene) (P3HT),17

polyaniline (PANI), polypyrrole (PPY), diketopyrrolopyrrole (DPP),26 and their deriv-

atives. As one of themost intensively investigated conductive polymers, PEDOT:PSS

consists of conjugated PEDOT polymer doped by acidic PSS. Although both PEDOT

and PSS are semicrystalline in nature with limited stretchability, coupling them with

elastic substrates will improve their deformability greatly (Figure 1F).16 One problem
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Figure 1. Soft Electronic Materials for Skin-Interfaced Wearable Sensors

(A) Comparison of Young’s moduli among representative materials. NP, nanoparticles; CNT, carbon nanotubes.

(B) 3D-printed liquid metal arrays.

(C) A twisted liquid-state heterojunction sensor based on ionic liquid.

(D) A freestanding conductive hydrogel-based electrode array on soft jelly substrate.

(E) Self-healing hydrogel being stretched to five times its original length.

(F) A stretchable patterned PEDOT/STEC film on SEBS substrate.

(G) A semiconducting P3HT-based e-finger touching an ice cube.

(H) SEM images of elastic conductors formed of silver nanoparticles and flakes with surfactant.

(I) An AFM phase image of spray-coated carbon nanotubes on PDMS substrates.

Reprinted with permission from: (B) Ladd et al.12 Copyright 2013, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) Ota et al.13 Copyright 2014,

Springer Nature. (D) Liu et al.14 Copyright 2019, Springer Nature. (E) Cao et al.15 Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (F)

Wang et al.16 Copyright 2017, AAAS. (G) Zhang et al.17 Copyright 2015, Springer Nature. (H) Matsuhisa et al.18 Copyright 2017, Springer Nature. (I)

Lipomi et al.19 Copyright 2011, Springer Nature.
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is that the polymer conductivity decreases with stretching, and ionic conductors are

often added to overcome this issue. In addition to PEDOT:PSS, P3HT is another

class of semiconducting polymer that can be utilized as the functional component

for diodes and transistors (Figure 1G).17 These semiconducting polymers along

with their composites exhibit new functionalities of tunable conductivity and self-

healability, and therefore are widely applied in developing all-organic stretchable

electronic devices.10,27

Nanomaterials

Despite the rapid development in conducting polymers, most polymers are insu-

lating or exhibit inherently low charge-transport efficiency, which often hinders their

usage for interconnects of electronic components. Composite nanomaterials are

therefore developed to combine conductive nanomaterial fillers and stretchable

polymeric matrix.28–31 Elastomers such as poly(dimethylsiloxane) (PDMS) and
1416 Matter 2, 1414–1445, June 3, 2020
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Ecoflex are generally used as the matrix while nanomaterials of distinctive morphol-

ogies, classified as nanoparticles, nanowires, or nanosheets, are commonly adopted

as fillers. For example, silver nanoparticles (AgNPs) can be mixed with fluorine rub-

bers and surfactant, where the fluorine rubbers have a strong polarity to metal ions

and surfactant ensures homogeneous dispersion in this process. The fabricated

printable elastic conductor exhibits potentials for large-area stretchable sensor net-

works (Figure 1H).18 Higher electrical conductivity and smaller change in resistance

under strain can be obtained using metal nanowires and carbon nanotubes (CNTs).

For example, by uniformly dispersing CNTs in a solution, spray-deposited con-

ducting thin films can be manufactured as electrodes in transparent sensor arrays

(Figure 1I).19

The recent progress in materials science has enabled great opportunities for soft

electronic materials for skin applications. However, there remain challenges for

these developed materials. While liquid conductors such as gallium metal alloys

have low toxicity and low activity and can provide infinite stretchability, most

of these liquid conductors need microfluidic channels of carrying elastomer for

skin sensors.10,32 Hydrogels and polymers are highly biocompatible, but their

performance is limited by their relatively low conductance, and many hydrogels

suffer from drying out and stiffening over time. Current biocompatible materials

are usually built with composite materials by combining hydrogels and polymers

with nanomaterials to enhance their performance and stability. Caution should be

exercised when using nanomaterials such as CNTs by encapsulating them inside

elastomers to prevent potential health concerns.33,34 Further development of

biocompatible materials is desired for enhanced stability and breathability toward

practical use.
Structure Engineering

Despite the progress in novel soft materials, conventional high-performance semi-

conductors are still indispensable in sensor data processing and transmission, yet

these components are mainly built on rigid chips with metal interconnects. Structure

engineering of electronic components provides a viable strategy to integrate silicon-

based electronic components into wearable sensors. In addition, a curvilinear skin

surface requires flexible structures with high mechanical stability to achieve intimate

contact and reversible bending during daily motions and activities. Moreover,

stretchable structures are needed to accommodate motion-related strain through

controlled buckling. Here, we classify structure-engineered wearable devices based

on different geometric designs, including ultrathin materials, wavy/wrinkles, serpen-

tine, and mesh.

Ultrathin Materials

Considering that the bending strain decreases linearly with material thickness,7 flex-

ible electronics can be achieved simply by using ultrathin materials (Figures 2A and

2B).35,36 An impressive example involves ultrathin plastic electronics with ultralight

weight.35 By building nanometers-thick organic transistors on an ultrathin polymer

substrate, an imperceptible yet robust electronic foil could fold like a paper sheet

and could be easily applied to curvilinear and dynamic surfaces. In addition, even

rigid islands of chips can be wired out with thin metal wires as bridges. As shown

in Figure 2C, an integrated pulse oximeter consisting of a rigid microcontroller

and light-emitting diodes (LEDs) can be connected with thin copper wires and

mounted on the human skin.37
Matter 2, 1414–1445, June 3, 2020 1417



Figure 2. Structural Designs for Skin-Interfaced Wearable Sensors

(A) Paper-like ultrathin plastic electronic foils.

(B) Photograph of an organic memory cells array on a plastic substrate.

(C) Image of an NFC-enabled pulse oximeter.

(D) Controlled buckling of Si ribbons on elastomeric substrates.

(E) Stretchable and foldable CMOS circuit encapsulated in wrinkled PDMS.

(F) A compressed origami lithium-ion battery.

(G) Image of metal wires on skin replica.

(H) Image of a conductive helical coil network as interconnects for soft electronics.

(I) A stretchable electronic system that integrates rigid device circuits and a serpentine interconnect network in microfluidic suspensions.

(J) Image of a stretched pressure and thermal sensor network.

(K) A spider-web-like conductive network mounted on a hand.

(L) Schematic of microstructured Ag-Au nanocomposite in a soft matrix.

Reprinted with permission from: (A) Kaltenbrunner et al.35 Copyright 2013, Springer Nature. (B) Sekitani et al.36 Copyright 2009, AAAS. (C) Kim et al.37

Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) Sun et al.38 Copyright 2006, Springer Nature. (E) Kim et al.39 Copyright 2008,

AAAS. (F) Song et al.40 Copyright 2014, Springer Nature. (G) Fan et al.41 Copyright 2014, Springer Nature. (H) Jang et al.42 Copyright 2017, Springer

Nature. (I) Xu et al.43 Copyright 2014, AAAS. (J) Someya et al.44 Copyright 2005, National Academy of Sciences. (K) Lanzara et al.45 Copyright 2010,

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (L) Choi et al.46 Copyright 2018, Springer Nature.
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Wavy and Wrinkled

To achieve not only flexibility but also stretchability, wavy and wrinkled layouts are

introduced within the sensor platform, where structural deformations under applied

external strains result in miniaturized strain inside the material itself. The fabrication

method of these wavy structures is to bond planar devices to a uniaxially or biaxially

pre-stretched elastomer with –OH groups on contacting surfaces, then release strain

and drive the formation of wavy/wrinkle patterns through controlled buckling.47 The

compressive strain within the buckled device will offset the excessive strain when
1418 Matter 2, 1414–1445, June 3, 2020



ll
Review
applied to skin interfaces. The maximum stretchability of such a system depends on

both pre-strain level and mechanical strength of solid materials. In the case of Si

ribbons on PDMS (Figure 2D), the maximum stretchability is given by maximum

pre-strain of 29%, plus 1.8% fracture strain and 0.034% critical strain of Si.38,47 It is

worth pointing out that this technique can be applied not only on ribbons and

membranes but also on integrated circuit systems (Figure 2E).39 Similarly, an origami

technique introduces pre-defined hinge crease patterns to form a 3D structure,

which could also fold and unfold without introducing much strain in functional

components (Figure 2F).40

Serpentine

A serpentine design is a meandering structure that consists of periodically repeating

geometric shapes (Figure 2G).41 Optimizations of geometric parameters such as arc

angle and width will produce skin-like moduli and bending stiffness. When applied

to human epidermis, such structures provide electronic systems with conformal

contact and similar mechanical properties. Given that serpentines can be either fully

bonded to the substrate or selectively bonded with fixed local points, coils and he-

lices represent 3D extensions of the 2D meandering serpentine structures,

enhancing performances of both in-plane and out-of-plane stability against strain.

A representative example assembles wireless, skin-compatible electronic sensors

on the basis of 3D helical coils by deterministic compressive buckling of planar

serpentine structures (Figure 2H).42 Owing to their great compatibility with conven-

tional flexible printed circuit board (FPCB) fabrication, the serpentine interconnec-

tions are intensively applied for sophisticated wearable sensor systems, as demon-

strated in Figure 2I.43 The serpentine features were suspended in soft microfluidics,

together with isolated rigid sensors and circuits, to form a hybrid system laminated

on skin.

Mesh

Mesh network is another structural layout that could achieve high stretchability. An

early example demonstrates organic plastic film meshes of pressure and thermal

sensors, with extended stretchability up to 25% (Figure 2J).44 Higher stretchability

of sensors can be established by adding serpentine layout to the meshes. Figure 2K

demonstrates a spider-web-like sensor network based on a mesh of micronodes and

extendible serpentine metal-coated polymer microwires. When external strain is

applied, serpentine microwires will elongate to ten times their original length along

with nearly undeformed nodes. The functional sensor network could undergo

extreme strains up to 1,600% without damage or inducing microcracks.45 Signifi-

cantly, mesh networks can be obtained not only at macroscale but also within nano-

mesh structures. As shown in Figure 2L, gold-coated silver nanowires were com-

bined within an elastomeric block-copolymer matrix. A mesh microstructure was

generated because of phase separation in the nanocomposite during solvent dry-

ing. The nanocomposites yielded an optimized elongation of 266% while maintain-

ing high conductance owing to the high aspect ratio of nanowires.46

There are numerous structural designs that can obtain conformal skin contact, yet

there exists a trade-off between conductivity and stretchability. Higher stretchability

needs longer wire connections and more complex designs, which will increase resis-

tance and fabrication requirement. Current fabrication approaches, such as pre-

stretching elastomer followed by strain release, introduce mechanical strain during

the process. Thin-film designs face the challenge of integrating functional electronic

integrated circuits for sophisticated sensing analysis. Some latest fabrication
Matter 2, 1414–1445, June 3, 2020 1419
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processes such as stamp printing have been carried out, and developing versatile

fabrication techniques for arbitrary 3D surfaces will become the key.48
Skin-Electronics Interface of Wearable Sensors

The integration of wearable sensors with skin needs to consider not only stretchable

and biocompatible materials but also intimate contact forms on human epidermis. In

this section, we review and classify skin interfaces into three forms: tattoo-like,

medical band, and textiles.

Tattoo

Characterized by conformal and almost imperceptible appearance, tattoo-like

wearable sensors represent an emerging class of ideal device forms. Since intimate

physical contact can be achieved, many vital signals including electrocardiogram

(ECG), electromyogram (EMG), and electroencephalogram (EEG) can be accurately

monitored via tattoo-like sensors, as demonstrated in Figure 3A.49 Additionally,

chemical sensing can also be obtained in this form. In a representative application,

tattoo-based non-invasive lactate monitoring was demonstrated through analyzing

sweat during cycling exercise using an enzymatic biosensor (Figure 3B).50 To

enhance gas permeability and wearing comfort, a lightweight and breathable

form of on-skin electronics was introduced, which laminated tattoo-like conductive

nanomesh directly onto human skin (Figure 3C).51 Long-term study of tactile sensing

was shown without causing inflammation.51

Band

Sophisticated sensor systems, including rigid components such as integrated circuit

chips, require alternative methods for on-skin applications. Medical bands are often

used as a form of direct contact with skin without much discomfort. A polymer tran-

sistor-based pulse sensor can be simply mounted on skin using a commercial

bandage to continuously monitor the pulse wave of the radial artery (Figure 3D).52

Recently, a fully integrated wristband was developed with a chemical sensor array

and FPCB for in situ analysis of sweat metabolites and electrolytes (Figure 3E).53

Similarly, in vivo continuous monitoring of glucose levels in the interstitial fluid

was achieved via a graphene-based band platform fixed onto the forearm

(Figure 3F).54

Textile

Wearable textile sensors can be worn or knitted into fabrics for long-term continuous

wear. Functional electronic components, such as antennas, resonators, and pressure

sensors, can be fabricated from conductive textiles.55,56 Such sensor fabrics can be

designed as clothes or gloves for skin interfaces (Figures 3G and 3H). Notably, due

to frictions with human body, textile wearable systems are generally utilized as an

ideal platform for energy-harvesting applications. As shown in Figure 3I, a triboelec-

tric energy generator (TENG) and supercapacitors were merged into clothes.57

Through a natural arm-swinging motion during walking, energy harvesting and

storage were demonstrated.

The key objective with skin interfaces is to achieve an intimate skin contact and

collect high-quality sensing data. Rigid electronics induces gaps between devices

and skin, which will generate artifacts and noise during motion. Meanwhile, many

tattoo-based sensors still need to connect with external power supply and analysis

instruments, and more studies involving low power consumption and fully stretch-

able skin electronics are being carried out.58–60
1420 Matter 2, 1414–1445, June 3, 2020
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Figure 3. Skin-Electronics Interface of Wearable Sensors

(A) Tattoo-like epidermal ECG/EMG electronic system on skin.

(B) A lactate tattoo sensor applied to human skin.

(C) Photograph of gas-permeable nanomesh conductors attached to a fingertip.

(D) A pressure sensor measuring radial artery attached to the human wrist using an adhesive bandage.

(E) A flexible fully integrated wearable sensor array wristband for multiplexed in situ sweat analysis.

(F) Photograph of a graphene-based glucose-monitoring band on a subject‘s forearm for interstitial fluid (ISF) analysis.

(G) Image of a metamaterial textile sensor network for wireless communication.

(H) Photograph of textile pressure sensors mounted on fingers of an artificial hand.

(I) Image of a fabric-based triboelectric generator (TEG) applied to a knit shirt for activity monitoring.

Reprinted with permission from: (A) Kim et al.49 Copyright 2011, AAAS. (B) Jia et al.50 Copyright 2013, American Chemical Society. (C) Miyamoto et al.51

Copyright 2017, Springer Nature. (D) Schwartz et al.52 Copyright 2013, Springer Nature. (E) Gao et al.53 Copyright 2016, Springer Nature. (F) Lipani

et al.54 Copyright 2018, Springer Nature. (G) Tian et al.55 Copyright 2019, Springer Nature. (H) Liu et al.56 Copyright 2017, WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim. (I) Jung et al.57 Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Skin-Interfaced Physical and Vital Sensors

Long-term monitoring of physical activities and vital signs is important in assessing

the physical and mental state of a human, which is difficult to achieve with conven-

tional gel electrodes as they dry out over time. Advances in wearable medical sen-

sors have given rise to monitoring real-time physiological signals continuously and

non-invasively. In this section, we summarize and classify these sensors along with

their respective sensing mechanisms.

Temperature Sensing

The human body temperature is typically stable around 36.5�C–37.5�C. Elevated
body temperature is often an indication of bacterial infection or inflammatory
Matter 2, 1414–1445, June 3, 2020 1421
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conditions, while decreased temperature can reflect reduced blood flow or even or-

gan failure. Therefore, body temperature is an essential vital sign for physiological

health. A temperature sensor is also a critical component for tactile sensing in ro-

botics and prosthetics. Measuring body temperature can be realized through therm-

istors,61 infrared (IR) thermography,62 and colorimetric means.63

As demonstrated in Figure 4A, a 3D-printed device was mounted on the ear like a

headphone, which contained a thermopile IR sensor, data-processing circuits, and

a wireless module.62 The thermopile consists of a thermistor and an IR sensor; the

former detects environmental temperature while the IR sensor calibrates tempera-

ture difference between target and background. The device measures core body

temperature from ear drum accurately, regardless of environmental alterations

and daily activities (Figure 4B). In another example, pixelated colorimetric tempera-

ture sensor arrays using thermochromic liquid crystals were patterned on PDMS

elastomer substrate.63 Digital cameras and wireless transmission systems enabled

precise calibration and real-time readout, with temperature precision of 50 mK

and submillimeter spatial resolution (Figure 4C). Figure 4D shows a mapping image

of thermal characteristics of the skin, indicating temperature distributions due to

blood flow of artery and veins at the wrist.

In contrast to optical measurements requiring either relatively bulky IR thermometer

or complex calibrations by camera, some recent studies exploit electrical behaviors

of materials against temperature that can easily measure skin temperature directly.

Temperature coefficient of resistance (TCR) is one of the main considerations for

thermistors. For example, the resistance of gold showed a linear response over

body temperature range, which makes it an ideal material for skin electronics. Fig-

ure 4E shows an ultrathin conformal Au-based temperature sensor for thermom-

etry.61 The skin-like sensor consists of serpentine gold wires with thin polyimide

encapsulation, which placed the metal near neutral mechanical plane for strain

reduction and acted as a protection against moisture. A temperature sensor array

was fabricated and directly attached onto skin of a human wrist. A clear spatial map-

ping of a 43 4 sensor array is shown in Figure 4F, which matched well with the result

of an IR camera.

One problem within TCR-based sensors is that they can be easily affected by me-

chanical strain, which is unfavorable for on-skin applications. To better circumvent

strain dependence of resistance-based sensors, a transistor-based temperature cir-

cuit was recently introduced (Figure 4G).64 Such a bending-insensitive temperature

sensor is designed using static and dynamic differential readout approaches based

on stretchable CNT thin-film transistors (TFTs) (Figure 4H). The circuit generated a

stable electrical output without being affected by temperature cycling or the

induced stain range of 0%–60% during bending (Figure 4I).

There are numerous materials that correspond differently to temperature change,

and for skin electronics, the simplest method is to use thin-film metals with high

TCR such as gold. Another approach is to use semiconducting materials, which

enable improved sensitivity by integrating them into transistors. One challenge for

skin-interfaced temperature sensors is that most sensors measure skin temperature

rather than core body temperature. Skin temperature can be easily affected by the

surrounding environment while core body temperature is stable within 1�C fluctua-

tions.65 More correlation studies should be carried out to accurately measure the

core body temperature based on skin temperature information.
1422 Matter 2, 1414–1445, June 3, 2020



Figure 4. Temperature Sensing

(A) A core body temperature-detection system based on a thermopile IR sensor mounted on ear.

(B) Characterization of skin and core body temperatures as a function of environmental temperature.

(C) Calibration of reflectance of thermochromic liquid crystals (TLC).

(D) Optical image and infrared image of a colorimetric temperature sensor based on pixelated arrays of TLCs on the wrist.

(E) Image of a single temperature sensor based on temperature coefficient of resistance (TCR).

(F) Infrared image of a TCR device array mounted on the skin of the human wrist (left) and its corresponding temperature mapping (right).

(G) Image of an integrated circuit for strain-independent temperature sensing.

(H) Schematic of the structure of carbon nanotube (CNT) thin-film transistors (TFT) for circuits.

(I) Demonstration of stable functionality of temperature sensor attached to a prosthetic hand during repeated bending.

Reprinted with permission from: (A and B) Ota et al.62 Copyright 2017, American Chemical Society. (C and D) Gao et al.63 Copyright 2014, Springer

Nature. (E and F) Webb et al.61 Copyright 2013, Springer Nature. (G–I) Zhu et al.64 Copyright 2018, Springer Nature.
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Motion and Tactile Sensing

Tracing body motions and replicating skin sensory systems are crucial goals in the

application of robotics and prosthetics. Wearable sensors are intensively applied

in this field to continuously detect strain, pressure, vibrations, and deformations.

Motion and tactile sensors, mainly in the form of pressure and strain sensors, can

be realized through many transduction mechanisms, including piezoresistive,

piezoelectric, capacitive, and triboelectric effects. Piezoresistive and capacitive

sensors are most commonly used in skin-interfaced practices because of their simple

designs and capability of acquiring both static and dynamic data.

Figure 5A presents an early example of a CNT strain sensor fixed to a glove.66 The

resistance-based strain sensor is composed of aligned single-walled carbon nano-

tube (SWCNT) film, which fractures into islands with bundles of CNTs connecting

the gaps when stretched (Figure 5B). Such a design realized strain measurement

up to 280%, 50-fold that of conventional metal strain gauges. By fixing multiple

sensor sensors at the location of each knuckle on a glove, finger motions can be

precisely detected and interpreted (Figure 5C).

Pressure sensing is the key component of tactile perception. Similarly, pressure sen-

sors can also be realized through resistive or capacitive designs. For example, a

strain sensor capable of pressure, shear, and torsion detection was designed using

two interlocking layers of nanofibers.70 The resistance of sensor changed dramati-

cally according to the extent of interconnections under different stimuli, with

excellent repeatability and reproducibility. However, most pressure sensors suffer

from lack of ability to distinguish pressure from strain when mounted on skin, since

these sensors are both achieved by deformation of structures, regardless of strain or

normal pressure. To solve this issue, a groundbreaking study developed a strain-

insensitive pressure sensor composed of composite nanofibers containing CNTs

and graphene.67 The key to this strategy is that fibers can change their relative

alignment to accommodate deformation and reduce the strain in an individual fiber

(Figure 5D). Through this approach, real-time pressure monitoring was demon-

strated under different bending conditions, as shown in Figure 5E.

To mimic skin-like tactile sensation, pressure sensors need to be integrated as a

large array to realize mapping of local forces. Thus, an intrinsically stretchable

pressure sensory system with a device density of 347 transistors per square centi-

meter was developed.58 The semiconductor was fabricated using a nano-confined

fiber network to achieve high charge-carrier mobility. Since no rigid materials

were used in the whole process, the transistor matrix could undergo 100% strain

for 1,000 cycles without current-voltage hysteresis, seamlessly adhere to human

skin, and allow spatial detection of extremely small local pressures, such as the land-

ing of a bug (Figures 5F and 5G).

With the development of skin sensors that can independently detect motion,

pressure, strain, temperature, and touch, engineering these sensors into a user-

interactive human-machine interface has become a research focus. An early demon-

stration utilized organic light-emitting diodes (OLEDs) for pressure visualization by

turning on diodes locally where the surface is touched (Figures 5H and 5I).68 An array

of 163 16 pixels was developed, whereby each pixel consists of anOLED, a pressure

sensor, and an SWCNT transistor. The brightness of the OLED adjusts linearly with

the magnitude of applied pressure as a result of conductance modulation of pres-

sure sensor. More importantly, the user-interactive wearable sensors provide prom-

ising opportunities for skin prostheses. Figure 5J shows a prosthetic hand with a
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Figure 5. Motion and Tactile Sensing

(A) A CNT strain sensor array fixed to a data glove.

(B) SEM image of the fractural structure of the SWCNT film at 100% strain.

(C) Relative changes in resistance versus time for data glove motion of gestures.

(D) Cross-sectional HRTEM image of a single pressure-sensitive nanofiber.

(E) Performance of the pressure response of the device in various bending states.

(F and G) Current mapping of a stretchable transistor array (G), matching exactly with the position of a ladybug (F).

(H) Schematic of a single pixel of the user-interactive e-skin.

(I) Image of interactive e-skin device showing local light emission where the surface is touched.

(J) Exploded view of the artificial skin of a prosthetic hand.
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Figure 5. Continued

(K) An image of the prosthetic limb catching a baseball, and the corresponding signal of the tactile sensor.

Reprinted with permission from: (A–C) Yamada et al.66 Copyright 2011, Springer Nature. (D and E) Lee et al.67 Copyright 2016, Springer Nature. (F and G)

Wang et al.58 Copyright 2018, Springer Nature. (H and I) Wang et al.68 Copyright 2013, Springer Nature. (J and K) Kim et al.69 Copyright 2014, Springer

Nature.
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laminated electronic skin integrated with strain, pressure, temperature, and humid-

ity sensor arrays.69 The system can accommodate complex daily operations such as

grasping and manipulating objects, and temporal resistance readings of pressure

sensors can be monitored simultaneously (Figure 5K).

Motion and tactile sensors are usually built with strain and pressure sensors based

on either resistive or capacitive sensing. Most research uses networks of nanomate-

rials such as nanoparticles and nanowires, since these materials can be easily tuned

for sensitivity by controlling density/sparsity. Another approach is to use 3D struc-

tures for higher sensitivity such as micropyramids, which harbor a wide application

in vital sign monitoring and are mainly discussed in the following section.

Vascular Dynamics Monitoring

Biosignals including heart rate, pulse waveform, blood pressure, respiration rate,

and pulse oxygenation are critical biomarkers of assessing cardiovascular health.

In this section we discuss skin-interfaced wearable sensors that are capable of ex-

tracting this physiological information non-invasively and continuously.

Sensing the heart pulse electrically is similar to tactile sensation in that they are

both based on pressure sensing. Resistive pressure sensors with high sensitivity

and fast response time represent an early approach to collecting pulse signals.

For example, an SWCNT film encapsulated with PDMS elastomer can show good

sensitivity with a fast response time to detect pulse waveforms by loosely placing

the sensor on the radial artery of wrist (Figures 6A and 6B).71 The PDMS is patterned

using a silk mold with crisscross structure, after which the SWCNTs can be exfoliated

on microstructured PDMS substrate. This simple device was able to differentiate

the subtle pulse wave distinction between a normal person and a pregnant woman

(Figure 6C).

Capacitive pressure sensors represent another class of pulse-monitoring devices.

Compared with resistance sensors, capacitors operate by capacitance or voltage

change due to deformations of the compressible dielectric, which avoid direct cur-

rent connection to the skin and thus enhance safety and stability. As shown in Fig-

ure 6D, a microstructured capacitive pressure sensor was placed on skin directly

above the blood vessel.72 The PDMS microhair structure consisting of periodic pillar

arrays wrinkled and bent with skin deformation, which allowed conformal contact

with irregular epidermis, while the micropyramids dielectric structure of the micro-

pyramids enhanced pressure sensitivity. Signal amplification of about 12-fold was

observed within the device, with a fast response and relaxation time (<10 ms)

(Figure 6E).

Optical methods such as ultrasonic pressure sensors can also be used for pulse

waveform observation. The ultrasound device can generate a penetration depth

of around 4 cm deep into arterial and venous sites, and therefore is capable of

monitoring deeply embedded central blood pressure waveforms at the neck (Fig-

ures 6F and 6G).73 A pulse-echomethod is applied to detect shifting echo frequency

reflected from the anterior and posterior walls of the blood vessel. Figure 6H
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Figure 6. Vascular Dynamics Monitoring

(A) Photograph of a flexible resistive sensor for wrist pulse detection.

(B) Schematic of the pulse-sensing e-skin.

(C) Signals measuring wrist pulses of a healthy person and a pregnant woman.

(D) Schematic of a pressure sensor with microhair structures.

(E) Pulse waves of the radial artery measured with PDMS microhair sensors.

(F) A moisture-impermeable ultrasonic device conforming to complex surfaces.

(G) Sensing mechanism schematic of the pulse-echo method using an ultrasonic beam.

(H) Pulse waveform comparison measured before and after exercise.

(I) Photograph of an organic optical sensor mounted on a finger.

(J) Device structure and operation principle of the reflective pulse oximeter.
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Figure 6. Continued

(K) Output signal from organic photodiode (OPD) with varying oxygenation of blood.

Reprinted with permission from: (A–C) Wang et al.71 Copyright 2013, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D and E) Pang et al.72

Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (F–H) Wang et al.73 Copyright 2018, Springer Nature. (I–K) Yokota et al.74 Copyright

2016, AAAS.
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presents a pulse waveform before and after exercise measured by the ultrasound

sensor after decoding, which shows clear arterial tonometry including systolic and

diastolic pressure values. The measurement of vascular information also extracts

pulse wave velocity, a significant parameter in arterial stiffness evaluation.

Alternatively, optical methods can be used to assess pulse oxygenation of a healthy

adult. Non-invasive pulse oximetry measures peripheral oxygen saturation deter-

mined by oxyhemoglobin in the blood. As demonstrated in Figure 6I, an organic

pulse oximeter consisting of polymer LEDs (PLEDs) and photodetectors were de-

signed with pulse sensing and display on human skin.74 The reflective pulse oximeter

utilized a green LED and a red LED to generate two wavelengths of light through the

finger, after which the photodetector at the same side as the LEDs measured the

change in absorbance and determined peripheral oxygenation (Figure 6J). Typical

photoplethysmogram signals of red and green LEDs are shown in Figure 6K, with

varying oxygenation levels of blood.

Various methods, including electrical, ultrasound, and optical techniques, can be

utilized to characterize vascular dynamics signals accurately, including pulse, blood

pressure, and oximetry. Resistive sensors can be conveniently fabricated, but they

often suffer from current drift and non-linear responses. Capacitive sensors are

more prevalent in terms of stability and sensitivity. They can also be integrated

into sensor arrays for spatiotemporal mapping. Compared with pulse and ultra-

sound sensing, optical measurement extracts signal of hemoglobin variations in

blood, which does not require intimate skin contact and has been widely commer-

cialized. One issue for these skin sensors is that the signals are highly vulnerable

to motion artifacts. Signal-processing and noise-reduction techniques such as

analog filters and amplifiers are required for daily applications.

Electrophysiology Monitoring

Electrophysiology studies involve electrical signals generated by biological cells

and tissues. Common electrophysiological signals include ECG, EMG, EEG, and

electrooculography (EOG). Soft, wearable skin sensors enable enhanced conformal

contact along with great stretchability for dynamic daily operations on the skin.

ECG measurements are carried out by placing electrodes on the skin and detecting

the electrical changes coming from heart muscle depolarization, which is a direct

marker for cardiac diseases. Although conventional clinical ECG signals are carried

out with 12 leads, the ECG extraction can be recorded by simply applying two

electrodes on the chest. For example, conducting nanomaterials are often used as

electrodes in a polymer network to fabricate stretchable ECG sensors.75,76 However,

fewer leads will also generate weaker signals and are more prone to noise

interference. To improve signal amplification and stability without sacrificing confor-

mity, amplifying circuit designs are often integrated with flexible substrates. Fig-

ure 7A shows a flexible organic differential amplifier for monitoring ECG signals,

with functionalities of signal amplification and noise attenuation.59 The amplifier

was composed of organic TFT signal-processing circuit designs on a 1-mm-thick

polymer foil, which also combined post-mismatch compensation to suppress the
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Figure 7. Electrophysiology Monitoring

(A) Image of an epidermal organic differential amplifier for electrocardiogram (ECG) monitoring.

(B) Cross-sectional schematic of organic TFT and thin-film capacitor in the circuit.

(C) Illustrations of ECG signal amplification and noise reduction based on differential amplifier.

(D) Image of an electrophysiological wearable electronic patch.

(E) Impedance comparison of the Ag-Au nanocomposite electrode and Ag/AgCl gel electrodes at the skin-electrode interface.

(F) ECG and electromyogram (EMG) recordings using the wearable device on the skin.

(G) Exploded view of the large-area epidermal electrodes for electroencephalogram (EEG) mapping.

(H and I) (H) Image comparison of epidermal (E1 and E2) and conventional EEG cup (Pz) electrodes on the scalp of a subject, and (I) corresponding

recorded EEG signals.

Reprinted with permission from: (A–C) Sugiyama et al.59 Copyright 2019, Springer Nature. (D–F) Choi et al.46 Copyright 2018, Springer Nature. (G–I) Tian

et al.77 Copyright 2019, Springer Nature.
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fabrication variations and ensure uniformity (Figure 7B). Enhanced signal-to-noise

ratio performance was observed, with clear detection of the weak ECG signals

even during human step motions (Figure 7C).

EMG collects the motor neuron signals to diagnose muscle and nerve conditions.

The electrodes are attached to epidermis and measure the potential speed and

amplitude between neighboring electrodes. For example, a wearable electronic

patch was developed using Ag-Au nanowires in elastomer, with capabilities of

ECG and EMG monitoring and stimulation electrodes (Figure 7D).46 The Ag-Au
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nanocomposite exhibited a high conductivity of 41,850 S cm�1, which resulted in a

lower contact impedance on the skin than that of conventional Ag/AgCl gel

electrodes. This enabled concurrent detection of ECG and EMG with a high

signal-to-noise ratio (Figures 7E and 7F). In addition, by placing EMG sensor patches

at different epidermal locations, they can be used to monitor muscle disorders

such as dysphagia.78

EOG measures potential variations between the inner and outer canthus, which is

useful for monitoring eye movement and ophthalmological diagnosis. Different

from other electrophysiological potentials, EOG measurements are usually carried

out in DC potentials, which makes stable EOG signals challenging since DC record-

ings are susceptible to drift over time. In this circumstance, capacitance-based

sensors are more favorable because the electrodes are fully encapsulated from

surroundings. For example, a capacitive electronic system was developed using

insulated electrodes for measurement, ground, and reference.79 The performance

of the capacitive sensor was quite similar to that of conventional direct contact

electrodes, and could be used for long-term monitoring.

EEG is a powerful technique not only to evaluate brain activities and neural disorders

but also to facilitate brain-machine interfaces that provide cognitive and prosthetic

control. As shown in Figure 7G, a large-area epidermal electrode array covering

the full scalp was developed to monitor the electrical activity across the brain.77

The electrophysiological sensor was built on a removable polymer support with

microporous silicone adhesives for breathable skin interface. The epidermal system

was compatible with magnetic resonance imaging (MRI) and could measure EEG

signals simultaneously during an MRI scan (Figures 7H and 7I), and realized control

of a transhumeral prosthesis by patients.

By placing wearable sensors on different locations, whether on wrist or chest or

scalp, various electrophysiological signals including ECG, EMG, EOG, and EEG

can be monitored. These signals can not only evaluate health conditions of the sub-

jects80 but also be used for brain-machine interfaces and robotics control.81 More

clinical correlation studies and further understanding in neuroscience will bring

more opportunities to this field in the near future.

SKIN-INTERFACED CHEMICAL SENSORS

Wearable and flexible chemical sensing has attracted academic and industrial atten-

tion for its potential to aid in or even replace conventional healthcare analytics.

Compared with conventional analytics, wearable sensing could provide continuous

and non-invasive data collection, without bulky equipment or trained professionals

needed for the readout of the chemical analyses. Skin-interfaced chemical sensors,

tailored for on-skin sampling and chemical analyses, primarily target two important

biofluids, sweat and interstitial fluid (ISF); analytes in biofluids, sensing techniques,

and applications in other biofluids can be found in previous reviews.4,5,82–85

Wearable Sweat Analysis

Sweat, a biofluid easily accessible without invasive procedure, contains a myriad of

biomarkers indicative of athletic performance and personal health. To detect these

biomarkers, electrochemical and optical detection methods were applied.

Electrochemical Sweat Sensor

As the most common wearable sensing strategy, electrochemical detection mea-

sures the target molecule concentration by measuring the electrical signals (such
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as current, potential, or charge) generated at the electrode-solution interface. Using

electrochemical detection, a fully integrated sweatband was developed for pro-

longed real-time multiplexed sensing of sweat metabolites, electrolytes, and skin

temperature in situ (Figures 8A and 8B).53 Ion-selective electrodes were used to

detect sodium and potassium concentrations potentiometrically, and enzyme-

based amperometric sensors were used to measure glucose and lactate levels

with real-time calibration based on measured skin temperature. The polyethylene

terephthalate-based biosensors and the silicon integrated circuits were consoli-

dated on an FPCB for further signal processing and data transmission to a mobile

phone, rendering a mechanically skin-conformal platform that enabled sensitive

and stable sensor reading and complex electronic functionalities. Recently, an all-

laser-engraved wearable sweat sensor platform was developed (Figure 8C).86 With

a CO2 laser performing raster or vector scans on a polyimide sheet, graphene-based

chemical and physical sensors were engraved with custom patterns. Low levels of

uric acid (UA) and tyrosine were detected in human sweat through direct electro-

chemical oxidation on the laser-engraved graphene electrode. The CO2 laser was

also used to engrave microfluidic patterns to achieve efficient sweat sampling.

The device was further used to investigate the use of sweat UA as a non-invasive

alternative for gout management. During a purine supplementation study, sweat

UA fluctuated in a pattern similar to serum UA (Figure 8D). High correlation between

sweat and serum UA was observed in the pilot study involving both healthy subjects

and gout patients. In addition to monitoring, therapy functionality was also added in

a highly transparent and flexible graphene-based glucose patch (Figure 8E).87 Au-

doped graphene was used as the sweat glucose-sensing substrate to achieve trans-

parency with great sensitivity, and a serpentine gold structure was layered beneath

for enhanced stretchability and mechanical stability (Figure 8F). The patch could

accurately measure the sweat glucose concentrations over a day, and the glucose

concentration reflected the fluctuation of blood glucose (Figure 8G). The feedback

therapy of the device is achieved with a graphene-Au mesh heater, a graphene-

based temperature sensor, and bioresorbable drug-loaded microneedles coated

with phase-change materials (PCM). At high glucose concentration, the heaters

were triggered to function so that temperature reading increased past the threshold

transition temperature. As temperature reached transition temperature, the PCM

coating on the drug-loaded microneedles was melted and drug was released from

the needles to blood, realizing the feedback therapy for glucose management.

Aside from exercise-induced sweat, sweat could be also generated by iontopho-

resis, a technique that uses an electrical current to deliver sweat-inducing (musca-

rinic) materials into epidermis that stimulate the secretion of sweat glands. The

commercially available iontophoresis device (Macroduct) is bulky and fails to comply

with wearable use, and a tattoo-based platform that integrates both iontophoresis

and sensing was developed (Figures 8H and 8I).88 The iontophoresis electrodes

help to deliver pilocarpine (muscarinic agent) into the skin at the anode area, while

a three-electrode system (counter, reference, and working electrode) is used to

detect alcohol concentration. The system is connected with an FPCB for further

data transmission. Further correlation study between blood sweat alcohol levels

was performed using an iontophoretic microfluidic sensing device (Figures 8J and

8K).89 Instead of using commercially available pilocarpine gels that are solely musca-

rinic, the device utilized carbachol, a muscarinic and nicotinic agent that can stimu-

late sudo-motor axon reflex (SAR) sweating, a sweating event that happens at sweat

glands surrounding the stimulated area. By sampling the area not in contact with the

stimulant, mixing between stimulated sweat and stimulant-contaminated sweat was

avoided. Hex-wicked microfluidic channels were used to sample sweat from the SAR
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Figure 8. Sweat Analysis

(A) Fully integrated headband and wristband for on-body real-time perspiration analysis during exercise.

(B) Schematic of the sensor array for multi-analyte sensing.

(C) A laser-engraved sensor patch for sweat uric acid (UA) and tyrosine detection.

(D) Sweat and serum UA before and after purine intake on a healthy subject, measured by the laser-engraved sensor patch.

(E) Image of a graphene-hybrid electrochemical patch on the human skin.

(F) Schematic of the diabetes monitoring and therapy system.

(G) Sweat and blood glucose concentrations on a human subject over a day.

(H) Schematic of an iontophoretic device for alcohol sensing. IE, iontophoresis electrode; CE, counter electrode; RE, reference electrode; WE, working

electrode.

(I) Photograph of the integrated tattoo device applied to a human subject.

(J) Photograph of an assembled device for blood-correlated sweat sensing.

(K) Pharmacokinetic curve of blood and sweat alcohol concentration.

(L) Schematic of colorimetric sensor patch for sweat lactate, glucose, creatinine, pH, and chloride ion determination.

(M) Sweat analysis during a cycling exercise.

(N) Photograph of a fluorometric sensor patch for sweat chloride, sodium, and zinc detection.

(O) Calibration plot of fluorescence intensity over chloride concentrations.

Reprinted with permission from: (A and B) Gao et al.53 Copyright 2016, Springer Nature. (C and D) Yang et al.86 Copyright 2020, Springer Nature. (E–G)

Lee et al.87 Copyright 2016, Springer Nature. (H and I) Kim et al.88 Copyright 2016, American Chemical Society. (J and K) Hauke et al.89 Copyright 2018,

The Royal Society of Chemistry. (L and M) Koh et al.90 Copyright 2016, AAAS. (N and O) Sekine et al.91 Copyright 2018, The Royal Society of Chemistry.
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sweating region to the alcohol-sensing screen-printed carbon electrodes. Using this

device, a prolonged correlation (>3 h) between blood alcohol concentration

and sensor measurements was achieved with a three-compartment pharmacokinetic

absorption and elimination model.

Optical Sweat Sensor

Optical detection provides an attractive strategy for integrated chemical sensor

measurements thanks to its cost-effectiveness and simplicity, utilizing optical trans-

duction techniques such as colorimetric, fluorescence, and luminescence readout.

Colorimetric sensors are widely used for wearable platforms, especially when incor-

porated with microfluidic systems. A soft and flexible microfluidic platform based on

silicone elastomer was developed to detect lactate, chloride, glucose, pH, and

sweat loss using colorimetric dyes (Figures 8L and 8M).90 The dyes were spotted

onto filter paper inserted in microreservoirs. The lactate and glucose measurements

were achieved by incorporating enzymes with chromogenic reagents so that color-

imetric readout was enabled. Near-field communication (NFC) was used to automat-

ically launch the software on a mobile phone for image capture and analysis based

on red-green-blue channel intensities. The system was validated during a prolonged

cycling race and showed excellent adhesion stability and fluid-capture integrity.

Another microfluidic-based fluorometric sensing platform was developed with a

unique capillary-bursting valve design, which enabled chrono-sampling over time

(Figures 8N and 8O).91 As sweat fills one reservoir, the bursting valve opens due

to pressure accumulation and enables sweat to go through downstream channels

and enter the subsequent reservoir. After the fluorescent probes in the reservoir

react with target analytes, the smartphone-based imaging module was applied

for fluorescent imaging and analyses. Using this device, in situ chemical sensing of

chloride, zinc, and sodium was achieved.

Recent advances in sweat sensing have revealed the potential of using sweat for

non-invasive continuous health monitoring, as more clinically relevant biomarkers

have been identified in sweat. However, there are still major challenges for contin-

uous sweat monitoring in situ. One challenge is the efficient sweat sampling under

low-sweat-rate conditions (i.e., sedentary individuals) in different sweat-stimulation

scenarios. Minimized sweat sensors with high sensitivity should be used to accom-

modate small sample volumes. Another challenge is real-time calibration of chemi-

cal sensing. For some sweat analytes that are sweat rate dependent, the real-time

measured concentration should be calibrated with sweat rates. In addition, secretion

pathways of many newly discovered sweat biomarkers are yet to be understood or

confirmed to achieve accurate calibration of the sensing results in situ.

Interstitial Fluid Analysis

ISF, present in most dermis and surrounding sweat and salivary glands, is an attrac-

tive source of rich biomarkers, since its analytes come from continuous capillaries

and many analytes have almost similar concentrations between ISF and blood.83

With this advantage, ISF has been investigated to detect various biomarkers, and

various extraction methods have been created, such as sonophoresis and reverse

iontophoresis.92,93

To extract ISF non-invasively, reverse iontophoresis (RI) was developed and inte-

grated for ISF glucose detection on a tattoo interface (Figures 9A–9C).94 The RI pro-

cess involves applying a small current through the epidermis, causing the migration

of cations to the cathode, leading to an electro-osmotic flow of ISF toward the cath-

ode. The amperometric glucose-sensing electrodes were placed directly at the
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Figure 9. Interstitial Fluid Analysis

(A) Schematic of the tattoo sensor for non-invasive glucose sensing based on reverse iontophoresis (RI).

(B) Photograph of the tattoo-like sensing device on a human forearm.

(C) Amperograms of the tattoo-glucose sensor obtained pre- and post-meal from interstitial fluid analysis (ISF).

(D) ISF sensing mechanism by using RI with electrochemical twin channels (ETC).

(E) Image of RI electrodes attached to skin.

(F) Hourly glucose monitoring in comparison with a glucometer.

(G) Working principle of a glucose sensor array targeting transdermal individual preferential glucose pathways.

(H) Photograph of a screen-printed sensor array fixed onto a subject’s forearm.

(I) In vivo continuous glucose monitoring on a healthy human subject using blood glucose as a reference.

(J) Demonstrations of a dual iontophoresis sensor for simultaneous sweat alcohol and ISF glucose detection.

(K) Schematic of electrode layout and composition of the working electrodes.

Reprinted with permission from: (A–C) Bandodkar et al.94 Copyright 2014, American Chemical Society. (D–F) Chen et al.95 Copyright 2017, AAAS. (G–I)

Lipani et al.54 Copyright 2018, Springer Nature. (J and K) Kim et al.96 Copyright 2018, The Authors.
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cathode region for direct measurement of ISF glucose and an increased post-meal

current response was observed on human subjects, revealing the potential of ISF

glucose for non-invasive diabetes management. To investigate the blood-ISF
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glucose correlation, a system with electrochemical twin channels (ETC) and RI was

developed (Figure 9D).95 The ETC acted through high-density hyaluronic acid

(HA), which was administered into the ISF under the anode. The extra HA increased

the osmotic pressure of ISF and promoted blood glucose refiltration at arterial ends

and reduced its reabsorption at venous ends, leading to a higher ISF glucose con-

centration, which in turn increased the RI flux. With increased glucose flux to supple-

ment the as-is ISF glucose, better correlation could be established between the

blood glucose and the extracted glucose in this ETC-RI procedure. The multilayered

biosensors in the system included ultrathin layers of plastic substrate and nanostruc-

tured gold thin film, along with a nanoscale Prussian blue (PB) transducer layer and a

glucose oxidase layer.95 All the thin layers assembled rendered an ultrathin system

that conformally laminates on the skin (Figure 9E) and enabled long-termmonitoring

of ISF glucose over a day, and the measured ISF glucose concentration correlated

with blood glucose with remarkable consistency (Figure 9F). As most ISF glucose

detection required finger-stick calibration, recent advances exploit a preferential

glucose pathway (via hair follicles) to relax this calibration constraint. With a suffi-

ciently dense pixel array and the correct pixel size, some of these pathways could

be sampled randomly and individually by a pixelated device, which consists of pixe-

lated ISF-sampling hydrogels containing glucose oxidase and in contact with gra-

phene-Pt sensing electrodes (Figure 9G).54 Integrating the sampling, sensing, and

RI module into an elastomer platform, the device is flexible and easily laminates

on human skin (Figure 9H). When tested on a healthy human subject, the two-pixel

(operated in tandem) readout yielded solid agreement with the blood glucose level

over 4 h, with an expected lag time of 15min (Figure 9I). A dual iontophoresis system

was developed to consolidate both sweat iontophoresis and ISF RI onto the same

tattoo platform (Figures 9J and 9K).96 The anode collected the induced sweat to

measure sweat alcohol while the cathode sampled ISF for glucose detection. Both

working electrodes were based on screen-printed PB ink as a transducer for the

enzyme-based sensing. Agarose-containing phosphate-buffered saline was applied

on top of the polyurethane to avoid pilocarpine interference on the PB electron-

shuttling activity. The tattoo device was used for on-body amperometric sensing af-

ter meal and alcohol consumption, and displayed good correlation with a commer-

cial blood glucometer and breath-analyzer devices.

Recent progress in ISF chemical sensing has opened tremendous opportunities for

non-invasive skin-interfaced sensing, but some limitations are still to be resolved.

The delay in ISF analyte response, either due to analyte diffusion time from the blood

to the ISF or due to ISF extraction and collection time, could yield delayed detection

of perilous conditions such as hyperglycemia or hypoglycemia. Continuous ISF

extraction could still cause skin irritation. Smaller RI current and sporadic sampling

could potentially alleviate the condition, but it is more desirable to discover more

biocompatible and non-irritating methods for continuous ISF extraction.

Skin-interfaced chemical sensors show great promise for wearable health moni-

toring. The realization of their practical wearable application requires careful mate-

rial selection in terms of detection sensitivity, stability, flexibility, and biocompati-

bility. For sweat and ISF sensing, many of the chemical targets could be difficult to

detect due to ultralow concentration. The use of micro-/nanomaterial modification

(e.g., CNTs, metal nanoparticles, graphene) could significantly increase the sensi-

tivity, but the chemical stability of such modifications could deteriorate over time.

Developing better techniques to immobilize the modification materials (i.e., Nafion)

and applying anti-fouling materials (i.e., chitosan) could improve the stability of such

chemical sensors toward continuous and long-term monitoring. In addition to
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chemical stability, mechanical stability should also be of a concern. Thin and flexible

sensor design not only helps to conform to skin curvature but also imposes less strain

on the sensor during movements. Adhesion between sensor material and substrate

is also crucial to prevent potential buckling events. The ideal chemical sensors

should be strain resistant: incorporating a serpentine wire connection and reducing

the active sensing area (while maintaining sufficient sensitivity) could also resolve

strain-induced effects on sensor readings. The sampling process of sweat also re-

quires flexible patches that conform and tightly adhere to skin to minimize sweat

leakage. Many of the developed sweat sensors were directly placed in contact

with the skin surface, which could cause contamination of the biofluids from the

skin and local mixing of newly secreted and previously secreted sweat. Such a sam-

pling scheme could induce errors and decrease temporal resolution in sensing re-

sults. Soft, thin microfluidics that route sweat from skin to an isolated sensor reservoir

could be a good solution. In addition to efficient sampling, the use of microfluidics

could prevent skin contact with the modified sensors and enhance the biocompati-

bility of the entire device. PDMS and thin medical adhesives are biocompatible and

flexible candidates that could be used in direct contact with the skin.

TOWARD DIGITAL AND PERSONAL CONNECTED HEALTH

The full integration of miniaturized wearable sensors requires efficient power man-

agement and data-transfer techniques. Many skin-interfaced sensor systems have

to compromise their functionality and stretchability due to the rigid and bulky batte-

ries and electronic components. In this section, we review the recent development in

energy supply and wireless data-transfer modules that are specially designed for

wearable platforms toward digital and personalized healthcare.

Power

Flexible Batteries

Lithium-based batteries are the most commonly used energy storage devices, espe-

cially for applications with demanding power requirements, because of their high

energy densities and excellent cycling performances.97 Therefore, the flexible

lithium-ion battery (LIB) is especially promising for multifunctional wearable applica-

tions. However, conventional LIBs contain flammable liquid electrolytes that can

cause decomposition during bending and thus are poorly suited for flexible applica-

tions. To address this issue, solid-state electrolytes have been developed and many

forms of flexible batteries have been introduced, including fibers, woven textiles,

and polymer substrates. For example, an elastomer-encapsulated rechargeable

LIB was demonstrated using polymer-based gel electrolytes (Figure 10A).98 The flex-

ible LIB was built by transfer printing of active materials and injecting gel electrolyte

between Li4Ti5O12 anodes and LiCoO2 cathodes on a PDMS substrate, which could

undergo 300% of strain. Inductive coils were also integrated into the stretchable de-

vice to enable contactless charging through external supplies. The silicone elas-

tomer served as spacer between the sheets of electrode layers and as the encapsu-

lation of the whole device. When mounted on the human elbow, the device is

compliant to the curved elbow and able to light up a red LED (Figure 10B).

Solar Cells

Solar cells represent another promising energy supply by converting light energy

through photovoltaic effect. For example, an ultraflexible self-powered electronic

device was developed using organic photovoltaics as the power supply (Figures

10C and 10D).99 The organic photovoltaics was patterned with nanograting

morphologies on the charge-transporting layers, which increased power-conversion

efficiency to 10.5% and achieved a high power-per-weight density of 11.46 W g�1.
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Figure 10. Power Supply

(A) Exploded view of a flexible lithium-ion battery.

(B) Image of the stretched battery mounted on the human elbow.

(C) Photograph of a flexible organic photovoltaics device wrapped over a rod.

(D) Schematic of the organic photovoltaics.

(E) Schematic of an e-skin-based biofuel cell and electrochemical reactions on electrodes.

(F) Demonstration of the BFC worn on a human subject.

(G) Demonstration of a triboelectric nanogenerator (TENG) assembled into clothes and shoes for power collection.

(H) Schematic of the tube-shaped TENG device.

(I) Photograph and schematic of a wearable thermoelectric device.

(J) Power generation of the thermoelectric device under various thermal conditions.

(K) Schematic of fiber-shaped TENG unit (top) and dye-sensitized solar cells (bottom).

(L) Demonstration of the hybridized power textile during outdoor activities on a human subject.

Reprinted with permission from: (A and B) Xu et al.98 Copyright 2013, Springer Nature. (C and D) Park et al.99 Copyright 2018, Springer Nature. (E and F)

Bandodkar et al.100 Copyright 2017, The Royal Society of Chemistry. (G and H) Wang et al.101 Copyright 2016, Springer Nature. (I and J) Hong et al.102

Copyright 2019, AAAS. (K and L) Wen et al.103 Copyright 2016, AAAS.
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Organic electrochemical transistors were demonstrated as cardiac sensors, which

could be attached to skin and biological tissues for cardiac signal recording.

Biofuel Cells

The unique skin interface of wearable sensors has inspired research of energy har-

vesting directly from the human body. Utilizing human biofluids such as sweat is

an appealing approach, since biofuels including lactate and glucose are abundant

in sweat and can be oxidized using enzymes. As shown in Figure 10E, a sweat

lactate-based flexible biofuel cell (BFC) array composed of 3D CNT bioanode and

cathode in a serpentine island-bridge configuration was designed.100 The anodes

and cathodes were arranged in an interdigitated format, with a Au island-bridge

structure to hold the same neighboring electrodes (i.e., anode-anode, cathode-

cathode) together and polyimide serpentine bridges to hold opposite electrodes

together. This design enabled uniform distribution of stress around the disc
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electrodes and prevented short-circuits between opposite electrodes. Lactate oxi-

dase (LOx) enzyme was drop-cast on the 3D porous carbon nanotube-naphthoqui-

none (CNT-NQ) anodes, while cathodes were composed of compact carbon nano-

tube-silver oxide (CNT-Ag2O) structures. When lactate is present in sweat,

oxidation of lactate at the anode and reduction of Ag2O to Ag at the cathode will

occur. The wearable BFC exhibited stable performance under repeated strains of

50% and an impressive power density of nearly 1.2 mW cm�2 at 0.2 V, which was

sufficient to power conventional electronics such as LEDs and a low-power Bluetooth

radio while worn on skin (Figure 10F).

Triboelectric Nanogenerator and Piezoelectric Nanogenerator

Triboelectric generators operate by electrical potential of static polarized charges

through mechanically agitated separation, which converts mechanical energy to

electricity.104 For example, a TENG device was woven into a coat and shoes that

enabled continuous powering of wearable electronics only by human motion (Fig-

ures 10G and 10H).101 The tube-shaped TENG tube guaranteed stable performance

under multiple directions of mechanical motion, which could drive an electronic

watch and fitness tracker during walking or jogging. Similar to TENGs described

above, piezoelectric generators harvest energy from body motion. An interesting

demonstration was shown to incorporate both tactile sensing and energy-harvesting

schemes together in a PDMS-based e-skin.105 Thin films of SWCNTs served as top/

bottom electrodes and porous and UV ozone (UVO)-treated PDMS and air gap

served as dielectric layers. Various mechanical stimuli such as pressure, bending,

and stretching were differentiated based on changes in capacitance and film resis-

tance with high sensitivity and fast response/recovery time. The air gaps and charges

on UVO-treated porous PDMS were utilized to generate voltage and current, and at

low pressure range (<1 kPa) the change in voltage generated was linearly dependent

on the pressure applied and the change in air gap. The power-conversion efficiency

was estimated to be ca. 8%, higher than theoretical conversion efficiency of nano-

wire-based piezoelectric nanogenerators. However, the power density of piezoelec-

trics is strongly affected by the intensity of physical movements, and thus need to be

combined with another power supply such as batteries for long-term operation.

Thermoelectrics

Thermal energy is another interesting power source utilizing body heat. Thermo-

electric generators are based on the Seebeck effect, which converts heat from tem-

perature difference using high Seebeck coefficient materials including Bi2Te3 and

Sb2Te3. Recently, the first flexible and wearable thermoelectric device with long-

term and large active cooling feature was introduced (Figure 10I).102 Rigid inorganic

thermoelectric pillars and flexible electrode materials were sandwiched between

stretchable elastomer (Ecoflex) to realize a power density up to 25.1 mW cm�2

when the human subject sat in a cold environment (Figure 10J).

Hybrid

To compensate their low power densities compared with conventional batteries, hy-

bridized systems are operated to collect multiple power sources simultaneously.106

As shown in Figure 10K, a self-powered textile combined dye-sensitized solar cells

with TENG to achieve reasonable energy conversion.103 When attached to clothes,

the hybrid textile could not only harvest solar energy from ambient light but also

collect mechanical energy from human motion (Figure 10L). The gathered energy

was then stored in fiber-shaped supercapacitors, which could sustainably operate

wearable electronics.
1438 Matter 2, 1414–1445, June 3, 2020



ll
Review
While significant progress has been made in power supplies and power manage-

ment, power source remains a bottleneck for skin electronic systems. Current flex-

ible energy storage and harvesters are insufficient for complex sensor systems and

not stable enough for long-term operations, especially in terms of size and weight.

With its superior power density, batteries still represent themost popular choice, but

flexible batteries require safety caution when under mechanical deformation. Flex-

ible energy harvesters, on the other hand, have great potential in self-powered wear-

able systems but require a stable energy source such as sunlight, body motion, or

biofluids. Advances in both power-efficient designs and more powerful energy

supplies are expected in the future.
Communication and Data Analysis

Near-Field Communication

NFC is an emerging technology that enables two electronic devices to establish

communication by simply placing them close to each other. For example, NFC-

enabled thermography was combined with colorimetric microfluidic sensors for

chloride sensing (Figures 11A and 11B).107 An on-board temperature sensor was in-

tegrated with an NFC chip so that real-time diagnosis of sweat loss and electrolyte

concentration could be obtained. Notably, NFC transmission enables not only data

transfer but also power transfer. A hybrid skin-interfaced system was recently

introduced with functionalities of electrochemical, colorimetric, and volumetric anal-

ysis of sweat.108 The battery-free system consists of a thin NFC electronic module

along with a microfluidic network (Figure 11C). The system is initiated by placing

an NFC-enabled portable device in proximity so that wireless, real-time data acqui-

sition along with digital images for colorimetric analysis can be realized (Fig-

ure 11D).108 Despite the light weight and low power consumption, NFC technology

has a maximum delivery distance of about 4 inches (�10 cm) and also requires the

antenna to be kept in a particular orientation along with a proximal power source

placed near the subject, which limits the range of activity of the subject and is there-

fore not convenient for long-term use.

Bluetooth Low Energy

Bluetooth low energy (BLE) provides an alternative communication platform for

wearable healthcare. Compared with NFC, BLE has a faster transmission rate and

a much larger readout distance of over 30 feet (�9m), which is suitable for multifunc-

tional sensing and durable wearing. In a typical design of an electrochemical sensor

system, integrated devices consisting of a rechargeable battery, a microcontroller,

signal-processing circuits, and Bluetooth transceiver were assembled on an FPCB

board and connected to a flexible electrochemical sensor.53 The Bluetooth collects

real-time data, transmits to the user’s cell phone, and finally uploads data to cloud

servers (Figures 11E and 11F). However, the mechanical stiffness of a rigid BLE

module is unfavorable for skin interfaces, and most commercially available BLE

modules consume power on the order of milliwatts, which confers demanding

power requirements.

Radiofrequency

Radiofrequency (RF) transmission operates at a fixed frequency of 13.56 MHz and

obtains coupling between an initiator and a passive target. Figure 11G highlights

a representative demonstration of a chip-free and battery-free on-skin sensor

network that is wirelessly connected with flexible readout circuits attached to textiles

through RF identification technology.109 The stretchable sensors were composed of

intrinsically soft materials without any rigid silicon circuits or batteries to ensure

conformal skin interface, while the initiator circuit contained a Bluetooth transceiver
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Figure 11. Communication and Data Analysis

(A) Photograph of sweat collection at the neck of a subject under high levels of deformation.

(B) Structure of NFC electronics for digital thermography and chloride sensing.

(C) Image of a battery-free NFC electronic sensor patch.

(D) Illustration of a phone interface for wireless communication and image acquisition.

(E) Image of a Bluetooth-enabled wearable platform with electrochemical sensors connected to a flexible PCB module.

(F) Demonstration of wireless sweat analysis by uploading data to cloud servers.

(G) Image of a wireless sensor network composed of stretchable on-skin sensors and flexible PCB initiator.

(H) Design of the stretchable sensor target node.

(I) Demonstration of pulse monitoring through a sensor node placed on a subject’s wrist.

Reprinted with permission from: (A and B) Reeder et al.107 Copyright 2019, AAAS. (C and D) Bandodkar et al.108 Copyright 2019, AAAS. (E and F) Gao

et al.53 Copyright 2016, Springer Nature. (G–I) Niu et al.109 Copyright 2019, Springer Nature.
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for data communication to a smartphone (Figures 11H and 11I). The system was

demonstrated to monitor pulse, breath, and body movement continuously.

The development of wireless communication and data analysis has enabled

further miniaturization and integration of wearable sensor systems, although

some limitations still need to be solved. NFC and RF communication can be

built as fully flexible and conformal to the skin, but have a relatively short working

distance and require an antenna-readout circuitry placed near the sensors. BLE

can be transferred further and faster, but requires specialized integrated circuit

chips and cannot be built flexibly at present. These wireless communication

modules usually take a large fraction of power consumption, and thus need to
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be combined with power management in order to develop a fully integrated

sensor platform.110
CONCLUSION AND OUTLOOK

Skin-interfaced sensors hold great promise for future medical healthcare, especially

with its non-invasive or minimally invasive sampling techniques and its compliance

with human skin. In this review, we have outlined the material selection, structure

design, and integration form factors that are pivotal to achieving soft and conformal

skin-interfaced sensors. A list of key skin-interfaced physical, vital, and chemical sen-

sors was further summarized based on different sensing targets, with emphases on

design and performance of the sensor and interface. The significant advances in the

field have set the foundation and attracted increased research interest. However,

several factors still hamper the practical implementation of skin-interfaced sensors,

such as stable and reliable operation in non-ideal conditions, sensitive detection

and physiological correlations of more vital biomarkers, and sustainable and flexible

power supply for prolonged system operation and wireless communication. Here,

we present some prospective directions:

(1) Reliable sensitivity and stability under non-ideal conditions over long-term

use. Many skin-interfaced sensors (either physical or chemical) exhibit excel-

lent performance when the wearer is static and when external noise level is

negligible, but fail to exhibit stable and reliable readings due to environ-

mental noise or human motion artifacts. It is also useful to investigate the

impact resistance of the sensors and the interface/encapsulation strategies

so that a durable platform can be developed for daily wear and tear. In addi-

tion to external artifacts, chemical sensors can be especially susceptible to

fouling events from the sampled biofluids, which could further damage the

sensor performance and reliability over time. Insights from skin biology would

be helpful for evaluating different measures to eliminate or reduce biofouling

sources, and regeneration of chemical sensors would be a desirable feature

for long-term use.

(2) Expansion of detection targets and correlation with gold-standard detection.

Most of the current detection targets are limited to vital signs (e.g., temper-

ature, ECG) and a few high-concentration molecular analytes (e.g., glucose,

lactate, electrolytes). To augment the capability of skin-interfaced elec-

tronics, a broad spectrum of biomarkers of high medical impact should be

investigated. Highly sensitive sensors and smart sensing strategies are neces-

sary to measure the amounts of ultralow-level analytes and extract trends of

some patterns shielded or hidden by different layers of epidermis or tissues.

In addition to inventing functional sensors, it is also important to validate the

sensor readings with gold-standard measurements to ensure that matrix ef-

fect/external interference is resolved. The clinical impact of such biomarkers

should also be evaluated by investigating the relationship/correlation be-

tween serum and sweat/ISF biomarkers, with the potential influences from

sweat rate. Understanding the secretion mechanism of such biomarkers

would be beneficial to sensor design and application.

(3) Enhanced computational approaches and data analyses for personalized

monitoring and disease prediction/prognosis. As more sensors are devel-

oped and multimodal sensing is integrated into one device, smart data

storage and analyses become an essential task. Data pre-treatment with

smart filtering will aid in understanding sensing results, and machine learning

could be applied to help clinicians discover patterns related to disease
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prediction and prognosis. It will be particularly useful if multimodal sensing

data could be combined for characterization, augmenting the accuracy/pre-

cision of the data-based decision. Personal medicine could be realized as

treatment is adjusted in a more proactive manner based on the data analyses

obtained.

(4) Miniaturization of devices and improvements in wearability and fabrication.

The practical implementation of all skin-interfaced sensors faces the chal-

lenge of improving the user’s wearability. The wearability could be improved

by shrinking the size of the devices but, most importantly, skin biology should

be taken into consideration to avoid irritation events over long-term use. This

is especially applicable where electrical currents are applied to the skin and/

or electronics are partially exposed to skin. Careful selection of thin materials

that harbor breathability, stretchability, and no cytotoxicity will be helpful

in improving the wearers’ comfort. To enable a large-scale application of

skin-interfaced sensors, scalable fabrication of skin-interfaced electronics is

also necessary.

To date, a number of companies and startups are developing skin-interfaced

wearable sensors, including L’ORÉAL’s UV sensor for UV exposure detection,

GE Healthcare’s Novii wireless patch system for maternal/fetal heart rate

monitoring, and MC10’s BioStamp nPoint EMG sensor. Many wearable chemical

sensors are also being commercialized, including Gatorade’s GX Sweat Patch

for hydration and nutrients monitoring and Eccrine Systems’ sweat platform for

medication monitoring. Many of the sensors have received Food and Drug Admin-

istration 510(k) clearance, and a number of them are also under clinical trials.

Although many sensor systems are still based on rigid designs and suffer from

noise during daily wear due to the loose connection with skin, these examples of

commercial practice hold great promise for digital personalized medicine, and

further commercialization of fully flexible and stretchable platforms is expected in

the future.

The development of practical and efficient skin-interfaced sensors involves coordi-

nating material, structure, and compliant form factors according to the target use,

with the aim of maximizing the sensitivity, stability, mechanical flexibility, and usabil-

ity of the system. To realize the ideal skin-interfaced platform, interdisciplinary

collaboration is needed to merge the knowledge and skills from fields such as chem-

istry, physics, engineering, and physiology. With the critical problems in skin-inter-

faced electronics addressed, wearable healthcare could be further implemented

with diverse functionalities, and the healthcare industry could expect a major revo-

lution in personalized medicine.
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