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Abstract 

In spite of advances in electronics and internet technologies, current healthcare remains hospital-centred. 

Disruptive technologies are required to translate state-of-art wearable devices into next-generation patient-

centered diagnosis and therapy. In this review, recent advances in the emerging field of soft wearable materials 

and devices are summarized. A prerequisite for such future healthcare devices is the need of novel materials 

to be mechanically compliant, electrically conductive and biologically compatible. We begin with an overview 

of the two viable design strategies reported in the literatures, which is followed by description of state-of-the-

art wearable healthcare devices for monitoring physical, electrophysiological, chemical and biological signals. 

We also cover self-powered wearable bioenergy devices and sensing systems, as well as feedback-controlled 

wearable closed-loop biodiagnostic and therapy systems. Finally, we conclude with an overall summary and 

future perspective. 
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1. Introduction 

 In the era of internet of things (IoT), healthcare remains largely disconnected from global internet 

because biodiagnostic tools are heavy, expensive and require specialized personnel to operate. The rising 

wearable technologies indicate the potential to shift the hospital-centred biodiagnostics to patient-centred 

biodiagnostics. However, the current-generation wearable devices suffer issues such as limitation of useful 

biometric information, poor ergonomics and comfort, and bulkiness, to name a few. In this context, disruptive 

soft wearable technologies are highly desired in that human is soft curvilinear system yet current electronics 

are rigid and planar.[1] Current rigid wearable gadgets, albeit being miniaturized continuously, remain rigid, 

unable to conformally contact with the soft human-skin for accurate data acquisition and fail to accommodate 

human dynamics without undergoing mechanical and/or electrical failure.[2] To address this, the past decade 

has witnessed growing research interests in soft bioelectronics.[1,3] 

 Encouraging progress has been made in various miniaturized, epidermal or electronic skin (E-skin) 

sensors for monitoring various biometric signals, bringing us a step closer to ultimate personalized healthcare 

management within the IoT-based wireless body area network system with closed-loop feedbacks (Figure 

1).[1,4,5] Generally speaking, such wearable personalized healthcare system may have three tiers. In the first 

tier, a wide variety of wearable sensors (wristbands, smart textiles, smart rings, epidermal tattoos, microneedle 

patches, eyeglasses, masks, etc.) capture various physical/physiological/biochemical signals from different 

parts of human body.[6] In the second tier, the real-time biometric data are transmitted through wireless units 

(e.g. low energy Bluetooth) to the global internet for remote healthcare data processing and analytics. In the 

last tier, adaptive machine learning and artificial intelligence (AI) algorithm may be developed, enabling 

efficient AI-based decision making and feedback-controlled closed-loop responses for efficient medicine 

interventions or therapies. 

 There have been a few excellent reviews in wearable healthcare from different perspectives.[7–9] In this 

review, we emphasize the significance of “soft stretchable wearable healthcare” by covering novel materials 

and design, types of biometric signals, and closed-loop feedbacks. Materials to be discussed include metallic, 

carbon, liquid metals, conducting polymers; the representative biometric signals include blood pressure/pulse, 

electroencephalogram (EEG), electrooculogram (EOG), electrocardiogram (ECG) electromyogram (EMG), 
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and chemical/biochemical profiles (metabolites, ions, drugs and biomolecules). We also discuss the self-

powered wearable sensors and feedback-controlled wearable closed-loop sensing and therapy systems. Finally, 

we conclude with a summary and share our perspectives of the future patient-centered soft diagnosis and 

therapy. 

2. Soft Healthcare Materials Design 

 Conventional active materials are typically rigid, which inherently hinder their conformal integration 

with the soft, curvilinear, and dynamic human body or organs/tissues.[10,11] An ideal integrated wearable device 

needs to maintain excellent functionality even under significant deformed states such as bending, twisting , or 

stretching.[1] To realize this, mechanically compliant active materials are prerequisites, which can be generally 

achieved via an extrinsically stretchable structure, intrinsically stretchable materials, or a combination of both 

strategies.[8,11–16] From a system engineering standpoint, a soft wearable device will have interconnections, 

skin-contact electrodes, and device electrodes. For the interconnections, the conductive materials are required 

to withstand extreme mechanical deformations without deteriorating much conductivity. To meet the criteria, 

extrinsic materials designs, such as buckling, serpentine and pre-straining structures, have been widely 

explored. Some intrinsic stretchable nanowire materials, ionic conductors and conductive polymers can meet 

this requirement as well. As for the skin-contact electrodes, conductive materials are required to be highly 

conductive, biocompatible, stretchable and durable, for which gold nanowires, silver nanowires and carbon 

nanomaterials have been demonstrated as ultrathin patches or tattoos in the literature. As for the device 

electrodes, soft hard materials interface between soft sensors and wireless circuitry usually is a challenge, for 

which conductive glue and liquid metals are often used. In the following session, various materials/design 

strategies are covered. 

2.1. Deformable microstructures 

2.1.1. Buckling structure 

 A buckling structure may be introduced to intrinsically non-stretchable materials by mechanically[17] 

or thermally[18] pre-straining and shrinkage processes. Normally the structure consists of the top non-

stretchable material and the bottom elastomeric substrate material. The top buckled structure is coplanar to 

the bottom substrate, offering structural stretchability depending on the wavelength and amplitude of the 
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buckling patterns. The electrical properties of the buckled structure are almost unchanged during mechanical 

stretching as the localized strain is largely eliminated by straightening the buckled structure.[19] The pre-

straining direction can be programmed to offer uni-directional,[20] bi-directional,[21] or even omni-directional[22] 

stretchability to the healthcare devices. Specifically, the theoretical stretchability of the buckling structure can 

be largely extended when hierarchical buckles are introduced. Based on this design principle, hierarchically 

buckled sheath-core fibers are demonstrated by wrapping carbon nanotube (CNT) sheets on stretched rubber 

cores (styrene-(ethylene-butylene)-styrene (SEBS) copolymer, Figure 2a).[23] The conductive fibers are 

highly stretchable (up to 1320%) with distinct short- and long-period sheath buckling in the axial and belt 

directions. The as-prepared stretchable electrodes exhibit superior strain-insensitivity, enabling a resistance 

change of <5% with a 1000% strain in the axial direction.[23] 

2.1.2 Microbelts 

 Microstructured ribbons or belts are also designed to accommodate tensile, compressive, and bending 

strain when the wearable healthcare devices are deformed. Unlike buckled structures, one-dimensional (1D) 

microribbon or microbelt structures are not coplanar with the elastomeric substrate, which only offer axial 

stretchability to the electronic device. However, the localized strain will be further minimized with this design 

compared to the buckling structure.[24] Consequently, both high stretchability and excellent stability can be 

achieved by rational design of the microbelts, which is critically important for healthcare devices used in long-

term neural monitoring.[24] In 2006, the first stretchable semiconductor nanoribbons were demonstrated by 

transferring gallium arsenide (GaAs) ribbon to pre-strained polydimethylsiloxane (PDMS) substrate.[25] The 

selective bonding between the nanoribbons and the PDMS was achieved via lithographically patterning to 

form strong siloxane linkages (-O-Si-O-). By rational design of the bonded/unbonded width ratio and the pre-

strain level, one can optimize the nanoribbon structure to accommodate large tensile strain up to 100% and 

compressive strain up to 25%. A stretchable conductor was also described by transferring gold microbelts to 

sinusoidal PDMS substrates (Figure. 2b).[24] The resulting electrodes possess high stretchability (up to 130% 

strain) and durability (> 10,000 stretch/relax cycles) with stable electrical conductivity.  

2.1.3 Serpentine structure 
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 The above-mentioned nano or micro structural designs are largely dependent on the control of the 

interface between rigid active materials and soft elastomeric materials, which is not compatible with the 

modern printed circuit board (PCB) industry. As a result, the serpentine bridge-island design is proposed as 

an alternative strategy to combine the rigid PCB based electronic (‘island’) and the soft interconnects 

(‘bridge’).[26] In this design, traditional non-stretchable healthcare devices were interconnected with 

stretchable serpentine conductive electrodes. The serpentine electrode consists of photolithography patterned 

polymer thin film (e.g. polyimide and polyethylene terephthalate) with metal (e.g. gold and copper) 

evaporation, which can be easily deformed to accommodate stretching and ensure the functionality of the 

overall structure. 

 Similar to the buckled structure, single sinusoidal-like serpentine can offer unidirectional stretchability, 

while a mesh-like serpentine structure[27] (Figure 2c) accommodates strain in a bi-axial direction. This can be 

further extended to fractal design[28] that can program the stretchability in both directions by introducing Peano, 

Greek cross, Vicsek, and other fractal constructs to yield space-filling structures of electronic materials. More 

interestingly, a self-similar design was demonstrated by increasing the fractal order of the serpentine.[29] It is 

reported that the stretchability of the interconnection could yield to 308% when the fractal order was 4 

compared to only ~100% with a single sinusoidal serpentine.[30] 

2.1.4 Holey structure 

 Instead of patterning the shape of the metal-deposited thin film at the macroscale, one can also design 

a “holey” structure at the nanoscale to fabricate strain-accommodating electrodes (Figure 2d).[31] The ordered 

holey structure is formed through nanosphere lithography. Specifically, monolayer polystyrene microspheres 

thin film is fabricated on the PDMS substrate through direct rubbing-assisted self-assembly. The structure is 

then used as a template for gold evaporation. Finally, the polystyrene microspheres are removed by 

dimethylformamide solution to reveal the stretchable pinhole gold electrode. The holey structure generates 

small cracks when a strain is applied, preventing the propagation of catastrophic cracks as is the case for 

traditional rigid continuous gold film. Consequently, the as-prepared holey gold film achieves a typical 

stretchability of ∼94% before conductivity is lost, whereas the traditional gold film counterpart can only 

accommodate a stretchability of ~4%.[31] 
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2.1.5 Nanomesh 

 Nanomesh design is another nanoscale structural design used to fabricate stretchable electrodes 

through metal deposition. Compared to other strategies, the nanomesh structure not only offers enhanced 

stretchability to intrinsically non-stretchable materials, it also provides high transparency to optically opaque 

materials. The nanomesh structure can be fabricated by grain boundary lithography (Figure 2e),[32] which 

involves a bilayer lift-off metallization process. The bilayer (In2O3 mask layer and a SiOx sacrificial layer) is 

further etched to serve as a template for gold mesh evaporation.	The sheet resistance of Au nanomeshes exhibit 

excellent strain-insensitivity with single one-time strain of 160% (from ~21 Ω eq-1 to ~67 Ω eq-1)	or even after 

1,000 cycles at a strain of 50%. The superior stretchability lies in 1) the formation of out-of-plane deflects of 

the rigid metal and 2) the soft substrate that stabilizes the deflects through forming distributed slits. In addition, 

the nanomesh fiber structure can also be formed through electrospinning.[33] Here the polyvinyl alcohol (PVA) 

and polyvinylpyrrolidone (PVP) nanofibers are fabricated to form a network on a copper frame before metal 

evaporation. The polymer substrate can be further dissolved in water after transferring the metallic nanomesh 

to the targeted substrates. The as-fabricated electrodes exhibited superior optoelectronic performance 

including a typical sheet resistance of < 2 Ω eq-1 at 90% transmission and a resistance increase of 40% with 

50% uniaxial strain.[33] 

2.1.6. Kirigami structure 

 Most extrinsic structural design involves templates or masks to define the stretchable patterns, which 

is indirect and time-consuming. In contrast, kirigami design represents a facile fabrication strategy to directly 

modify the film-based electrodes through laser ablation patterning. Inspired by the ancient art of paper cutting, 

the kirigami pattern formed buckling deformation under tensile strain to offer extended stretchability to 

extrinsic materials. Specifically, a uniaxial kirigami pattern of polyimide/silver nanowire (AgNW) thin film 

was elongated to 200% of its original length before rupture (Figure 2f),[34] while the non-patterned film only 

showed a limited stretchability of <5%. The applied stress is well-distributed throughout the kirigami pattern 

preventing the formation of localized strain which is the main cause for the limited stretchability of traditional 

rigid materials. In addition, the kirigami pattern can be further programmed to enable uniaxial, biaxial, and 

omnidirectional stretchability.[34] By controlling the nanowire density on the polymer kirigami thin film, a 
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transparent electrode with an optical transparency of >80% is fabricated, with an ultrahigh stretchability of up 

to 400%, strain reversibility and negligible mechanical hysteresis (<5%). 

2.2. Metallic nanomaterials for intrinsically stretchable materials 

 Unlike extrinsic stretchable structural design that heavily relies on patterning and templating 

technology, novel nanomaterials can be stretched without sophisticated processing technology, which 

provides an alternative strategy to fabricate stretchable healthcare devices. Metallic nanomaterials including 

gold, silver, and copper harbour intrinsic conductivity approximately two orders higher than their carbon-

based counterparts,[35] which have been broadly applied for the construction of soft wearable healthcare 

devices. 

2.2.1. Gold-based nanomaterials 

 Gold has attracted tremendous attention for wearable electronics application due to its high electrical 

conductivity, superior mechanical robustness, long-term stability, excellent biocompatibility, and most 

importantly, well-developed wet chemistry synthesis methods to control various kinds of nanostructures. 

Among all gold nanostructures, gold nanoparticles (AuNPs)[36], gold nanowires (AuNWs)[37], gold nanotubes 

(AuNTs)[38], and gold nanosheet (AuNSs)[39] are the most widely used materials for soft electronic applications 

due to their excellent intrinsic stretchability in addition to the above-mentioned advantages. 

 AuNPs can be synthesized on a large scale at ambient conditions with various polymer ligands, which 

is an appealing candidate for novel conductive materials. However, zero-dimensional (0D) nanoparticles have 

a percolation threshold 10 to 100 times higher than high-aspect-ratio nanowires, which may result in poor 

conductivity and charge carriers scattering in the stretchable polymer matrix due to a large number of 

nanoparticle-nanoparticle junctions.[36] In this context, poor conductivity can potentially be addressed by 

increasing the load of the nanoparticles, and/or ensuring uniform distribution of nanoparticles through the 

polymer matrix. In 2013, researchers reported a highly stretchable and conductive AuNPs based conductor.[36] 

Here high nanoparticle loading, as well as uniform nanoparticle distribution was achieved through layer-by-

layer assembly and vacuum-assisted flocculation (Figure 3a-i). The resultant composite reached an optimized 

conductivity of 11,000 S cm-1, which is 105 times better than other gold nanoparticle based stretchable 
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composites. In addition, the conductor displayed adequate conductivity of 35 S cm-1 under conditions of 

uniaxial stretch to 480% despite the much smaller aspect ratio of the nanoparticles. 

 Compared to AuNPs, AuNWs are more suitable for establishing percolation conductivity and require 

lower level loading of the active materials which is highly desired for intrinsic stretchable conductors. The 

higher the aspect ratio of the nanowire structure, the lower the theoretical conductivity percolation threshold.[40] 

In this regard, ultrathin gold nanowires with a diameter of ~2 nm and a typical aspect ratio of >10,000 were 

successfully employed by our group for wearable sensor applications.[41,42] Ultrathin AuNWs coated on the 

elastomer surface achieved an intrinsic stretchability up to 340% strain, while the evaporated gold on the same 

substrate ruptured at a limited strain of <10%. In addition, self-assembled mesh-like ultrathin AuNWs 

maintained a moderate sheet resistance of 130.1 Ω sq −1 with a high transparency of ~92%. We further 

demonstrated  novel vertically aligned gold nanowires (v-AuNWs) that can be stretched 8 times their original 

length without any extrinsic structural design (Figure 3a-ii).[37,43] Unlike the dominant percolation nanowire 

systems, v-AuNWs can be directly grown on various elastomeric substrates by gold nanoparticle seed-

mediated nucleation/growth at elastomer interfaces. This led to the development of the Janus gold thin film 

which has closely-packed particles on one side and nanowires on the other side. Each side of the Janus film 

shows distinct optical, electrical, and mechanical properties.[37] 

 AuNTs are another type of 1D building blocks. AuNT networks can be synthesized using galvanic 

displacement of sacrificial AgNWs on polydimethylsiloxane (PDMS) film. The as-prepared conductor is 

transparent (~85.4% with a sheet resistance at 18.9 Ω sq-1) and stretchable (resistance changes reached 47% 

at a maximum strain of 50% ), and has excellent biocompatibility in cell culture for monitoring cells and 

tissues (Figure 3a-iii).[38] AuNSs represents another intrinsically stretchable nanomaterial of which the lateral 

dimensions are in micrometer range and the thickness is about 20 nm (Figure 3a-iv).[39] The multilayered 

AuNS thin film is generated by repeatedly transferring the self-assembled membrane at the air-water interface.	

The sheet resistance of the film reached an optimized value of 2-3 Ω sq−1 with eight transfer cycles. The 

patterned electrodes on a rubber substrate showed excellent electrical stability during repeated stretching 

cycles at 100% tensile strain. This is attributed to the high mobility of the 2D sheet structure thereby preventing 

catastrophic cracking by reversibly sliding when tensile strain was applied. 
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2.2.2. Silver-based nanomaterials 

 Silver-based nanomaterials, including silver nanoparticles (AgNPs) and silver nanowires (AgNWs) 

are the most extensively studied metal nanomaterial.[44,45] AgNPs-based stretchable composite is fabricated 

by chemical reduction of Ag+ precursors to the electrospun poly(styrene-block-butadiene-block-styrene) (SBS) 

fibres (Figure 3b-left).[46] The percolation of the silver nanoparticles leads to a high conductivity of >5,000 S 

cm-1. Importantly, the conductivity of the composite is largely preserved (σ = 2,200 S cm-1) when tensile strain 

of 100% is applied due to the absorption of Ag precursors inside the SBS fibers, leading to the formation of 

well-distributed AgNPs both onto and inside the fiber matrix. The conductivity of the composite exhibited 

excellent reversibility when strains lower than 100% were applied, indicating most of the mechanical stress is 

absorbed by the straightening of the curved fibers, without significant stress localization inside the fibers.[46] 

 AgNWs can be synthesized through a seed-mediated wet-chemistry method. The percolated network 

of AgNWs is typically fabricated by vacuum-assisted filtration. The filtrated NW membrane are patterned by 

shadow masks and transferred by mechanical peeling off or chemical dissolving processes. The length and 

aspect-ratio of the NWs can be controlled via repetitive reduction of AgNO3 in ethylene glycol (EG) solution 

containing poly(vinyl pyrrolidone) (Figure 3b-right).[47] The length of the AgNWs can be increased to >500 

µm after 7 successive growth processes. The long NWs percolation networks exhibited an intrinsic 

stretchability of >80% in comparison to <40% for films with short NWs. The stretchability of the long AgNWs 

percolation networks can be further extended to 460% when a pre-strained buckled structure is applied on the 

Eco-flex substrate.[47] 

2.2.3. Nanocomposite of gold and silver 

 Ag nanomaterials are not chemically inert in biological environments thereby limiting their application 

for on-skin and implantable healthcare devices. As a result, the nanocomposite materials of Au and Ag have 

shown great potential for stretchable bioelectronic devices. In 2018, an Ag-Au composite nanowire was 

reported using AgNWs as the core with a Au coating as a shell (Figure 3c-left).[48] Ultralong AgNWs have a 

typical length of ~100 µm and a thickness of 140 nm, enabling both high conductivity and flexibility. A 

galvanic-free method was applied to selectively bind Au cations on the AgNWs to ensure a uniform Au coating 

of ~35 nm. The nanocomposites showed high conductivity of 41,850 S cm−1, which yields an intrinsic 
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stretchability of up to 840%. The high stretchability of the nanocomposite is owed to the formation of 

electrically highly conductive Ag-Au phase and mechanically highly stretchable SBS phase during the 

solvent-drying process. The non-uniform structure effectively absorbed localized stress to prevent the 

conductive pathway from being broken.[48] Another hybrid strategy involves the combination of different 

nanowire structures. As shown in Figure 3c-right, self-assembled ultrathin AuNWs are transferred onto a 

thick AgNWs percolation network.[49] The differential diameter of the NWs allows the AgNWs to be wrapped 

conformally by the ultrathin AuNWs (2 nm diameter for AuNWs and 100 nm diameter for AgNWs). In this 

hybrid structure, AuNWs serve as soft conductive bridges to improve the flexibility, as well as reducing the 

wire-to-wire junction of the AgNWs network, resulting in significantly enhanced stretchability (from ~10% 

to ~70%) and conductivity (20 times larger than bare AgNWs membrane).[49] 

2.2.4. Liquid metal as the wearable material 

 Liquid metal (LM) is usually referred to as gallium (Ga)-based alloys that exhibit both metallic and 

fluidic properties.[50] Gallium Indium eutectic (EGaIn) is the most frequently used liquid metal, which can 

maintain a high electrical conductivity of more than 104 S cm-1 under an extremely large tensile strain.[51] 

However, a well-defined and encapsulated elastic host channel is usually required for on-skin and implantable 

healthcare applications. LM may be injected into the microchannels to fabricate a highly stretchable conductor. 

The as-fabricated conductor can be stretched to the stretching limit of the hosting elastomer without electrical 

failure.[51] In addition, the conductive trace can be cut and reconnected due to the fluidic nature of liquid metal 

(Figure 3d).[52] On the other hand, LM can be composited with elastomeric material by shear mixing,[53] 

molding,[54] or sonication[55] to form a solid-like stretchable conductor. LM microspheres can form and be 

uniformly distributed in the elastomer matrix. The electric properties of the composite are highly dependent 

on the amount of the incorporated liquid metal. Generally, the composite materials only achieve electrical 

conductivity with very high LM volume loading ϕ≥50%. However, an EGaIn-Ecoflex composite with a low 

LM volume loading significantly increased the dielectric constant by over 400%.[53] More recently, an 

autonomous self-healable composite was described using a gallium–PDMS composite with a moderate LM 

volume loading. The composite exhibited an electrically insulating to electrically conductive transition when 

external pressure was applied. This pressure-induced shift was attributed to the rupture and coalescence of 
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liquid metal droplets embedded in the PDMS. Furthermore, a conductive trace made by pure LM deposited 

on this composite achieved autonomous self-healing under extreme mechanical damage.[56] 

2.3. Carbon-based nanomaterials for intrinsically stretchable materials 

 Carbon-based nanomaterials including carbon nanotubes (CNT) and graphene have been used as active 

materials for fabricating stretchable conductors.[40,57] Unlike straight and thick AgNWs, 1D CNT generally 

have a curvature structure that can be bent and buckled in its non-stretched state (Figure 4a, b).[58,59] These 

intrinsically stretchable nanostructures will straighten instead of rupture when accommodating the tensile 

strain of the elastic substrate, exhibiting superior mechanical stretchability. Stretchable CNT film is fabricated 

by solution-processed techniques[59] or chemical vapor deposition (CVD) followed by etching and 

transferring.[58,60] Solution-processed CNT is usually a randomly distributed structure, which can be directly 

spray-coated on the elastomeric substrate. The density of CNT can be well controlled to achieve a transparency 

of >80%.[59] In addition, the spring-like CNT bundles (Figure 4b) possess both high stretchability up to 150% 

and high conductivity of 2,200 S cm-1. In contrast, CVD-produced CNT forest display a vertically aligned 

structure (Figure 4c) when grown on a silicon wafer.[60] Horizontally aligned CNT ribbons can be formed by 

directly drawing from the CNT forest, which is further transferred onto a pre-strained elastomeric substrate as 

stretchable conductor. The stretchability was attributed to the periodic wavy CNT structure (Figure 4a). For 

a typical 100% pre-strained CNT electrode, the resistance increased by only ~4.1% when the wavy CNT 

ribbon was stretched to the pre-strain level.[58] 

 The conductivity of pure CNT is generally two orders lower than its metal counterparts.[35] Several 

strategies including metal composition[61,62] and chemical doping[63] have been adopted to substantially 

enhance the electrical conductivity of CNT-based stretchable conductors. AgNP is an effective conductive 

filler to significantly enhance the conductivity as well as the stretchability of a CNT thin film. It was reported 

Ag@COOH-functionalized CNTs exhibit greater binding energy and a smaller bandgap, which leads to better 

hydrophilicity, stability, and stronger bonding. As a result, the as-fabricated Ag@CNT composite (Figure 4d) 

showed improved conductivity (from ~160Ω to 6Ω) and stretchability (from 19.5% to 39.5%) when compared 

to pristine CNT film.[61] To improve the biocompatibility, AuNT was used as the metallic component to 

replace Ag-based materials.[62] The as-prepared hybrid AuNT-CNT nanomaterial (Figure 4e) showed 
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enhanced strain-insensitivity and electrochemical performance, which was used for monitoring cell 

mechanotransduction in real-time.[62] On the other hand, 2D materials such as MXene[64] and graphene[65] 

mixed with the CNT networks improved the strain sensitivity of the CNT-based stretchable sensors. For 

instance, a percolation network based on Ti3C2Tx MXene and CNT composite was demonstrated (Figure 4f) 

with an ultralow detection limit (0.1% strain), high stretchability (up to 130%) and high sensitivity (gauge 

factor up to 772.6). During the stretching, large-sized Ti3C2Tx tended to disconnect to form microcrack 

junctions with a substantial degradation in conductivity, while the 1D CNT served as flexible and stretchable 

interconnects to enable high stretchability of the composite.[64] A similar stretching mechanism was also 

observed in the CNT/graphene sponge-like composite, which showed both enhanced pressure- and strain-

sensitivity (Figure 4g).[65] 

2.4. Stretchable conductive polymers 

Conductive polymers such as polyaniline (PANI), polypyrrole (PPy), and poly(3,4-

ethylenedioxythiophene)–poly(styrenesulfonate) (PEDOT: PSS) have been frequently used as soft wearable 

materials for hydrogel electronics.[2] Directly spin-coated, or inkjet-printed conductive polymer thin film is 

usually rigid with a low fracture strain of ~5%. As a result, several strategies including modification of the 

conductive polymer-elastomer interface[66] and addition of conductivity-enhancing dopants[67] are applied to 

enhance both stretchability and conductivity. In 2012, a transparent PEDOT: PSS/PDMS thin film was 

demonstrated with a high intrinsic stretchability of 188%. The surface of PDMS is hydrophobic, which is not 

favorable for direct PEDOT: PSS spin-coating. Therefore, a moderate UV/O3
 treatment was applied to render 

hydrophilicity to the PDMS surface. Zonyl fluorosurfactant at 1% was added to the PEDOT: PSS solution to 

facilitate film formation. The PEDOT: PSS film showed a substantial improvement in stretchability with 

UV/O3
 treatment when compared to traditional plasma treatment or hydrochloric acid treatment. This was 

likely because moderate UV/O3
 treatment does not change the surface morphology of PDMS substrates unlike 

traditional plasma treatment or acid treatment. To further improve stretchability and conductivity of the 

stretchable conducting polymer, the same group reported a method for incorporating ionic additives into the 

PEDOT: PSS and SEBS composite (Figure 5).[67] The composite films typically exhibit a conductivity 

of >3100 S cm-1 under 0% strain and >4100 S cm-1 under 100% strain. Importantly, the conductivity 
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remained >100 S cm-1 under 600% strain. With the intrinsically stretchable conducting polymers, it is possible 

to fabricate a device density of >300 transistors per square centimetre with the mobility comparable to 

amorphous silicon.[68] 

2.5. Ionotronic materials 

 Inotronic materials are a recently emerged novel materials based on mobile ions and mobile electrons, 

which have dominantly utilized hydrogel for wearable applications. Hydrogels, composed of crosslinked 

polymer networks and water molecules, represent another class of attractive wearable materials due to their 

tissue-like softness yet achieving excellent toughness and stretchability.[69–71] There are mainly three strategies 

to fabricate conductive hydrogels: 1) dissolving ionic salts (eg. NaCl or LiCl)) into hydrogel matrices to form 

the ionically conductive hydrogels, 2) using conducting polymers to fabricate the electronically conductive 

hydrogels, and 3) incorporating conductive metallic or carbon-based fillers into hydrogels to get electronically 

conductive hydrogel composites.[72,73] 

 The ionically conductive hydrogels offer attributes such as skin-moduli-matching mechanics, optical 

transparency.[70] These attributes enable design of soft wearable devices mimicking biological systems by 

using ions rather than electrons as signal carriers for sensing and information processing.	A hydrogel-based 

ionotronic artificial skin has been designed by sandwiching an elastomer sandwiched between two hydrogels 

(Figure 6a).[74] Through the two metallic wires connecting to the two hydrogels in conjunction with elastomer 

encapsulation, a capacitance-based transparent ionic skin was achieved. The entire ionotronic artificial skin 

could be transparent and stretchable. Recently, it has also been reported a capacitive ionotronic pressure sensor 

using high-k ion-gel film and multifilament fiber electrodes.[75] It was possible to achieve a self-healable and 

highly stretchable wearable multimodal sensor using ionic hydrogels, which was achieved by blending Fe3+ 

ions with polyvinyl alcohol acetoacetate and polyacrylamide hydrogel to form a double network hydrogel.[76] 

Ionotronic hydrogels can also be used to construct stretchable sensors using resistance[77] or triboelectric[78] 

signal transduction approaches. 

 Conducting polymers, such as PANI[79], PPy[80], and PEDOT: PSS[81], can be incorporated into 

hydrogels to fabricate hydrogel electronics.[82] For example, a PPy-based hydrogel was reported, exhibiting 

ultrahigh sensitivity towards mechanical pressure (Figure 6b).[80] The hollow-sphere microstructure of the 
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composite was produced using a multiphase reaction strategy, which endowed the polymer with structure-

derived elasticity. Thanks to the microstructured surface, the contact area between the PPy hydrogel and the 

electrodes changed dramatically even when minimal pressure is applied, which enabled the detection of 

pressures less than 1 Pa, with short response times and excellent cycling stability.  

 Besides, metallic or carbon-based conductive fillers are also commonly incorporated into hydrogels to 

enhance their electrical conductivity.[56,83] However, there is a trade-off between improved electrical 

conductivity and lowered mechanical compliance in hydrogel composites.[81,84] Recently, a very impressive 

hydrogel composite was reported showing both high conductivity (374 S cm-1) and low Young’s modulus 

close to biological tissues (1-10 kPa) as well as high stretchability (250%) (Figure 6c).[85] This hydrogel 

composite was made by embedding Ag flakes to a double-network hydrogel composed of polyacrylamide 

(PAAm) and alginate. The superior properties of the Ag-hydrogel composite was mainly attributed to a key 

step: the partial dehydration, which is similar to preparation of the pure PEDOT: PSS conductive hydrogel.[81] 

One key limiting issue for hydrogel materials is water evaporation which will significantly affect 

device performance. Ionic liquids can also be used onto or into elastomers to fabricate the ionic conductors 

for wearable biomedical devices.[86,87] For example, an ionic liquid-enabled conductor was fabricated simply 

by “filling and sealing” elastomeric microchannels.[88] This conductor showed stable conductivity even being 

arbitrarily stretched, bent or twisted. Remarkably, the conductor maintained its conductivity even after being 

stretched up to 500% or stored for 6 months exhibiting excellent long-term stability. 

 However, the potential leakage issue of ionic liquids from devices is a major concern in wearable 

applications. In a recent report, liquid-free ionoelastomers have been successfully used to fabricate soft	diodes 

and transistors (Figure 6d).[89] These were achieved by fixing either anions or cations to an elastomer network 

while the other ionic species are still mobile. Rectification of ionic currents was achieved without Faradic 

reactions by creating an oppositely charged junctions in the ionic double layer. The junctions were tough and 

highly stretchable, enabling electromechanical signal transduction. 

3. Soft Wearable Healthcare Devices 

 In this section, we discuss soft wearable healthcare devices fabricated using the aforementioned 

stretchable materials. We primarily focus on wearable physiological sensors for blood pressure monitoring, 
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wearable electrophysiological sensors for ECG, EEG, EMG, EOG monitoring, and wearable chemicals 

sensors for monitoring key biomarkers (metabolites, electrolytes, drugs, biomolecules). This is followed by 

multimodal wearable sensing and self-powered wearable sensing systems by utilizing diverse energy sources 

(bioenergy from sweat, mechanical energy from human motion, solar energy from sunlight, or hybrid energy) 

for long-term continuous wearable sensing. Closed-loop sensing and therapy systems are also emphasized 

owing to their promising future applications in real-time diagnosis and medicine interventions. 

3.1. Soft physiological sensors 

 Skin-interfaced soft wearable devices have been successfully developed in academic research labs to 

non-invasively and continuously monitor vital signs of health. The key vital signs that are routinely collected 

by medical professionals include body temperature, heart rate, respiration rate, and blood pressure.[90,91] In 

particular, artery pulse waveforms are directly related to the cardiovascular function by deriving important 

information such as heart rate, blood pressure and stiffness of the blood vessels.[92,93] Hence, the radial artery 

has been of primary interest to the research community. In a typical pulse waveform, the upstroke of the wave 

is induced by the incoming blood flow from the left ventricular contraction (Figure 7a); whereas, in the 

descending wave, the blood flow reflection from hand and from the lower body causes a tide and a dicrotic 

waves, respectively.[94,95] Three key parameters are commonly used to qualitatively analyze the pulse wave: 

1) the time delay between the percussion wave and tidal wave (DtDVP), 2) the augmentation index (𝐴𝐼% =

𝑃(/𝑃*) which is a characteristic value for arterial stiffness, 3) the auxiliary blood pressure index (k) which is 

defined as: 𝑘 = (𝑃- − 𝑃/)/(𝑃0 − 𝑃/) where Pm is the average pulse pressure, Pd is the diastolic pressure, and 

Ps is the systolic pressure (Figure 7a).[94–96] To reliably evaluate these key parameters, accurately detecting 

the pulse signals with distinguishable peaks is an essential requirement for soft wearable pulse sensors. In this 

regard, pulse waves have been successfully detected with wearable strain sensors,[42,94,97–99] pressure 

sensors,[41,100–102] and ultrasound sensors.[103]  

 For example, a wearable and highly sensitive graphene strain sensor was developed for precise home-

based pulse wave monitoring (Figure 7b). This pulse sensor successfully differentiated the changed DtDVP and 

AIr from human subjects in different age groups and activity levels such as before and after exercise. The 
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graphene-based pulse sensor was integrated with a Bluetooth unit for wireless pulse wave recording (Figure 

7c). 

 In another example, a wearable and highly sensitive pressure sensor based on ultrathin gold nanowires 

(AuNWs) detected high-quality pulse waves.[41] The sensor was fabricated by a simple yet efficient dip-

coating tissue paper approach with the AuNWs as active conductive inks. The resultant tissue paper 

impregnated with AuNWs was sandwiched between a blank elastomer sheet and an elastomer sheet patterned 

with interdigitated Au electrodes to construct the wearable pressure sensor (Figure 7d). This sensor exhibited 

high sensitivity for wrist pulse monitoring (Figure 7e) and identified the subtle differences in pulse waveforms 

obtained from human subjects before and after the exercise (Figure 7f). 

 Compared to the peripheral pulse, the central blood pulse from deeply embedded vessels such as the 

carotid artery and jugular vein is of more clinical value for diagnosis of cardiovascular functions.[103–107] 

However, the wearable pressure or strain sensors can only collect pulse waveform from the superficial 

peripheral vasculature. This limitation may be overcome by using ultrasound techniques for which the current 

ultrasound probes are rigid and bulky.[103] In this context, a thin and soft wearable ultrasound device was 

developed.[103] The device was conformally and intimately attached to human skin and continuously recorded 

the radial artery pulse (Figure 7g). The measured central pulse waveform from the carotid artery correlated 

well to cardiovascular events (Figure 7h). Also, the measurements from this ultrasound sensor were consistent 

with that from a commercial tonometer with comparable performance (Figure 7i). 

3.2. Soft electrophysiological sensors 

 Electrophysical (EP) signals are critical indicators to evaluate health status and disease diagnosis. The 

commonly used wet gel electrodes are not suitable for long-term and continuous EP monitoring due to their 

dehydration over time, leading to the deterioration of EP signal quality. To overcome this limitation, it is 

essential to develop dry wearable electrodes. The key requirements for the dry EP electrodes to accurately and 

continuously monitor electrophysical activities are biocompatibility, highly conductive, and mechanically 

compliant to maintain conformal contact with target tissues during routine daily activities.[1,8] To realize these, 

research efforts have been made over the years using stretchable conductive materials with various structural 

designs.[24,34,48,108–112]  
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 For example, a stretchable and transparent kirigami conductor of a AgNW percolation network was 

successfully used as dry electrodes for EP measurements (Figure 8).[34] The kirigami structure enabled the 

electrodes to be both imperceptible and conformally attached to human skin at target locations. For 

electrocardiogram (ECG) measurements, the electrodes were placed on the chest enabling detection of a 

typical QRS waveform. For electromyogram (EMG) measurements, the electrodes were placed on forearms, 

allowing for differentiation of extension and flexion muscle movements. Furthermore, electrodes placed on 

the temple near the eye captured the electrooculogram (EOG) signals from the blinking of the eye. For 

electroencephalogram (EEG) measurements, the reference electrode was placed on the forehead, the ground 

electrode was on the shoulder and the working electrode was on the area in between auricle and mastoid. The 

monitored EEG spectrum showed clear a-rhythm signals from human body in a relaxed state. 

 In addition to nanomaterials, conductive polymers have also been used as dry electrodes for wearable 

EP sensors. For example, organic compliant dry electrodes that are adhesive to human skin and used for long-

term EP monitoring have been reported (Figure 9).[109] These electrodes were made of a mixture of PEDOT: 

PSS as an intrinsically conductive polymer, waterborne polyurethane as a stretchability enhancer and D-

sorbitol as an adhesive enhancer (Figure 9a). The resulting blends exhibited impressive conformability and 

adhesiveness on indium tin oxide (ITO) surface and human skin (Figure 9b), contributing to the intimate 

contact between the electrodes and skin – important for high-quality EEG, ECG, EMG signal acquisition 

(Figure 9c). In addition, the polymer-based dry electrodes functioned well even on wet skin and during body 

movement which proved feasibility for long-term EP monitoring in complex daily conditions. 

 Extrinsically designed serpentine structures can also serve as dry electrodes for wearable EP 

measurements. An impressive example was the binodal, wireless epidermal electronic systems (EES) used in 

neonatal intensive care settings (Figure 10).[112] The authors integrated an EEG sensor and a 

photoplethysmograms (PPG) sensor with a magnetic loop antenna which was tuned to comply with near field 

communication (NFC) protocols (Figure 10a). Serpentine structured interconnects enabled the integrated EES 

to be mechanically compliant up to 16% stretching (Figure 10b). The EEG and PPG sensors were placed on 

the chest and foot of the neonatal doll, respectively. Compared to the standard clinical technologies 

characterized by complex configurations, this EES setup greatly simplified the procedure whereby an EEG 
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sensor was placed on the chest, a PPG sensor placed on the foot with an NFC unit nearby (Figure 10c). When 

used in real-world neonates, the measured results from the EES were consistent with gold-standard equipment 

(Figure 10d). 

3.3. Soft chemical sensors 

 Body fluids, such as sweat, saliva, interstitial fluid (ISF) and tears contain rich chemical and biological 

markers directly related to human health. Encouraging progress has been made for developing wearable 

chemical sensors in recent years, which generally use optical or electrochemical signal transduction 

strategies.[7,113–115] 

 For the optical sensing method, chemical reactions and/or interactions induced by the analytes produce 

measurable changes in optical wavelength or intensity, typically in the visible range. The attributes of low-

cost, lightweight, simple operation without electrical power together with the visualized readout for analyte 

quantitation make the optical methods attractive for point-of-care	diagnosis.[113] 

 Attributed to the integrated capability of biofluids sampling, handling, and storage, soft microfluidic 

devices are popularly used in combination with optical transducers for colorimetric biochemical analysis of 

biofluids in-situ.[116–118] In one example, to measure the concentration of chloride in sweat, silver chloranilate 

was incorporated in a microfluidics system with multiple chambers separated with passive valves.[119] Once 

the sweat flowed past a corresponding chamber, chloride ions in the sweat complex with the silver chloranilate 

generating a distinct purple color. The concentration of chloride was derived from digital values extracted by 

color analysis software. Although these colorimetric assays underwent irreversible color change, time-

dependent changes in biomarkers could be achieved in this microfluidics system which was attributed to the 

chrono-sampling facilitated by the passive valve constructs. 

 A predominant wearable chemical sensing technology uses electrochemistry due to the miniaturised 

dimensions of the electrochemical apparatus in conjunction with high sensitivity and low-cost.[115] In the 

context of wearable healthcare applications, four kinds of target analytes are of interest including metabolites, 

ions, drugs and biomolecules (Figure 11). Three electrochemical sensing methods have been commonly used 

depending on the target analytes. Chronoamperometry is well suited for monitoring redox metabolites through 

biocatalytic of immobilized enzymes, artificial mediators or nanomaterials at a constant applied potential. The 
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intensity of a redox current is proportional to the concentration of the target analytes thus enabling 

quantification of the metabolites with the aid of the calibration curve. Voltammetry is mostly used for 

identifying multiple analytes by ramping the potential within a certain range to oxidize/reduce the analytes. 

Both chronoamperometric and voltammetric sensors work in a standard three-electrode configuration. 

Potentiometry is frequently used as wearable electrochemical technology for detecting ions and pH. It usually 

only requires two electrodes for operation - an ion-selective electrode (ISE) and a reference electrode. The 

potential difference between the two is indicative of ion concentration that can be quantified by following the 

Nernst equation.[113–115,120]. 

3.3.1. Wearable chemical sensors for monitoring metabolites 

 The metabolite profile is an important indicator of physiological state[121]. For instance, glucose is a 

biomarker directly related to diabetes[122–124]. Lactate is a sensitive biomarker of tissue viability and may 

indicate pressure ischemia due to insufficient oxidative metabolism.[125–127] High levels of uric acid is  

associated with hyperuricemia, gout, kidney disease, and cardiovascular disease.[128–130]. Cortisol, known as 

the stress hormone, is secreted in response to stress.[131–133] Tyrosine as a conditionally essential amino acid 

usually participates in various physiological activities, such as activation of brain signaling, and production 

of dopamine and stress hormones.[65,66] Hydrogen peroxide (H2O2) actively involves in cellular “redox 

signaling” and is closely related to diverse essential cellular activities, for example, cell migration, cell 

differentiation and cell proliferation.[136,137] Nitric oxide (NO) plays an essential role in neurotransmission, 

immune responses, cardiovascular systems, and angiogenesis.[138–140] 

 In order to achieve selective detection of metabolites, usually the soft sensing electrodes will be 

modified with biorecognition elements, such as enzymes for enzymatic sensors or antibodies for bioaffinity 

sensors. Different types of active materials have been used to design soft wearable electrochemical biosensors 

for detecting redox metabolites. For example, a highly stretchable gold fiber was successfully functionalized 

with glucose oxidase (GOx) (Figure 12a).[141] The enzyme-modified gold fiber biosensor maintained excellent 

performance for glucose detection even under 200% strain. In another example, a screen-printed carbon-based 

tattoo electrode was modified with lactate oxidase (LOx) for lactate detection in sweat (Figure 12b).[125] A 

salivary uric acid mouthguard biosensor was fabricated by drop-casting uricase on the screen-printed electrode 
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using Prussian-blue-graphite as conductive ink (Figure 12c).[142] The fabricated biosensor showed high 

selectivity and sensitivity in detection of uric acid with excellent stability. The detected results in human saliva 

samples covered the concentration ranges of both healthy people and hyperuricemia patients. 

 The aforementioned enzymatic sensors used chronoamperometry for detection. Voltammetric sensors 

can be also used. As an example, the uric acid together with tyrosine was detected by a laser-engraved 

wearable biosensor using the differential pulse voltammetry (DPV) method (Figure 12d).[134] DPV can 

“squeeze” capacitive currents, enabling better Faradic current recording. Two distinct current peaks were 

revealed from the DPV scans corresponding to the oxidation reactions of uric acid and tyrosine, respectively. 

 Bioaffinity sensors are fabricated by functionalization of the working electrode with antibodies for 

specific antigen detection.[143] For example, an integrated wireless sensing device was developed with cortisol 

antibody modified laser-induced graphene as the bioaffinity working electrode (Figure 12e).[144] This 

bioaffinity device demonstrated highly sensitive, selective, and efficient cortisol sensing to investigate cortisol 

dynamics in human sweat. 

 To detect small molecules (H2O2 or NO) released from soft cells/tissues, non-enzymatic sensors 

fabricated by novel nanomaterials can be used. For example, a stretchable and biocompatible electrode 

fabricated by vertically aligned gold nanowires (AuNWs) demonstrated dynamic detection of H2O2 released 

from breast cancer cells upon chemical stimulus (Figure 12f).[145] In another study, a flexible and 

biodegradable biosensor was reported for monitoring NO released from cultured cells and/or isolated organs 

(liver, heart, brain, kidney) upon chemical stimulus (Figure 12g).[139] Also, this platform was capable of 

continuously monitoring NO levels in living mammals for several days thereby demonstrating excellent 

stability in vivo. 

3.3.2. Wearable chemical sensors for monitoring ions 

 Sodium (Na+) and potassium (K+) are two critical electrolytes that are closely related to an individual’s 

physical and mental well-being.[146,147] Homeostasis of calcium (Ca2+) in body fluids is crucial for many human 

functions. Significant changes in the Ca2+ concentration can alter the normal functions of the biological system 

causing disorders or diseases.[148,149] Chloride (Cl-) is an important anion in screening cystic fibrosis 

patients.[113] Ammonium (NH4
+) is present in body fluids mostly as a result of the breakdown of proteins. High 
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levels of ammonium may be related to hepatic disorders, such as hepatitis or cirrhosis.[150,151] Physiological 

pH is an important parameter to reflect a person’s health status. An abnormal pH in body fluids may be 

causative to various dysfunctions.[152–154] As these electrolytes and pH are critically important to several key 

physicochemical functions and their imbalance leads to human body dysfunctions, they represent the most 

extensively targeted biomarkers for wearable sensing in different kinds of platforms, such as a wristband, 

armband, headband, textile-based and epidermal tattoo. 

 For example, a wristband-based fully integrated system was reported for sweat Na+ and Cl− sensing 

(Figure 13a).[155] The iontophoresis electrodes were incorporated to stimulate the generation of sweat. The 

Au electrode was modified with Na ionophore X as Na+ selective electrode or incubated with FeCl3 solution 

as Cl- selective electrode. Elevated concentrations of sweat Na+ and Cl− were detected from cystic fibrosis 

patients compared to healthy control subjects which demonstrates the potential clinical value of this system in 

the diagnosis of cystic fibrosis. Real-time sweat pH and Ca2+ detection was demonstrated by an - ISE array in 

a wearable armband or headband (Figure 13b).[156] The ISEs were fabricated on a flexible substrate with 

evaporated gold film as the conductive electrode. For Ca2+ detection, the Au electrode was modified with an 

ion-electron transducer (PEDOT: PSS) and ion-selective membrane Ca ionophore II (ETH 129). For pH 

detection, polyaniline (PANI) was functionalized on the Au electrode. The measured results from the ISEs 

array were validated through inductively coupled plasma-mass spectrometry and a commercial pH meter 

indicating the accuracy and reliability of ISEs for Ca2+ and pH sensing. 

 Textile-based wearable sensors are also attractive due to its feasibility to be directly integrated into 

fabrics. Still, the sensor should be able to operate under extreme mechanical deformations without 

significantly comprising its analytical performance. In one example, a stretchable ISEs array was fabricated 

on textile for sweat Na+ and K+ sensing (Figure 13c).[157] The stretchability was achieved by combining a 

stretchable ion-selective membrane (polyurethane) and conductive CNT ink in a serpentine structure. The 

fabricated textile-based potentiometric sensor exhibited robust and impressive sensing performance up to 100% 

strain, or after being bent, twisted, and wrinkled many times, or even washed in water for up to 40 mins.  

 Epidermal tattoo ISEs patch represents another wearable layout for sweat electrolyte sensing. For 

example, an intrinsically stretchable epidermal ISEs patch was fabricated based on intrinsically stretchable V-
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AuNWs film (Figure 13d).[158] This V-AuNWs electrode was modified with different ion-selective 

membranes depending on the target electrolyte: polyaniline (PANI) for pH sensing, Na ionophore X for Na+ 

sensing and valinomycin for K+ sensing. The fabricated ISEs maintained electrochemical performances under 

30% strain, and during dynamic stretch-release cycles which well proved the wearability of the ISEs patch to 

function on human skin. 

 Heavy metals at trace levels in the human body are essential to maintain health, however their 

abnormal levels may induce various problems such as heart or kidney failure, liver damage and brain disease 

or disorder.[159]	Square wave anodic stripping voltammetry is well suitable to detect heavy metal ions[159,160]. 

In this method, the metal ions are cyclically deposited/preconcentrated on and stripped off the surface of the 

working electrode at specific applied potentials dependent on the target metal ion. A wearable microsensor 

chip based on Au and Bi microelectrodes was reported for monitoring multiplexed heavy metal ions (Zn2+, 

Hg+, Cd2+, Cu2+, Pb2+) in body fluids (Figure 13e).[161] The analysis results were validated by the inductively 

coupled plasma mass spectrometry. 

3.3.3. Wearable chemical sensors for monitoring drugs 

 Continuous monitoring of pharmaceutical drugs in body fluids empowers physicians to tailor patient-

specific dose regulation for optimal personalized therapeutical outcomes. Also, it helps track medication 

compliance of patients as well as assist in understanding pharmacokinetics in body fluids. Furthermore, 

wearable chemical sensors for drug monitoring provide powerful tools for on-site drug screening.[162,163] In 

general, wearable drug sensors on the human body are in four platforms for different body fluids: epidermal 

patch for sweat drugs monitoring,[164–166] microneedle patch for ISF drugs monitoring,[167,168] eyeglasses for 

tear drugs monitoring,[169,170] and a ring-based sensor for saliva drugs monitoring.[171] 

 For example, an epidermal band sensor for caffeine sensing is shown in Figure 14a.[172] The working 

electrode was fabricated by a roll-to-roll printed CNTs/Nafion modified carbon electrode on a flexible 

substrate. After drug intake, the sweat can be generated by vigorous physical exercise or iontophoresis. DPV 

method was used to quantitatively measure the sweat caffeine at the distinct oxidation potential of 1.4 V. The 

results showed that as caffeine intake increases, the collected sweat was detected with higher levels of caffeine 

which well proved the functionality of the band sensor. 
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 Microneedle-based chemical sensors are very promising to monitoring chemical profiles in ISF due to 

the concentrations of chemicals in ISF are most closed to that in blood.[173] Figure 14b shows an example of 

microneedle-based chemical sensor for levodopa monitoring.[174] Levodopa is the most effective medication 

for treating Parkinson’s disease. Two independent sensing modalities (enzymatic-amperometric electrode and 

non-enzymatic voltammetric electrode) were designed on the same microneedle sensor array. This dual-modal 

microneedle-based levodopa sensor exhibited high sensitivity, high selectivity, and good stability in artificial 

ISF indicating the potential to be applied on-body for optimal levodopa dosing and improved management of 

Parkinson’s disease. 

 Drugs can be also monitored in tears by the wearable chemical sensors mounted on eyeglasses. Figure 

14c shows an eyeglasses-based biosensing system for tear alcohol sensing.[170] A microfluidic detector was 

designed to collect the tear as well as real-time measure the alcohol in the collected tear using the enzymatic 

amperometric method. The detected concentration of tear alcohol showed a good correlation to blood alcohol 

concentration in human subjects over multiple drinking courses demonstrating the capability of the eyeglasses-

based sensing system for tear chemical analysis. 

3.3.4. Wearable chemical sensors for monitoring biomolecules 

 Compared to the above types of biomarkers, larger biomolecules such as proteins, cytokines, nucleic 

acids or neuropeptides are at relatively low concentrations in physiological fluids.[121,143,175] These trace-level 

biomolecules are also highly reflecting health or infection status. For example, detected nucleocapsid protein 

(NP), the most abundant viral protein, could indicate virus infection status.[176] Detection of antibodies such 

as immunoglobulin M (IgM), immunoglobulin G (IgG) and immunoglobulin A (IgA) could reflect allergy and 

immune response to the virus infection. For the case of anti-SARS-Cov-2 antibodies, it is reported that the 

concentration of IgM would peak around 12 days post symptom onset and seroconversion to IgG 20 days post 

symptom onset.[143,176–179] Inflammatory cytokines, such as C-reactive protein (CRP), interleukin, tumor 

necrosis factor-alpha (TNF-a), and gamma-interferon, are also important clinically biomarkers to reflect the 

severity and prognosis of the infection.[121,180–186] It is clear that ultrasensitive, rapid, on-site and continuous 

testing of these critical biomolecules is highly desired. In this regard, wearable electrochemical sensors are 

promising tools for practical use. 
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 As an early example, a stretchable electrochemical immunosensor was reported in 2018 (Figure 

15a).[187] Probe proteins (TNF-a antibody) were immobilized on the working electrode for selective detection 

of TNF-a using the DPV method (Figure 15a-left). In the absence of TNF-a, the faradic currents recorded at 

the redox potentials were from the redox probe (ferricyanide). When TNF-a was added, it binds the TNF-a 

antibody and form a blocking layer on the surface of the working electrode suppressing the electron transfer. 

This causes a decrease in the recorded currents in a TNF-a concentration dependent manner (Figure 15a-

right). This immunosensor exhibited good sensing performances both in buffer solution and human serum in 

a clinically relevant concentration range (100 fM-100 nM) for monitoring wound healing.[188,189] Also, the 

immunosensor could accommodate up to 30% strain attributed to the 3D micro-patterned elastomer 

demonstrating its potential to be used as a body-attachable immunosensing platform. 

 In another example, simultaneous monitoring of multiplexed biomarkers was demonstrated for a more 

comprehensive evaluation of infection status (Figure 15b).[190] A laser-engraved graphene-based 

immunosensing platform was developed (SARS-Cov-2 RapidPlex) in which four working electrodes were 

designed for detecting NP, IgM, IgG, CPR representing viral infection, immune response, immune response, 

and symptom severity, respectively. For NP and CRP detection, the capture antibody (CAb) for NP or CRP 

was firstly immobilized on the working electrode. After incubation with target specimens, NP or CRP bound 

to the corresponding CAb. Double-sandwich based method was used for NP detection in which first detector 

antibody (D-Ab1) and second D-Ab2 labeled with horseradish peroxidase (HRP) were added sequentially. 

Sandwich based method was used for CRP detection in which D-Ab labeled with HRP was directly added. 

Finally, upon the addition of HRP substrate (H2O2) in an excessive amount, the immobilized HRP catalyzed 

H2O2 generating current in an NP or CRP concentration dependent manner. The generated current was then 

recorded by the electrode using the chronoamperometry method. IgG and IgM, as circulating macromolecules, 

were detected using indirect immunoassays in which spike protein (S1) was firstly immobilized on working 

electrodes. After incubation with target specimens, S1-IgG or S1-IgM bound to the S1 protein. Anti-IgG or 

Anti-IgM labeled with HRP was added for IgG or IgM detection, respectively. H2O2 was finally added for 

amperometric detection. These detection strategies enabled the SARS-Cov-2 RapidPlex to simultaneously 

monitor multiplex COVID-19 biomarkers in an ultrasensitive, high selective, and rapid way. Furthermore, the 
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SARS-Cov-2 RapidPlex was successfully validated in both COVID-19 negative and positive blood and saliva 

samples, together with the integration of a Bluetooth module, it is promising for telemedicine allowing reliable 

and convenient at-home testing. 

 Besides, wearable chemical sensors can also be functionalized with antimicrobial biorecognition 

moieties for bacteria detection at the point of pathogenic contamination.[191] For instance, a skin-friendly 

epidermal sensor was reported for on-skin hygienic detection (Figure 15c).[110] This wearable bacteria sensing 

modality was composed of two main components: 1) a soft and transient substrate based on genetically 

engineered plasticized copolymer (GEPC) containing silk fibroin and engineered resilin protein, and 2) two 

regenerated edge-decorated graphene (R-EDG) sheet-based electrodes with one unmodified as the reference 

electrode and the other biomodified with anti-bacterial peptides (BR-EDG) as bacteria sensing electrode. The 

functionalized BR-EDG sensor exhibited high sensitivity for Escherichia coli (E. coli) cells sensing showing 

decreased resistance with the increased amounts of E. coli. In another example, graphene was printed onto 

silk and further functionalized by antimicrobial peptides for bacteria detection on tooth enamel. (Figure 

15d).[192] This peptide-graphene/silk nanosensor was capable of detecting bacteria at single-cell level. Also, 

the detection results showed a good linear relationship between the bacteria concentration (up to 106 cells) 

and the changed graphene resistance even upon exposure to complex human saliva samples with many other 

interferents. 

3.4. Multimodal wearable sensing systems 

 Single-mode wearable sensors usually fail to cover the full picture of individual’s health status. On 

one hand, physical/electrophysiological sensors are competent to track an individual’s physical activities and 

vital signs such as blood pressure, heart rate, and ECG.[9,193,194] On the other hand, wearable chemical sensors, 

especially enzymatic biosensors, are able to identify chemical and biological markers from biological 

fluids.[119,147] Simultaneous analyses of multiplex targets can ensure detection accuracy by adjustment of 

detection results under other influential factors. For instance, biochemical markers, such as glucose or lactate, 

are usually co-sensed with pH,[119,195–197] temperature,[147,196–198], or mechanical strain[198,199] for result 

calibration. Besides, a combination of multimodal wearable sensors can offer a comprehensive picture of 

human health conditions.[200,201] 
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 In 2017, a wearable chemical-electrophysiological hybrid sensing system was reported (Figure 

16a).[200] The hybrid sensor patch combines a three-electrode amperometric lactate biosensor with a bipolar 

electrocardiogram (ECG) sensor on a flexible polyester substrate. In this design, ECG measurements can help 

monitor heart function and status, while the monitored sweat lactate can help evaluate the level of exertion. 

The potential issue lies at the cross-talk among different sensing signals. To mitigate this, a printed 

hydrophobic layer was used to separate the two Ag/AgCl ECG electrodes from the three amperometric 

electrodes acquiring a clean ECG signal and a stable response to lactate. The simultaneous detection results 

were well validated by commercial detector and control experiments. The sensor patch was compatible to a 

Bluetooth module for wireless telemetry of the detection results to a mobile platform. 

 Recently, another epidermal patch for simultaneous physiological-chemical sensing was reported 

(Figure 16b).[201] In this hybrid sensing platform, diverse target analytes and vital signs were monitored, 

including metabolites (glucose, lactate), drugs (caffeine, alcohol) and blood pressure (BP), heart rate (HR). 

Eight piezoelectric transducers were designed in the BP sensors and mounted on the human neck aligned with 

the carotid artery to generate optimal ultrasound signals. The dilation and contraction of the arteries were 

gauged by analysis of the flight time of the echoes from the anterior and the posterior walls of the artery upon 

the transmission of ultrasound beams from the piezoelectric transducers. For chemical sensing, the 

iontophoresis unit was designed to stimulate sweat generation at the anode containing pilocarpine and extract 

ISF at the cathode. Three factors contributed to preventing cross-talk between acoustic and electrochemical 

transducers in this system: 1) the optimized distance between the individual detection compartments, 2) solid-

state ultrasound transducers, and 3) agarose hydrogel layers on the electrochemical sensing area. Cross talk 

effects were evaluated by operating one sensing modality while repeatedly switching on and off another. For 

example, during data acquisition of BP signals, chemical biomarkers sensing in ISF/sweat was started and 

stopped alternately (Figure 16b-i, ii). Vice versa, during amperometric sensing of chemical biomarkers at the 

cathode/anode, the acoustic pulses were switched on and off every 30s (Figure 16b-iii, iv). The results 

validated the negligible cross-talk in the hybrid device for multimodal sensing. In the following applications 

on human subjects, the device successfully captured the physiological effects of food intake and exercise. In 
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particular, glucose levels increased after food digestion and decrease after body consumption. Blood pressure, 

heart rate and lactate levels increased during exercise. 

 Besides, microfluidics is another powerful platform for integrated multimodal sensing system. One 

attribute is that the signal cross-talk issues can be minimized by controlling fluidic routing and separating 

active sensing compartments. In one representative example, a soft epidermal microfluidic system was 

developed for chromogenic sweat sensing.[195] This fully integrated on-skin device consisted of three main 

components. At the bottom was a skin-friendly adhesive layer with defined holes for sweat collection. In the 

middle layer was the PDMS-enclosed microchannels with openings/inlets for sweat accessing and routing, 

and reservoirs pre-filled with specific colorimetric dyes for target markers of interest including lactate, glucose, 

pH, and chloride. The top PDMS cover layer was bonded with a magnetic loop antenna together with the near-

field communication (NFC) electronics for wireless connection to external monitors. The quantitative analysis 

of the sweat biomarkers was successfully demonstrated using the NFC electronics connected to a smartphone 

with image processing abilities. Successful wireless analysis was further demonstrated in two kinds of human 

trails: a controlled indoor setting with mild-intensive sweat-inducing and an outdoor setting with high-

intensive physical exercise. On the other hand, in a microfluidic system different sensing modalities can be 

integrated for multimodal analysis of body fluids. For example, a recent skin-interfaced 

microfluidic/electronic system was reported, in which both electrochemical and optical transducers were 

integrated.[119] This hybrid system was capable of real-time sensing glucose, lactate and chloride 

simultaneously along with pH, sweat rate and total sweat loss. Such system allows for comprehensive health 

monitoring with multiple biometric signals. 

4. Sustainable Wearable Powered Healthcare Sensors 

 Energy constitutes a major challenge for powering wearable electronics whereby it is challenging to 

develop soft, thin energy devices with reasonable energy density.[12] In contrast to current battery-based non-

renewable powering technologies, there is emerging interest in harvesting sustainable biochemical,[202–207] 

biomechanical,[208–214] and solar energies.[215–217] 

4.1. Biochemically powered wearable sensing 



29	
	

 Human body fluids contain a wealth of biochemicals, such as glucose and lactate, which can be used 

as biofuel to convert chemical energy to electricity by biofuel cells (BFCs). Figure 17a shows a typical 

enzymatic BFC to illustrate the mechanisms of energy harvesting and self-powered glucose sensing.[206] 

Glucose is oxidized by the immobilized GOx at the anode generating protons and electrons. The electrons flux 

to the cathode via the external electrical wire to the cathode where the oxygen is reduced to water by the 

immobilized bilirubin oxidase (BOx) (Figure 17a-middle). The intensity of the generated current and power 

by the redox reactions is proportional to the concentration of biofuel (Figure 17a-left, right). Electricity 

harvested by the BFC can either be used to charge energy storage devices such as supercapacitors and batteries, 

or directly power wearable sensors. 

 It was reported a lactate biofuel-powered wearable system for multiplexed and wireless sweat sensing 

(Figure 17b).[218] The reported lactate BFCs achieved a record-breaking and sustainable high-power density 

in untreated human sweat by using zero- to three-dimensional nanomaterials. The high-power electricity 

obtained was able to fully power multiplexed active sensing of key sweat biomarkers (glucose, urea, NH4+, 

and pH) as well as the wireless data transmission via the BLE module. This battery-free, fully perspiration-

powered system is promising to be used for the next-generation of human-machine interfaces. 

 In another example, near field communication (NFC) technology was employed to miniaturize the 

energy consumption of wearable sensing system for wireless data transmission (Figure 17c).[119] The glucose 

and lactate BFCs (Figure 17c-I) were mounted in a soft microfluidic patch (Figure 17c-II) together with the 

NFC electronics (Figure 17c-III). The integrated microfluidic device was mounted on the forearm ready for 

wireless monitoring by a smartphone interface. Figure 17c-V shows the simplified illustration of the layout 

of the whole system with the BFCs unit for energy harvesting and glucose/lactate sensing and NFC chip for 

wireless data transmission to a mobile phone interface. The soft microfluidic device performed consistently 

before and after bending with decreasing radii proved to be mechanically robust for wearable sensing (Figure 

17c-VI). 

4.2. Biomechanical energy powered wearable sensing 

 In addition to biochemical energy, biomechanical energy is also abundant in daily life especially those 

created by human motion, which is a feasible choice since it can be appropriately utilized and transformed 
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into electrical energy.[219,220] Among different mechanical energy harvesters, triboelectric and piezoelectric 

are the two most common approaches which have significant potential for powering wearable electronics. 

 Figure 18a shows a recent example of human motion powered wearable system via a freestanding 

triboelectric nanogenerator (TENG).[213] This system was composed of three main components: a wearable 

TENG for energy generation, a wearable sweat sensor for sweat biosensing, and a low-power Bluetooth unit 

for wireless data transmission. The sweat sensor was connected to a flexible printed circuit board platform, 

which can monitor two key sweat biomarkers including Na+ and pH (Figure 18a-i). The triboelectric powered 

wearable system can be conformally attached to human skin by applying waterproof medical tape (Figure 

18a-ii). The system block diagram (Figure 18a-iii) illustrates the power generated from exercises were 

controlled by the power management integrated circuit. The output voltage was rectified through a regulator 

in order to provide a stable voltage to power both the instrument amplifiers and the integrated Bluetooth 

module. 

 As another example, a triboelectric self-powered tattoo-like soft wearable sensor for human-machine 

interface (HMI) is presented in Figure 18b.[220] This wearable sensor was fabricated using elastomer-bonded 

vertically aligned standing gold nanowires (v-AuNWs). The results show that this sensor is able to be micro-

patterned, peeled off and transferred on human skin. Compared with conventional gold films, v-AuNWs are 

very robust which have excellent stretchability without losing its conductivity, therefore, this sensor can bear 

various deformations including compressing, stretching, and twisting without affecting its functionality 

(Figure 18b-i). To establish an HMI system, a flexible PCB was integrated into the sensor, which enabled the 

wireless communication with smartphones via Bluetooth (Figure 18b-ii). By touching the triboelectric tattoo, 

v-AuNWs with high pressure sensitivity generated voltage signals, while those signals can be collected to 

realize remote control of light switches or toy vehicle motions (Figure 18b-iii), which presents the feasibility 

of wireless controlling electric appliances via a tattoo-like sensor on our skin. 

 A kirigami-based stretchable and piezoelectricity powered sensing system was developed (Figure 

18c).[214] This system was inspired by the kirigami structure, which enables high stretchability and keeps the 

mechanical integrity of piezoelectric materials for wearable devices. This sensor was mounted on a human 

knee in order to monitor everyday exercises (Figure 18c-i, ii), while it still maintained its free deformations 
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under bending. Different motion types like cycling, running, and climbing give different voltage waveforms, 

indicating the feasibility to distinguish different types of exercises (Figure 18c-iii). To monitor the curved 

structure, a balloon was introduced, while this sensing system was conformally attached on the balloon during 

its deformation (Figure 18c-iv). The integration of NFC electronics enabled the miniaturized piezoelectric 

sensing system to track vital signs in a wireless and battery-free mode (Figure 18c-v). 

4.3. Solar energy powered wearable sensing 

 Photovoltaic cells have been developed for several decades which transform solar energy into electrical 

energy. A solar-powered smartwatch has been reported to power wearable glucose biosensors from the user’s 

sweat. (Figure 19).[217] It integrated two flexible photovoltaic cells in parallel for solar energy harvesting and 

three flexible aqueous zinc-manganese oxide (Zn-MgO) rechargeable batteries in series to be charged in the 

wristband of a smartwatch. The enzymatic glucose sensor offered desirable sensitivity and selectivity for sweat 

glucose detection. The PCB located under the E-ink module provided data processing ability and controlled 

the output displayed by the E-ink module to present glucose information on the dial plate (Figure 19a). To 

improve the readability of users, the smartwatch provided information from “low”, “medium”, and “high” 

based on the output currents of the glucose sensor (Figure 19b). However, the quantitative correlations 

between sweat glucose and blood glucose were not proven. 

4.4. Hybrid energy powered wearable sensors 

 While the aforementioned sustainable wearable energy technologies may be promising, it is 

challenging to provide sufficient energy density for long-term biometric data recording. In this context, 

researchers have attempted to integrate multiple energy sources[84,221,222] and integrate them with energy 

storage devices[207,223]. Recently, a self-sustainable wearable multi-modular sensing system was developed 

using complementary hybrid energy harvesters paired with an energy storage module (Figure 20).[224] All the 

functional modules were screen-printed in the textile platform for compatibility with wearable form factor. 

Figure 20a shows the system layout with triboelectric generators (TEGs) mounted on forearms and the torso 

to harvest motion energy and biofuel cells (BFCs) integrated onto a shirt at the neckline to harvest biochemical 

energy from the sweat. The supercapacitors (SCs) mounted on the chest to minimize the possible mechanical 

deformations for better energy collection. Figure 20b clearly shows the enhanced energy storage in the hybrid 
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energy harvester system compared to BFC or TEG only. Furthermore, this hybrid harvester compensated for 

the limitations of sole BFCs due to the delayed perspiration and of sole TEGs due to the ceasing of movement. 

5. Closed-Loop Sensing and Therapy Systems 

 Advances in wearable sensors and wireless communication render it possible to enable personalized 

healthcare management. A feedback-controlled therapeutic system that completes the loop of sensing and 

therapy will greatly assist clinical decision-making processes and enhance overall therapeutic 

outcomes.[162,163,196,225–231] 

 One example for point-of-care diabetes diagnosis and medical interventions is shown in Figure 

21a.[197] The diabetes patch consists of three units: sweat control components (a sweat-uptake layer and 

waterproof film), multiplexed sensing components (glucose, pH, humidity, and tremor), and therapeutic 

components (microneedles, heater and a temperature sensor) (Figure 21a-I). The drug-loaded microneedles 

based on the bioresorbable polymer were coated with a layer of phase-change material (PCM). Thermal 

actuation above the transition temperature (Tc= 41-42 ℃) of the PCM melts PCM and releases the drug into 

the bloodstream (Figure 21a-II). The result shows increased drug release at elevated temperatures above Tc 

(Figure 21a-III). Drug release was in a stepwise manner realized by the patterned heating electrodes and the 

maximum deliverable drug dose could be tuned by adjusting the number of microneedles. The temperature 

sensor in the therapeutic components was designed to monitor the temperature changes and prevent any 

overheating. For this kind of diabetes patch, conformal and intimate interfacing must be assured because if 

the patch was delaminated from the skin, the sensing and drug delivery functions would not be effective. This 

work demonstrated a proof-of-concept of wearable theranostic device but requires rigorous studies before 

translating into real-world practice.[232] 

 Different from the above transdermal drug delivery patch, subcutaneous implantable drug delivery 

devices are more appropriate for prompt treatment which is critically important in medical emergencies. 

Figure 21b demonstrates such an attractive personalized biomedical device to timely treat fatal seizures.[233] 

This closed-loop sensing and therapy system was composed of a wearable headband-type EEG sensor, 

wearable watch-type power transmitter, and a soft implantable drug delivery device. EEG signals were 

continuously monitored by the wearable sensor in real-time. When the abnormal EEG signals caused by 
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seizure were detected, the sensor sent an alarm to the nearest caregivers via a wireless network. If the seizure 

lasted for more than 5 min, the sensor wirelessly sent a command signal to trigger the wearable power 

transmitter to generate a strong radio frequency (RF) which was received by the soft implantable drug delivery 

device (SID). Upon the voltage induction, the loaded drug was immediately released to suppress seizure and 

even potentially save a life. The long-term (4 weeks) mechanical stability and biological safety of the SID 

were confirmed in vivo via animal experiments. Besides, the efficacy of the prompt pharmaceutical treatment 

by this promising bio-integration system was successfully demonstrated in vivo in an animal model of status 

epilepticus (SE). Instead of implanting the SID subcutaneously in the human subject, a large-size SID was 

sandwiched between a patch of muscle tissue and porcine skin to demonstrate the drug release ex vivo 

activated by the collected EEG signals from a human patient. Prior to the SE onset, the contained model drug 

(Evans blue) in the SID was not released whereas a large amount of the drug was released when a continuous 

seizure was detected by the system. This indicates a promising possibility of the SID system for future clinical 

translation. 

To achieve closed-loop sensing and feedbacks, it is crucial to record and analyse the bio-signals 

acquired by the wearable sensors to develop machine learning algorithms to diagnose or predict the physiology 

signatures of the wearers.[110,234] In this regard, three types of data analyzing algorithms are commonly applied, 

such are artificial neural networks (ANNs), convolutional neural networks (CNNs) and long short-term 

memory (LSTM) networks augmented recurrent neural network (RNNs).[110,235–240] For example, an ANN 

algorithm was trained to classify human subjects’ physiological states by extracting and analyzing collected 

electrophysiological signals by a set of skin-friendly soft wearable sensors.[110] The accuracy of the 

classification performances by the trained ANN was successfully validated in two aspects: 1) analyzed 

outcomes by the trained ANN matched well with human volunteers’ feelings, and 2) the trained ANN changed 

its output correspondingly along with the changed physiological states of the human subject. CNN is also a 

widely applied deep learning technique. In one study, a specified CNN was trained by a series of distinct 

signal patterns generated by wearable motion sensors or piezoelectric sensors.[240] This trained CNN 

successfully recognized different types of physical activities such as laying down, walking, running, sitting or 

eating, as well as types of food eaten such as nuts, water or pizza. LSTM-RNNs, as powerful dynamic systems, 
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work on sequential inputs with the ability to remember previous inputs and predict the next. In one compelling 

example, an LSTM-RNN was trained by multiple test results for skin vision.[237] This trained deep learning 

algorithm was capable of intelligently predicting the degradation of sunscreen gel under UV exposure. 

6. Summary and Perspectives 

 Conventional hospital-centered diagnostics has limitations for real-time and long-term monitoring of 

patients’ health status and fails to provide on-site diagnostics and medical treatment. Accurate, real-time data 

of vital signs such as blood pressures, glucose level, electrocardiogram can only be obtained with expensive 

and bulky instruments only available in hospital. Current-generation wearable devices are rigid failing to 

extract useful health information accurately and comprehensively due to their mechanical mismatch with soft 

and curvilinear human body. Encouragingly, the emerging field of soft wearable healthcare devices indicate 

the potential to generate innovative technologies for future wearable theranostic solutions. 

 In the broader context of the IoT era, the soft wearable healthcare devices may be integrated with 

augmented reality,[241] big data, artificial intelligence, and machine learning for smart healthcare. Herein, we 

summarized the recent advancements of soft wearable healthcare devices with an emphasis on soft design and 

categorization of biometric signals. We start from the mechanical compliant materials which is a prerequisite 

to fabricate the soft wearable devices. Two general strategies to achieve stretchability in conductors are 

reviewed including deformable architectures and intrinsically stretchable materials. For wearable healthcare 

applications, physiological sensors for pulse monitoring, electrophysical sensors for ECG, EEG, EMG, and 

EOG monitoring, chemical sensors for key biomarkers monitoring (metabolites, electrolytes, drug and 

biomolecules) are summarized. Multimodal wearable sensing systems are discussed due to their potential 

benefit for comprehensive healthcare diagnostics. To realize long-term monitoring, wearable power is crucial, 

for which we discussed sustainable energy sources from biochemical, human motion and sunlight. 

 In spite of the significant advances in soft wearable healthcare technologies over the past several years, 

a number of challenges remain that must be overcome to translate them into real-world applications. Soft 

wearable epidermal devices are lightweight and skin-conformal. However, potential issues such as long-term 

durability, reliability, scalability and compatibility must be resolved before seeing their translation into real-

world as wearable theranostic healthcare solutions. For example, soft wearable healthcare devices can be fairly 
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thin and conformal to soft human body. However, they are often not durable in that thin patches or tattoos 

may rupture or come off from human skins during the complex human motions daily. Breathability and 

complex human skin conditions are among other challenges. Another technical challenge is the detection 

specificity and selectivity for both physical and chemical vital signals. Specific detection may be achieved by 

the use of enzymes, but they are unstable under ambient conditions and easily degraded by proteinase present. 

Besides, automated artificial intelligence algorithms with self-calibration capability are also highly desired to 

recognize complex bio-signals with efficient classification and decision making. A fully integrated wireless 

wearable sensing system are typically energy-hungry, rendering it challenging to design an ultrathin, soft 

battery with high power density. Despite the aforementioned limitations, some preliminary closed-loop 

wearable diagnostics systems that have been reported are very encouraging for assisting future clinical 

decision-making processes and overall therapeutic outcomes. The aforementioned challenges and 

opportunities call for more cross-disciplinary academic researchers, industrial engineers, and governmental 

funding bodies to work together to realize the ultimate dream of smart healthcare anytime anywhere. 
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Figure 1. Schematic illustration of the IoT based wireless body area network (WBAN) systems for 

personalized healthcare management. Tier I: critical signs including physiological, electrophysiological and 

biochemical signals are captured by conformal wearable sensors. Tier II: the extracted biometric data are 

transmitted to internet via wireless communicate units for remote healthcare processing and analysis. Tier III, 

based on the obtained health information, either the closed-loop wearable devices or physicians perform 

corresponding medicine interventions or therapies.  
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Figure 2. Deformable microstructures for wearable devices. a) SEM images of buckled carbon nanotubes 

(CNTs) sheet on rubber fiber under 0% and 200% stretching. Reproduced with permission.[23] Copyright 2015, 

American Association for the Advancement of Science. b) Optical microscopy images of gold microbelts on 

PDMS stripes under relaxed/stretched states. Reproduced with permission.[24] Copyright 2015, WILEY-VCH. 

c) Micrograph of filamentary serpentine gold meshes before and after applying 30% strain. Reproduced with 

permission.[27] Copyright 2013, WILEY-VCH. d) Optical images of holey gold structure before and after 

applying 20% strain. Reproduced with permission.[31] Copyright 2020, American Chemical Society. e) Left: 

SEM image of the gold nanomesh structure. Right: paper model of the stretched mesh structure. Reproduced 

with permission.[32] Copyright 2014, Springer Nature. f) Finite element method (FEM) images of the kirigami 

electrodes before and after applying 100 % strain. Reproduced with permission.[34] Copyright 2019, American 

Chemical Society.  
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Figure 3. Metallic nanomaterials for wearable devices. a) Gold based nanomaterials. i, TEM image of gold 

nanoparticles (AuNPs). Reproduced with permission.[36] Copyright 2013, Springer Nature. ii, SEM image of 

vertically aligned gold nanowires (AuNWs). Reproduced with permission.[37] Copyright 2018, American 

Chemical Society. iii, SEM image of gold nanotubes (AuNTs). Reproduced with permission.[38] Copyright 

2016 WILEY-VCH. iv, SEM image of gold nanosheets (AuNSs). Reproduced with permission.[39] Copyright 

2013, WILEY-VCH. b) Silver based nanomaterials. Left: TEM image of AgNPs. Reproduced with 

permission.[46] Copyright 2012, Springer Nature. Right: SEM image of AgNWs. Reproduced with 

permission.[47] Copyright 2012, WILEY-VCH. c) Nanocomposite materials. Left: SEM image of the Au-Ag 

core sheath nanowire composite: Reproduced with permission.[48] Copyright 2018, Springer Nature. Right: 

TEM image of the AgNWs and AuNWs nanocomposite: Reproduced with permission.[49] Copyright 2017, 

WILEY-VCH. d) Optical images of liquid metal-based electronics. Reproduced with permission.[52] 

Copyright 2019, WILEY-VCH.  
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Figure 4. Carbon based nanomaterials for wearable devices. a) SEM images of wavy ribbons of carbon 

nanotubes (CNTs). Reproduced with permission.[58] Copyright 2012, WILEY-VCH. b) SEM images of 

buckled and isotropic CNTs. Reproduced with permission.[59] Copyright 2011, Springer Nature. c) SEM image 

of superalighed CNT in side view. Reproduced with permission.[60] Copyright 2010, WILEY-VCH. d) SEM 

image of Ag@COOH- functionalized CNTs. Reproduced with permission.[61] Copyright 2019, WILEY-VCH. 

e) SEM image of CNT-AuNT nanocomposite. Reproduced with permission.[62] Copyright 2017, WILEY-

VCH. f) SEM image of sandwich-like Mxene/CNT layers in side view. Reproduced with permission.[64] 

Copyright 2017, American Chemical Society. g) SEM image of 3D graphene/CNT percolation networks. h) 

Magnified SEM image of part 1 in (j). The inset shows the magnified CNTs on the surface of 3D graphene 

skeleton. i) Magnified SEM image of part 2 in (j). The inset shows the TEM image of CNTs. Reproduced with 

permission.[65] Copyright 2017, WILEY-VCH.  
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Figure 5. Stretchable conductive polymers. a) Schematic diagram representing the morphology of a typical 

a stretchable PEDOT: PSS film incorporated with stretchability and electrical conductivity (STEC) enhancers. 

Photographs showing the minimal changes in LED brightness when the PEDOT: PSS with STEC composed 

device was twisted b) or poked with a sharp object c). Reproduced with permission.[67] Copyright 2017, 

American Association for the Advancement of Science.  



50	
	

 
 

Figure 6. Wearable ionotronic materials. a) Left: the ionic skin composed of a sandwiched dielectric (VHB) 

by two layers of ionic hydrogel. Right: the optical image of the transparent and stretchable ionic skin. 

Reproduced with permission.[74] Copyright 2014, WILEY-VCH b) TEM image of PPy, the conducting 

polymer incorporated in hydrogel, presenting hollow-sphere structure. Reproduced with permission.[80] 

Copyright 2014, Springer Nature. c) SEM image of the freeze-dried Ag-hydrogel composite after partial 

dehydration presenting the possible percolation pathways for Ag flakes. Reproduced with permission.[85] 

Copyright 2021, Springer Nature. d) Left: schematic illustration of a polyanion/polycation junction between 

the ionic dielectric layers (IDL) in ionoelastomers. Right: the chemical structures of the polyanion ES and 

polycation AT. Reproduced with permission.[89] Copyright 2020, American Association for the Advancement 

of Science.  
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Figure 7. Wearable physiological sensors for monitoring pulse. a) Schematic illustration of the pulse 

generation and its waveform shape features. b) Schematic illustration of the strain sensor placed on a subject’s 

wrist. c)	 Photograph showing the wireless monitor of BP waveforms using mobile phone interface. 

Reproduced with permission.[94] Copyright 2017, American Chemical Society. d) Photograph showing the 

flexible pressure sensor attached above the artery of the wrist e) Measurements of pulse waveforms before 

and after exercise. f) Enlarged view of one pulse waveform before or after exercise. Reproduced with 

permission.[41] Copyright 2014, Springer Nature. g) Illustration of measurement locations for a wearable 

ultrasound (US) sensor: carotid artery (CA), external jugular vein (ext. JV) and internal jugular vein (int. JV). 

h) A typical pulse waveform measured from the carotid artery. i) Comparison of central blood pulse measured 

by the US sensor and commercial tonometer. Reproduced with permission.[103] Copyright 2018, Springer 

Nature.  



52	
	

 
 

Figure 8. Wearable electrophysiological (EP) sensors based on kirigami conductor. A transparent 

kirigami electrode (TKE) conformally attached to different location on human body for capturing various EP 

signals. Electroencephalogram (EEG) signals are obtained by configurating three separate TKEs on the 

forehead as refence electrode, shoulder as ground electrode, and the area in between auricle and mastoid as 

work electrode. Surface electromyogram (EMG) are collected from the forearm. Electrooculogram (EOG) are 

collected from the temple near the eye. Electrocardiogram (ECG) are collected from the chest near the heart. 

Reproduced with permission.[34] Copyright 2019, American Chemical Society.  
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Figure 9. Epidermal biopotential monitoring based on conductive polymer. a) Chemical structures of 

PEDOT: PSS, waterborne polyurethane (WPU) and D-sorbitol. b) Schematic representing the process to 

fabricate the PEDOT: PSS blend film used as epidermal biopotential sensors for EEG (rear head), EMG (inner 

side of the forearm) and ECG (forearm) monitoring. c) Conformability and adhesiveness properties of the 

resulting PEDOT: PSS blend film. Reproduced with permission.[109] Copyright 2020, Springer Nature.  
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Figure 10. Serpentine structure based wireless epidermal biopotential monitoring. a) Schematic 

illustration of key modules wireless and battery-free epidermal electronic system (EES) for monitoring EEG 

and photoplethysmogram (PPG). b) Simulation of the deformed copper interconnects during uniaxial stretch 

(16%). c) Photograph showing EES units mounted on a life-sized neonate doll with ECG EES on the chest 

and PPG EES on the foot. d) Representative acquired ECG and PPG signals from a neonate. Reproduced with 

permission.[112] Copyright 2019, American Association for the Advancement of Science.  
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Figure 11. Biomarkers for wearable chemical sensors. Key target analytes in four categories are 

summarized including metabolites, ions, drugs and biomolecules.  
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Figure 12. Wearable chemical sensors for monitoring metabolites. a) A Gold fiber biosensor for sweat 

glucose sensing. Reproduced with permission.[141] Copyright 2019, American Chemical Society. b) An 

epidermal tattoo biosensor for sweat lactate monitoring. Reproduced with permission.[125] Copyright 2013, 

American Chemical Society. c) A salivary uric acid mouthguard biosensor. Reproduced with permission.[142] 

Copyright 2015, Elsevier. d) A laser-engraved wearable biosensor for detection of sweat uric acid and tyrosine. 

Reproduced with permission.[134] Copyright 2020, Springer Nature. e) A graphene-based cortisol biosensor. 

Reproduced with permission.[144] Copyright 2020, Elsevier. f) A vertical AuNWs based biosensor for cellular 

H2O2 monitoring. Reproduced with permission.[145] Copyright 2019, American Chemical Society. g) A 

flexible and biodegradable biosensor for nitric oxide (NO) monitoring in vitro and in vivo. Reproduced with 

permission.[139] Copyright 2020, Springer Nature.  
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Figure 13. Wearable chemical sensors for monitoring ions. a) A wristband based fully integrated system 

for sweat Na+ and Cl− sensing. Reproduced with permission.[155] Copyright 2017, National Academy of 

Sciences. b) A wearable ISE patch for pH, Ca2+ sensing. Reproduced with permission.[156] Copyright 2016, 

American Chemical Society. c) A textile based stretchable ISEs array for Na+ and K+ sensing. Reproduced 

with permission.[157] Copyright 2016, WILEY-VCH. d) A stretchable ion selective ion electrodes (ISEs) patch 

for pH, Na+ and K+ sensing. Reproduced with permission.[158] Copyright 2020, American Chemical Society. 

e) A wearable ISEs chip for multiplexed heavy metal monitoring. Reproduced with permission.[161] Copyright 

2016, American Chemical Society.  
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Figure 14. Wearable chemical sensors for monitoring drugs. a) Epidermal wristband based sweat caffeine 

sensing. Reproduced with permission.[172] Copyright 2016, American Chemical Society. b) Microneedle based 

chemical sensor for levodopa monitoring. Reproduced with permission.[174] Copyright 2019, American 

Chemical Society. c) Monitoring alcohol from tear collected by eyeglasses-based biosensing system. 

Reproduced with permission.[170] Copyright 2019, Elsevier.  
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Figure 15. Wearable chemical sensors for monitoring biomolecules. a) A stretchable electrochemical 

immunosensor for tumor necrosis factor-a (TNF-a) sensing. Reproduced with permission.[187] Copyright 2019, 

Elsevier. b) A graphene-based multiplexed immunosensing platform for COVID-19 diagnosis and monitoring. 

Reproduced with permission.[190] Copyright 2020, Elsevier. c) A skin-friendly wearable sensor for on-skin 

hygienic detection. Reproduced with permission.[110] Copyright 2019, WILEY-VCH d) A graphene-based 

wireless pathogenic bacteria detection on-tooth enamel. Reproduced with permission.[192] Copyright 2012, 

Springer Nature.  
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Figure 16. Multimodal wearable healthcare monitoring. a) A wearable chemical-electrophysiological 

hybrid sensor. Reproduced with permission.[200] Copyright 2016, Springer Nature. b) An epidermal patch for 

physiological-chemical sensing. i, ii, blood pressure (BP) signals were acquired while repeatedly switch on 

and off the electrochemical sensing of the cathodic (i) and anodic (ii) sensors. iii, iv, Amperometric sensing 

was conducted while switching the acoustic pulses on and off every 30s. Reproduced with permission.[201] 

Copyright 2021, Springer Nature.  
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Figure 17. Bioenergy powered wearable sensing. a) Schematic illustration of a typical enzymatic biofuel 

cell (BFC). Left: energy harvesting from glucose as biofuel. Middle: the key working principle of the BFC. 

Right: self-powered sensing of glucose. Reproduced with permission.[206] Copyright 2019, WILEY-VCH. b) 

A lactate BFC powered multiplexed wireless biosensing by low energy Bluetooth (BLE). Reproduced with 

permission.[218] Copyright 2020, American Association for the Advancement of Science. c) A glucose/lactate 

BFC powered wireless sensing by near field communication (NFC). I, image of glucose/lactate sensor. II, 

microfluidic patch with embedded sensors. III, battery-free NFC electronics. IV, a smart phone interface for 

image acquisition. V, simplified schematic diagram presenting energy harvesting and sensing unit, NFC chip 

and the phone interface. VI, images showing the device bent at decreasing radii. Reproduced with 

permission.[119] Copyright 2019, American Association for the Advancement of Science.  
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Figure 18. Mechanical energy powered wearable sensing. a) A flexible triboelectric nanogenerator (TENG) 

powered sweat biochemical sensing. i, scheme of the TENG-powered wearable system. ii, photograph of the 

wearable system worn on a human side torso. iii, system-level block diagram presenting key components. 

Reproduced with permission.[213] Copyright 2020, American Association for the Advancement of Science. b) 

A tattoo-like triboelectric self-powered soft wearable sensor. i, photographs of v-AuNWs/PDMS-based 

triboelectric tattoo on human skin under different deformations. ii, photo illustrating wireless monitoring via 

a smartphone. iii, the triboelectric tattoo functions as a human-machine interface for wireless vehicle controller. 

Reproduced with permission.[220] Copyright 2020, Elsevier. c) A kirigami stretchable piezoelectric sensor. i, 

ii, photographs showing the kirigami sensor mounted on a human knee before and after stretching. iii, motion 

tracking by the kirigami piezoelectric sensor. iv, photo showing the sensor conformally mounted on a curved 

balloon surface. v, photo demonstrating capacity of wireless monitoring with NFC functionality. Reproduced 

with permission.[214] Copyright 2019, WILEY-VCH.  
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Figure 19. Solar energy powered wearable sensing a) key components of the solar energy powered 

smartwatch for sweat glucose sensing. b) smartwatch displays the monitored levels of sweat glucose. 

Reproduced with permission.[217] Copyright 2019, American Chemical Society.  
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Figure 20. Hybrid energy powered wearable sensors. a) Photo images illustrating the arrangement of 

individual modules including triboelectric generators (TEG), biofuel cell (BFC), supercapacitors (SCs) and 

potentiometric sensor. b) Graphic illustration of the synergistic energy harvesting by TEG and BFC. 

Reproduced with permission.[224] Copyright 2021, Springer Nature.  
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Figure 21. Closed-loop sensing and therapy systems. a) I, schematic illustration of the diabetes patch 

containing three main components: sweat control, sensing (glucose, pH, humidity and tremor), and therapy 

(heater, temperature sensor and microneedles with drugs). II, the mechanism of drug released from the 

microneedles when temperature is higher than the transition temperature (Tc). III, drug release profiles at 

different temperatures. Reproduced with permission.[197] Copyright 2016, Springer Nature. b) A seizure 

triggered soft implantable drug delivery device integrated wirelessly with wearable EEG sensor. Reproduced 

with permission.[233] Copyright 2021, American Association for the Advancement of Science. 


