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Strategies for body-conformable electronics
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Progress and potential

Unobstructive, long-term, and

high-fidelity human body sensing

and stimulation must overcome

the challenges of manifold

mismatches between bio-tissues

and man-made materials. The

emergence of body-conformable

electronics is a promising solution

to these inherent obstacles. In the

last two decades, various

strategies have been developed

to promote bio-electronics

conformability by (1) improving

device thinness and compliance,

(2) enhancing bio-electronics

interfacial adhesion, and (3)

refining the bio-integration

process. A successful body-
SUMMARY

Advances in flexible and stretchable electronics have enabled an un-
precedented level of coupling between electronics and bio-tissues
by overcoming obstacles associated with the bio-tissues’ curvilin-
earity, softness, deformability, and wetness. This review begins by
detailing the outstanding challenges in achieving body-conformable
electronics stemming from the disparate properties of bio-tissues
and man-made materials and the complexity of their interfaces.
Given tissue properties, an existing mechanics model has revealed
how device softness and interfacial adhesion govern the bio-elec-
tronics conformability. Therefore, we first summarize methods for
improving the mechanical compliance of electronics through both
material engineering and structural design. Then, we discuss strate-
gies to enhance bio-electronics adhesion in both dry and wet envi-
ronments. We point out that innovative bio-electronics integration
procedures also have a significant impact on bio-electronics con-
formability. We conclude by providing an outlook into future oppor-
tunities and proposing a holistic approach to strategizing body-
conformable electronics.
conformable electronic device

can only be created through

comprehensive consideration of

all three aspects. This review

summarizes recent advancements

in these three directions and

proposes a holistic strategy. We

envision that future research

efforts in body-conformable

electronics will focus on new

functionalities, enhanced

performance, and

personalization. The rapid

progress in body-conformable

electronics shall meet the ever-

growing demands in

telemedicine, mobile health,

points of care, and human-

machine interfaces.
INTRODUCTION

In the past decade, an explosion in bio-integrated electronics has advanced fields

such as wearable and implantable electronics, point-of-care devices, and human-

machine interfaces (HMIs).1 Compared with conventional rigid and planar elec-

tronics, flexible and stretchable electronics possess unique advantages for bio-inte-

gration, including mechanical robustness of the devices, conformable contact or 3D

coupling with bio-tissues, reduced mechanical disturbance to the bio-system, and

long-term bio-compatibility. In this review, we solely focus on body-conformable

electronics, a subset of bio-integrated electronics aimed at integrating planar elec-

tronics with curvilinear bio-surfaces. Figure 1 offers an ensemble of representative

body-conformable electronics, including electrophysiological sensors (e.g., devices

for electroencephalography [EEG], electrocardiography [ECG], electromyography

[EMG], etc.),2–6 mechanical transducers (e.g., for strain, pulse, and motion),7 chem-

ical bio-marker monitors (e.g., contact lens for glucose sensing, multimodal sweat-

sensing wristband, etc.),8,9 power units (e.g., energy harvesters, charging coils),10,11

neural stimulators (e.g., e-dura, m-LED for optogenetics),12,13 and prostheses (e.g.,

artificial retina, skin protheses).14,15 Regardless of the application, an intimate, reli-

able, and unobstructive bio-electronics interface is crucial for device performance

and medical outcomes. For example, both experiments and theoretical models

have confirmed that higher conformability leads to lower contact impedance and,

ultimately, higher signal-to-noise ratios (SNRs) in electrophysiology.16,17 Moreover,

poor contact allows for relative motion at the bio-electronics interface, generating

random impedance changes and even triboelectric charges under deformation.18

Such motion artifacts could result in useless data or, even worse, misinterpretations
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Figure 1. An ensemble of representative body-conformable electronics

Representative body-conformable electronics, including mLED conformed to the brain for

optogenetics;13 epidermal electronics for EEG;5 curved image sensor array as artificial retina;14

wireless graphene nanosensors integrated on the teeth for bacteria detection;23 wireless e-tattoo

for ECG;24 large-area, multichannel epidermal EMG electrodes;4 multifunctional e-glove;7

epidermal hydration monitor;25 sweat-sensing wristband;9 3D multifunctional integumentary

cardiac membranes;26 wearable energy harvester mounted on the elbow;11 imperceptible GET

EOG electrodes;27 smart contact lens for non-invasive glucose sensing;8 ear EEG electrodes;2 e-

dura over the spinal cord;12 smart stent for angioplasty;28 twining electrode for peripheral nerve

sensing and stimulation;29 and multilayered electronic-transfer tattoo.30
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and is a long-standing obstacle in wearable and implantable sensors.19 In addition to

electrophysiology, conformability is also necessary for effective light, heat, or mass

(e.g., sweat uptake or drug delivery) transfer across the bio-electronics interfaces,

which are crucial for both bio-sensing and bio-stimulation. Therefore, the conform-

ability of bio-electronics is a vital topic that requires broad attention and careful

investigation. This topic has been touched upon in several recent reviews related

to bio-integrated electronics.20–22 However, as themajority of these reviews focused

on the materials and functionalities of the electronics, there still lacks a systematic

and dedicated discussion on how to achieve body conformability.

Achieving body conformability is a challenging task given the disparate mechanical

properties of the human body (i.e., curvilinear, soft, deformable, and wet) and con-

ventional electronics (i.e., planar, rigid, brittle, and dry). To provide a comprehensive

overview and comparison between the two, Figure 2 offers a quantitative summary

of the characteristic sizes (Figure 2A), Young’s moduli (Figure 2B), strain ranges (Fig-

ure 2C), and adhesions (Figure 2D) that are pertinent to the discussions of body-

conformable electronics.

Figure 2A plots the sizes and root-mean-square (RMS) surface roughnesses of

various human organs, which are related to global and local curvatures, respectively.

These curvatures dictate howmuch soft electronics need to bend and even stretch to
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Figure 2. A quantitative summary of characteristic properties of bio-tissues, man-made electronic

materials, and their interface adhesions

(A) Characteristic sizes and roughnesses of various human organs and tissues (dia refers to

diameter).

(B) Young’s moduli of representative man-made materials (top) and tissues (bottom).

(C) Strain ranges of different parts of the human body.

(D) Reported interfacial toughness (i) and normal adhesive strength (ii) between representative

substrate materials and human tissues. PDA, polydopamine; EBA, electrical bio-adhesive; TA, slug-

inspired tough adhesive.
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fully wrap around or conform to the bio-tissues. Sizes of human organs range

broadly. For example, the diameters of the aorta, eyeball, and heart are 1–5,31 2–

3,32 and 5–14 cm,33 respectively. In addition to a wide range of organ sizes, bio-tis-

sues also have diverse surface textures. For instance, the surface of the aorta is

smooth, with an RMS roughness of only 0.2–1 mm,34 while the RMS roughness of

skin varies significantly from 10–50 mm.35 Photos of various bio-integrated elec-

tronics in Figure 3 provide concrete examples of the various sizes of the bio-surfaces

and how electronics are integrated on them. Figure 3A displays a flexible wristband

for non-invasive and continuous sweat bio-marker sensing, which can bend around a

wrist with a diameter of 6 cm.9 Figure 3B is a micro-graph of 2.7-mm-thick serpentine-

shaped gold-on-polyimide electrodes conforming well to the microscopic ridges of

a human skin replica.36 Intuitively, the geometric features of the target bio-tissue are

a key variable to consider when designing body-conformable electronics.
1106 Matter 5, 1104–1136, April 6, 2022



Figure 3. Experimental photos of various body-conformable electronics as example demonstrations of Figure 2

(A) A smart wristband capable of non-invasive, continuous, and wireless sweat sensing of five different bio-markers.9

(B) Epidermal electrodes with fractal serpentine design well conformed to a human skin replica.36

(C) A flexible wireless graphene sensor on a tooth for bacteria detection.23

(D) An e-dura attached to the spinal cord for nerve stimulation.12

(E) A stretchable transistor array made out of intrinsically soft and stretchable dielectrics, semiconductors, conductors, and substrates.37

(F) A multifunctional integumentary electronic device with island-plus-serpentine design for epicardial monitoring.38

(G) Gas-permeable, stretchable, ultrathin, and skin-conformable electrodes made out of gold nanomeshes.39

(H) An elastomer substrate with nanosucker array (inset) for enhanced adhesion on a porcine heart.40
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Figure 2B lower axis exhibits the wide range of Young’s moduli of different human

tissues (100 Pa of cerebral tissue to 10 GPa of bones), a topic already widely covered

in other reviews.21,41–43 Since popular inorganic and even organic electronic mate-

rials (upper axis) are much stiffer than most bio-tissues, typical electronics are

ill-suited for interfacing with the body. For example, gold, silicon, poly(3,4-ethylene-

dioxythiophene) polystyrene sulfonate (PEDOT:PSS), and poly(3-hexylthiophene-

2,5-diyl) (P3HT) have moduli of 79, 140, 1–2.7,44 and 1.3 GPa,45 respectively.

Conversely, bio-tissues like the spinal cord and skin are much softer, with moduli

of 3–5 kPa46 and 5 kPa–140MPa,47 respectively. Such a significant stiffness mismatch

may impose either a large constraint to the natural motion of the bio-tissues (e.g., an

integumentary sensor over the heart restricting cardiac relaxation during diastole) or

a large distortion in the bio-tissues (e.g., a silicon-based artificial retina flattening the

actual retina). Even worse, the stiffness of the electronics can cause tissue damage,

such as heart-rate-monitoring chest straps chafing the skin or silicon-shank-based

brain probes causing neuron damage.48 Generally speaking, it is advantageous to

minimize the stiffness mismatch. For instance, since teeth are very stiff, a gra-

phene-based, non-stretchable sensor is acceptable (Figure 3C);23 conversely, an

e-dura wrapping around extremely soft spinal tissue requires a much softer elasto-

meric substrate (Figure 3D).12,49 Therefore, bio-tissue stiffness is another essential

factor to be accounted for when engineering body-conformable electronics.

In addition to characteristic size and softness, the continuous deformation of bio-tis-

sues is a prominent issue for bio-electronics, as summarized in Figure 2C. For

example, joint movements can deform the skin by more than 60%,50,51 heartbeats
Matter 5, 1104–1136, April 6, 2022 1107
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can lead to cardiomyocyte deformation by 20%,52 and even the brain deforms by 6%

under mild angular head impact.53 However, inorganic materials used in conven-

tional electronics (e.g., copper, silicon, etc.) have a yield or rupture strain smaller

than 1%. As body-conformable electronics must not fail mechanically (either inter-

nally or interfacially) by the deformation of the underlying tissue nor pose a mechan-

ical constraint to the natural motion of the tissue, substantial research has been con-

ducted to develop stretchable and compliant conductive and semiconducting

materials, such as liquid metal, conductive hydrogel, and conductive/semiconduct-

ing polymers.37,54–57 For example, Figure 3E illustrates a stretchable transistor array

composed of intrinsically soft materials, including polymeric dielectrics, semicon-

ductors, conductors, and the substrate.37 Another approach is to engineer the ge-

ometry of intrinsically stiff materials into more compliant structures through

patterning and/or buckling, such as serpentine and kirigami patterns and buckled

structures.57,58 Figure 3F displays a soft integumentary epicardial monitor employ-

ing the island-plus-serpentine design to incorporate stiff m-LEDs and electrode

pads, which can survive the strain induced from heartbeats while applying an imper-

ceptible constraint to cardiac motion.38 Clearly, the mechanical deformation of bio-

tissues is one more important consideration for body-conformable electronics.

Conformability to bio-tissues also depends on the bio-electronics’ interfacial adhe-

sions, which are usually quantified through interfacial toughness (J/m2) or adhesive

strengths (kPa), as summarized in Figures 2Di and 2Dii, respectively. The interfacial

toughness indicates the amount of energy required to cause detachment. The

normal or shear adhesive strength denotes the required maximum tensile or shear

stress to separate the two contacting surfaces. Without additional adhesives, adhe-

sion based solely on van der Waals or capillary (0.144 J/m2) interactions between

man-made materials and bio-tissues is very weak. For example, silicone elastomers

such as polydimethylsiloxane (PDMS) are widely used as the substrate and encapsu-

lation material for body-conformable electronics due to their bio-compatibility and

-stability; however, the adhesive strength between PDMS and skin is only 3–9 kPa,59

which is 20 times smaller than that of Scotch tape (180 kPa). Despite such weak adhe-

sion, conformability can still be achieved if the device is ultrathin, such as 500-nm-

thick graphene electronic tattoos (GETs) resting on human skin17,27 and the 100-

nm-thick gold nanomesh conforming to fingerprint textures shown in Figure 3G.39

To enable thick films to conform to bio-tissues, adhesives for both dry and wet sur-

faces have been engineered. Dry adhesives (or, more rigorously, physically

enhanced adhesives) include gecko-inspired micro-pillar arrays60 and cratered sur-

faces, which can achieve enhanced adhesive strengths up to 115 kPa compared

with unstructured surfaces. Figure 3H illustrates that a PDMS surface patterned

with a nanosucker array can generate sufficient adhesive forces to strongly adhere

to a porcine heart.40 Chemically engineered bio-adhesives such as acrylic and hydro-

gel adhesives61,62 can achieve much higher interfacial toughnesses of up to 1000 J/

m2.61 Detailed examples of both types of adhesives are offered and discussed later

in this review. These revolutionary advances in bio-compatible adhesives have made

a significant impact on body-conformable electronics.

Finally, the process of applying electronics to bio-surfaces is a complex topic, espe-

cially because soft electronics are more difficult to handle and manipulate as they

become so floppy. Other complications, such as large area coverage and tissue

breathability, also necessitate the development of novel bio-integration methods.

Based on the above-listed motivations, we summarize strategies to achieve body-

conformable electronics in this review from the following three aspects. First, we
1108 Matter 5, 1104–1136, April 6, 2022
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outline state-of-the-art material engineering and structure designs to make elec-

tronics compatible with the softness and deformability of bio-tissues. Second, we re-

view recent progress in bio-electronic interface adhesives under both dry and wet

conditions. Third, a variety of emerging bio-integration methods are summarized.

Toward the end, we discuss the remaining challenges and promising solutions in

body-conformable electronics. Finally, we offer a holistic perspective for engineer-

ing body-conformable electronics.
CONFORMABILITY MODEL AND EXAMPLES

Experiments have shown that conformal contact between the tissue surfaces and the

electronic devices can be affected by various mechanical properties, including tissue

and device stiffness, tissue surface curvature and roughness, device thickness, inter-

facial adhesive strength, and deformation.16,17,39,63 Therefore, it is vital to have me-

chanics models that consider those variables and offer quantitative guidelines for

properly optimizing those parameters. Several theoretical models have been devel-

oped for this purpose.64–66 The basic ideas are introduced here.

Flexible but inextensible electronics are only able to conform to surfaces with zero

Gaussian curvatures, such as cylindrical surfaces and other two-dimensional (2D)

wavy surfaces with zero curvature in the third dimension. In general, brittle compo-

nents are placed on the neutral axis in these types of flexible electronics. For a multi-

layer system where an enormous mismatch of modulus exists between layers, the

conventional Euler-Bernoulli beam theory breaks down. Instead, a split of the neutral

axis occurs, which means multiple neutral axes can co-exist inside a multilayer sys-

tem.67 The location of the neutral axes may shift depending on the bending curva-

ture, so practical implementation is not as straightforward as what can be modeled

with Euler-Bernoulli beams.68 It is possible to conform inextensible electronics to

3D-curvilinear surfaces if cuts in the 2D electronic sheet are permitted.14 Computa-

tional methods to design such cuts are still being explored and will be discussed

further in the outlook section.

The large tensile stiffness of flexible but inextensible electronics makes them unde-

sirable for soft-tissue integration due to the dynamicmotion of those organs, as sum-

marized in Figure 2C. Therefore, compared with solely flexible electronics, stretch-

able electronics are muchmore widely used in body-conformable devices. Figure 4A

displays a highly simplified 2D schematic of a linearly elastic thin membrane con-

forming to a soft substrate with wavy surface, which is used to model a stretchable

thin-film device trying to conform to a rough tissue surface.64 The substrate with in-

finite thickness has a plane strain Young’s modulus of Es and an undeformed sinu-

soidal surface with a wavelength of l and an amplitude of h0, representing the

modulus of the tissue (representative values displayed in the lower axis in Figure 2B)

and the characteristic length scale of tissue surface (Figure 2A), respectively. The thin

membrane has a plane strain Young’s modulus of Em and a thickness of t, represent-

ing the modulus of device (upper axis in Figure 2B) and the thickness of device,

respectively. The membrane is flat before conforming to the substrate. The mem-

brane-substrate interfacial work of adhesion g (Figure 2D) is the only driving force

for membrane-substrate conformation, which deforms both the membrane and

the substrate. xc represents the conformed region, and its normalized form is bxc =

xc=ðl =2Þ. Three possible deformed configurations are considered: fully conformed

(bxc = 1), partially conformed (0<bxc<1), and non-conformed (bxc = 0). Because energy

minimization is a well-established method to determine the equilibrium configura-

tion, we first establish the total potential energy of the system to be
Matter 5, 1104–1136, April 6, 2022 1109



Figure 4. Conformability model and examples

(A) Schematic of a 2D conformability model and controlling parameters.64

(B) Theoretically predicted normalized contact zone size, i.e., conformability, as a function of film thickness for (i) an Ecoflex film on the skin and (ii) a

polyimide film on the brain.64

(C) Experiments of an Ecoflex film with various thicknesses on a skin replica.16

(D) Experimental photo of a GET on the skin.69

(E) Experiments of a polyimide film of two different thicknesses on a feline brain.63

(F) Schematic of a nanosucker enabled adhesive (left panel). It stays well attached on a porcine liver underwater (yellow label), whereas an unpatterned

substrate demonstrates immediate detachment from the liver (white label) (right panel).70
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P = Ubending +Ustretching +Uadhesion +Usubstrate; (Equation 1)

where Ubending and Ustretching represent the bending and stretching energy in the

membrane, respectively, and can be expressed in terms of the bending stiffness,

membrane stiffness, and strain in the membrane. Usubstrate represents the strain en-

ergy in the substrate, which is equivalent to work done to the substrate, i.e., the

product of traction and displacement on the substrate surface. Uadhesion represents

the interfacial adhesion energy and can be obtained as the product of interfacial

work of adhesion g and the contact area.
1110 Matter 5, 1104–1136, April 6, 2022
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After normalization, it is revealed that four dimensionless parameters, a = Em= Es,

b = 2ph0/l, h = t/l, and m = g=ðEmlÞ, control the energies and, ultimately, the con-

formability.64 These parameters represent the membrane-to-substrate modulus ra-

tio, the normalized roughness of the substrate, the normalized membrane thickness,

and the normalized interfacial adhesion, respectively. By minimizing the total poten-

tial energy numerically, the normalized contact zone size bxc can be solved, as plotted

in Figure 4B, where the membrane thickness is the only variable and the other con-

trolling parameters are assumed constants, as labeled in the two plots. One signif-

icant conclusion is that the effect of each parameter is monotonic: the membrane

tends to better conform to the rough substrate as the membrane modulus de-

creases, the substrate roughness reduces, the membrane thickness diminishes, or

the interfacial work of adhesion increases. Furthermore, an abrupt transition from

fully conformed to merely conformed (bxc = 23%) states can be observed for all

four dimensionless controlling parameters due to snap-through mechanical

instability.64

Four experiments of body-conformable electronics in the literature can be used to

validate this theory. The best example is an Ecoflex membrane attached to a skin

replica where only the van der Waals interaction is involved (Figure 4C).16 From

the figure, it is obvious that the 5-mm-thick Ecoflex membrane can fully conform to

the skin, but 36- and 100-mm-thick ones cannot. This experimental observation is

consistent with the theoretical results plotted in Figure 4Bi—the critical thickness

of Ecoflex to fully conform to the skin is 7.5 mm.64 This prediction is obtained by

assuming the membrane is Ecoflex, whose plane strain Young’s modulus is compa-

rable to that of the skin (92 kPa). The stiffer the membrane, the smaller the critical

thickness must be to achieve full conformability. When we consider a much stiffer

membrane such as the GET, essentially a graphene on polymethyl methacrylate

(PMMA) bilayer whosemodulus is dominated by that of the PMMA (3.3 GPa), the the-

ory predicts the critical thickness to be only 510 nm. Figure 4D experimentally dem-

onstrates that a GET with a total thickness of 463 G 30 nm is able to fully conform to

the skin.17,69 The third example is a polyimide-supported gold flexible electrode

array conforming to the surface of a brain (Figure 4E),63 which is wet, and, hence,

the interface work of adhesion (0.144 J/m2) is simply twice the surface tension of wa-

ter. The experiment shows that the 76-mm-thick sample stays flat on the brain,

whereas the 2.5-mm-thick sample can achieve full conformability. Figure 4Bii pre-

dicts 5 mm to be the theoretical critical thickness,64 which again agrees with the

experimental observation. In another example of conformability to a wet surface,

as shown in Figure 4F,70 an unpatterned PDMS sheet and a PDMS sheet with surface

suction cups were attached to a porcine liver, but only the latter was able to stay

adhered to the liver surface underwater due to the suction-cup-enhanced adhesion.

The last example illustrates that enhancing interfacial adhesion is effective in

improving conformability.

In summary, based on experimentally validated theoretical models, the conformabil-

ity of bio-integrated electronics can be improved by (1) reducing device thickness,

(2) reducing device effective stiffness, and (3) enhancing the adhesion between

the electronics and the target tissue surface. In the following sections, we discuss

various strategies based on these guidelines.
MATERIAL AND STRUCTURAL STRATEGIES

While reducing device thickness is straightforward (e.g., thinning down silicon die or

polyimide substrate, using atomically thin 2D materials),5 reducing the stiffness of
Matter 5, 1104–1136, April 6, 2022 1111
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electronics is much more complicated. This section will focus on thin-film materials

and structural designs that help reduce device effective stiffness. Here, the effective

stiffness only refers to the in-plane tensile stiffness or effective modulus because the

bending stiffness just scales with the product of modulus and thickness cubed. From

the material perspective, intrinsically low-modulus materials such as nanocompo-

sites, rubbery electronics, hydrogels, and liquid metal are being widely explored

for stretchable electronics. From the structural perspective, meandering serpentine

ribbons, mesh designs and kirigami designs offer possible geometric remedy for

intrinsically stiff materials.

Material compliance

Metals and silicon are well-established electronic materials, but they are intrinsically

stiff. To find their functional substitutes for body-conformable electronics, enor-

mous effort has gone into synthesizing intrinsically soft conductors and semicon-

ductors. In the past decades, various soft conductive and semiconducting materials

have been developed and applied in body-conformable electronics, including

organic materials (e.g., PEDOT:PSS, P3HT, etc.),37,54,55,71–73 liquid-phase materials

(e.g., liquid metals, liquid ions, etc.),30,74–76 hydrogels,77,78 nanocomposites,79–84

etc. In this section, we highlight some skin-conformable devices utilizing these

materials.

Organic conductor and semiconductors can possess innate ruggedness and

bio-compatibility and hence have been researched broadly for flexible elec-

tronics.37,54,55,71–73 For decades, their stretchability and compliance remained far

from that of soft bio-tissues. However, major breakthroughs have been reported

in recent years.37 With regards to skin-conformable electronics, Zhang et al.

developed stretchable and self-adhesive wearable electrodes with high conductiv-

ity (up to 545 S/cm) and low modulus (as low as 5 MPa) through solution processing

of bio-compatible blends of PEDOT:PSS, waterborne polyurethane (WPU), and

D-sorbitol.71 Such PEDOT:PSS-based fully organic films have demonstrated

a strong adhesion to the skin in both dry and wet conditions, as illustrated in

Figures 5Ai–5Aiii.71 P3HT is another organic material that has been studied by

many researchers. For example, Guan et al. built fully stretchable rubbery transis-

tors based on P3HT nanofilm, which was demonstrated in an elastic smart

skin for pressure sensing, as shown in Figures 5Aiv–5Avi.54 This rubbery semicon-

ductor can maintain high electron mobility under large deformation even when

stretched by 50% and can also be manufactured on a large scale.54 Although the

electronic performance is not yet on par with inorganic electronics, organic elec-

tronics has gone a long way and will continue to improve for body-conformable

electronics.

Liquid phase materials including liquid metals and ionic liquid can be considered

as infinitely soft and stretchable with intrinsic self-healing capabilities.74 They have

been utilized in soft electronics for various applications, including force sensors,

gas sensors, thermoelectric sensors, batteries, and stretchable antennas.74–76,86

As an example of a liquid-metal-based sensor, Figure 5B shows a skin-conformal

and stretchable strain sensor, so-called the ‘‘multilayered electronic transfer tattoo

(METT)’’.30 The METT has an ultra-high stretchability up to 800% of strain and em-

ploys a simple layer-by-layer fabrication strategy. Figure 5Bi presents a scanning

electron microscope (SEM) image of a three-layered METT. The metal-polymer

conductor (MPC), composed of a gallium indium alloy and polyvinyl pyrrolidone

(PVP) solution, is stacked on a poly(styrene-butadiene-styrene) (SBS) substrate. Fig-

ure 5Bii illustrates the METT sensors transferred onto a hand.30 Figure 5C shows a
1112 Matter 5, 1104–1136, April 6, 2022



Figure 5. Intrinsically soft electronic materials

(A) Chemical structure of PEDOT:PSS and dry electrodes based on its native adhesion (i) to hairy (ii) and wet (iii) skin;71 chemical structure of P3HT (iv) 85

and deformability of P3HT-based rubbery smart skin (v) and application on the forearm to monitor touch pressure (vi).54

(B) An SEM image of liquid-metal-based multilayered electronic transfer tattoo (i), and its on-skin application (ii).30

(C) Strain sensor based on ionic liquid of EG-NaCl with a stretchable wavy channel attached on the wrist.76

(D) The structure (i) and an SEM image (ii) of self-healable and -adhesive PVA-FSWCNT-PDA hydrogel, and its demonstration as a strain sensor (iii).77

(E) An SEM image of AgNP-Ga-In-based ink (i), and it is inkjet-printed on human finger as stretchable thin-film electrodes (ii).80

(F) Highly strain-sensitive and stretchable PU/AgNW fiber (i), and its application as a strain sensor on wrist (ii).81

(G) An SEM image of water-resistant and skin-adhesive reduced graphene oxide (rGO) fabric with octopus-like patterns (i), and its demonstration as a

wearable electronics to monitor radial pulse (ii).82

(H) An SEM image of laser induced graphene (i), and its application as an intelligent artificial throat capable of voice sensing (ii).83
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highly stretchable hysteresis-free strain sensor based on an ionic liquid mixture for

precise joint-bending monitoring (Figure 5C, top image).76 Ethylene glycol (EG)

and NaCl were encapsulated inside a wavy, hyperelastic channel to improve the hys-

teresis performance of the strain sensor, as illustrated in the bottom image of Fig-

ure 5C. Despite many obvious advantages, liquid phase materials still have some

challenges to overcome, such as encapsulation, electrical contact, toxicity, cost, res-

olution limit, and, specifically for liquid metal, surface embrittlement.74,87
Matter 5, 1104–1136, April 6, 2022 1113
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Conductive hydrogels are composed of conductive fillers, ionic pendant groups, or

salts inside crosslinked hydrophilic polymer networks. They are one of the most

promising candidates for bio-integrated electronics due to their superior biocom-

patibility and easy-to-tune bio-adhesion. Figure 5D shows an example of a conduc-

tive hydrogel-based wearable sensor.77 The mussel-inspired self-adhesive and

conductive hybrid hydrogels were fabricated by dynamic supramolecular crosslink-

ing among functionalized single-walled carbon nanotube (FSWCNT), polyvinyl

alcohol (PVA), and polydopamine (PDA), as shown in Figure 5Di. Figure 5Dii shows

an actual SEM image of the hydrogel. Furthermore, this hydrogel is self-healable by

a dynamic complexing interaction between the hydroxyl group of PVA and tetra-

functional borate ions. Figure 5Diii demonstrates the application of the hydrogel

as a wearable strain sensor on the wrist with self-adhesion. However, hydrogels

have their own limitations, including poor environmental stability (e.g., dehydration)

and limited electrochemical impedance stability.78,88

Another big category of intrinsically soft functional materials are composites

composed of passive polymers that are doped or coated with functional micro-

or nanofillers.79,89 Depending on morphology, there are four main categories of

nanomaterial fillers: 0D (e.g., nanoparticles), 1D (e.g., metal nanowires, CNTs),

2D (e.g., graphene, transition metal dichalcogenide [TMD], Mxenes), and 3D

(e.g., laser-induced graphene [LIG]) materials.79 Depending on the desired func-

tionality, conductive, piezoelectric, and magnetic composites have been widely re-

ported.90,91 These functional nanocomposites typically can achieve high stretch-

ability, chemical stability, low cost, facile solution process, and tunability of

mechanical/electrical properties. However, existing challenges include relatively

low performance and reproducibility. Figures 5E–5H display representative soft

conductive composites based on 0D, 1D, 2D, and 3D nanomaterials, respec-

tively.80–83 Figure 5E shows inkjet-printed silver nanoparticles (AgNPs, 0D nanoma-

terial) interacting with eutectic indium gallium alloy (EGaIn) on a soft PDMS sub-

strate, which improves the conductivity and stretchability significantly.80

Figure 5Fi displays a strain sensor composed of PU fiber embedded with silver

nanowires (AgNWs) possessing high conductivity (3.1 S/cm), elongation at break

(265%), and sensitivity.81 Figure 5Fii demonstrates the AgNW-based PU fiber as

a strain sensor on the wrist. Figure 5G shows an example of a graphene-coated

fabric (GCF) sensor.82 The sensor employs octopus-like patterns on the side of

the GCF that touches the skin to achieve stronger adhesion (Figure 5Gi). Fig-

ure 5Gii demonstrates radial pulse-wave measurement by the GCF attached to

the wrist. Figure 5H is an example of a LIG-based wearable sensor.83 The LIG

was fabricated by scribing a polyimide film with a 450-nm laser. The 3D porous

structure of the LIG is shown in Figure 5Hi. The LIG-based wearable sensor was

demonstrated as an intelligent artificial throat, as shown in Figure 5Hii.83 More-

over, a combination of 0D, 1D, 2D, and 3D dopants can yield so-called ‘‘hybrid ma-

terials,’’ which is another avenue to improve the conductivity, stretchability, and

sensitivity of wearable sensors.84,92

As a quick summary, Table 1 lists the Young’s modulus, stretchability, and electrical

conductivity of some of the representative conductors mentioned in this section.

While organic conductors, hydrogels, and nanocomposites can be orders of magni-

tude softer and more stretchable, their electrical conductivity are still inferior to that

of metals, and many nanomaterials are still costly. In short, current soft functional

materials can only achieve compliance and stretchability at the expense of perfor-

mance or cost. Therefore, an alternative strategy, structural engineering, has been

explored as a complementary approach.
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Table 1. Material property ranges pertinent to body-conformable electronics

Materials Modulus range Stretchability Conductivity

Metal thin film 10–102 GPa �1% 107–108 S m�1

Carbon materials91,93 102–103 GPa <1% 106–107 S m�1 (CNT)

Organic conductors94,95 �GPa <6% �102 S m�1

Metal-based nanocomposites96 kPa–MPa 10%–103% 104–106 S m�1

Hydrogel-based nanocomposites78 �kPa 10%–103% 10�2–102 S m�1

Organic-material-based nanocomposites73 kPa–MPa 10%–102% 105–106 S m�1

Carbon-based nanocomposites78,91,96 kPa–MPa 10%–102% 10–105 S m�1

Liquid-metals-based composites97 10�1–102 MPa 10%–103% �106 S m�1
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Structural softness

Patterning intrinsically stiff materials into specific geometries or shaping them into

specific structures may significantly reduce their effective stiffness.21,58 The earliest

approach was to fabricate periodically buckled ribbons or membranes by harnessing

mechanical instability.98–100 Later, deterministically formed 3D pop-up structures

enabled 3D integration between soft electronics and tissue scaffolds.101 With

encapsulation, these structures can achieve biocompatibility regardless of material

composition. However, a big limitation of out-of-plane buckled structures is that

they may cause mechanical irritation in long-term applications if the device is not

structurally well designed.102 As a result, buckled, pop-up, or kirigami designs are

not widely used in body-conformable electronics. Instead, serpentine, fractal, and

mesh designs are the preferred structures due to their negligible out-of-plane defor-

mation and low bending stiffness.

The serpentine design, i.e., 2D meandering ribbon design, for stretchable elec-

tronics was first proposed in 2004.103 In 2005, Li et al. pointed out that the elonga-

tion of a serpentine ribbon can be accommodated by in-plane rigid body rotation as

well as minor out-of-plane buckling (Figure 6A).104 The introduction of serpentine

ribbons opened up a new paradigm for stretchable electronics. A plethora of me-

chanics models have been built to predict the stretchability and effective stiffness

of serpentine ribbons based on their geometric parameters (e.g., width-to-radius ra-

tio, length-to-radius ratio, and crest angle).105–107 At first, serpentine ribbons were

just used as interconnects linking rigid functional ‘‘islands.’’ Examples include

stretchable batteries,108 integumentary cardiac monitoring devices,38 and hydration

sensor arrays (Figure 6B).25 A major limitation of the serpentine-plus-island design is

that the rigid islands still locally limit the conformability and the stretchability.109

One remedy is to also pattern the functional materials into a filamentary serpentine

network to eliminate the islands, a strategy used in epidermal electronics (Fig-

ure 6C),5 stretchable piezoelectric sensors,3,110 epicardial electrodes,111 graphene

e-tattoos,17 and even glass-based stretchable photonics (Figure 6D).112 However,

serpentine designs suffer from limitations such as small areal coverage and diffi-

culties associated with miniature devices14 or a large number of channels.105

Fractal4,26,36 and hierarchical designs108,116 involve more advanced serpentine pat-

terns that offer higher stretchability and areal coverage than simple serpentines. Fig-

ure 6E shows a hierarchical serpentine consisting of one large, primary serpentine

constructed from many smaller, secondary serpentines.108 Its stretchability can

reach 350% due to the multistage unraveling of the primary and secondary serpen-

tines, as shown in the figure. Moreover, compared with basic serpentines, fractal ser-

pentines can significantly increase areal coverage, which is useful for minimizing the

contact impedance between metallic electrodes and bio-tissues, as shown in Fig-

ure 6F.2,4,26 However, fractal and hierarchical serpentines often have compromised
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Figure 6. Examples of soft structures

(A) A paper-cut serpentine ribbon (i), and the ribbon buckled out-of-plane upon stretching (ii).104

(B) A stretchable hydration sensor array on skin with serpentine-plus-island design.25

(C) A multifunctional epidermal electronic platform with both filamentary serpentine and serpentine-plus-island design.5

(D) Micrographs of a glass-based stretchable photonic resonator in undeformed state (top panels) and at 36% nominal tensile strain (bottom panels).112

(E) Multistage unraveling of a hierarchical serpentine with fractal design under uniaxial stretching.108

(F) Fractal electrodes and temperature sensors for epicardial electrotherapy.26

(G) A serpentine mesh conformed to a fingertip.113

(H) Geometric parameters of a kirigami design (left) and stretchable kirigami electrodes laminated on a mouse brain for visual stimulation (right).114

(I) A fiber-based generator woven into a lab coat to power a wireless temperature-monitoring wristband.115
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reversibility after large deformation and hence are more suitable for applications

involving one-time stretching (e.g., fitting on a curved surface and staying in that

shape).108 Correspondingly, it is also challenging to handle fractal structures during

the transfer printing process.

The mesh design involve patterning a sheet of a functional material or a device into a

meshed network, often with serpentine-shaped building blocks (Figure 6G).113 The

effective stiffness of the mesh structure can be orders of magnitude lower than that

of the planar sheet. For example, a filamentary serpentine mesh of polyimide offers

decent stretchability (up to 57%) and a low modulus (<5 MPa) at small strains.113

The mesh design has been used in both skin-conformable and -mimicking electronics

(Figure 6G)113 as well as in epicardial sensors with organic electrochemical transistors
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Table 2. Summary of typical stretchability, advantages, and disadvantages of various soft structures

Structures Typical stretchability Advantages Disadvantages

Serpentine17,105,108 40%–170% planar structure; tunable stretchability; tunable
effective stiffness

limited areal coverage; space taking

Hierachical or fractal
designs108,116

70%–350% enhanced stretchability; enhanced areal
coverage

easy to entangle; hard to fully recover from

Mesh113,117 15%–57% tunable stress-strain relation; low resistance
due to redundancy

relatively low stretchability; risk of fracture
at nodes

Kirigami114,121 140%–200% high area coverage; easy fabrication risk of fracture at cut tips; risk of damaging
tissues

Buckled or pop-up
structure98

10%–50% medium stability; requires prestretch to
fabricate

out-of-plane structure; relatively low
stretchability

Fiber �1% bendable in all directions; easy to incorporate
into fabrics

poor device performance; not stretchable; lack
of fiber-manufacturing facilities
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(OECTs).117 Generally speaking, electrodes with mesh designs are not as stretchable

and compliant as fractal electrodes but have more reversible deformation and lower

resistance. For example, Li et al. demonstrated that a so-called ‘‘watchchain’’ structure

provided 27% lower resistance than an equivalent serpentine due to the redundancy in

conductive pathways.118 Themeshdesign can also be specifically engineered tomatch

the non-linear stress-strain behavior of human skin (Figure 6G).113

The kirigami design is an emerging structure used in body-conformable electronics. By

adding periodic cuts in a sheet, as shown in Figure 6H, the kirigami design can be

stretched up to 140% with minor mechanical force.114 Kirigami has been increasingly

utilized in stretchable electronics because it can provide the largest areal coverage

among all stretchable designs.119,120 The kirigami design has been used in integumen-

tary electrodes on the heart or on the muscle.114,121 A kirigami piezoelectric harvester

has also been developed for energy harvesting on the human body.122 However, kiri-

gami has not been widely applied in implanted electronics due to the risk of fracture

at the tips of the cuts and the risk of damaging the tissue from any sharp corners.

In addition to patterned thin films, nanotubes or nanofibers with superior bendability

in any direction can act as biosensors individually123 or as a nanomesh (Figure 3G).39

Coaxial, twisted, or interlaced microfibers with diameters ranging from 10 to 100 mm

can be assembled or woven into stretchable meshes.123 For example, Zhong et al.

twisted CNT fibers and polytetrafluoroethylene (PTFE) fibers together to assemble

a fiber-based generator and wove it into a lab coat to power a wireless tempera-

ture-monitoring wristband (Figure 6I).115 Lee et al. developed an ultrasensitive

capacitive pressure sensor by interlacing two PDMS-coated conductive fibers.124

However, the difficulty in fabricating the unique fiber structure is a tradeoff for its

excellent mechanical properties.125

Innovative structural designs have advanced the capabilities of body-conformable

electronics by reducing the effective modulus and increasing the stretchability of a

wide variety of conventional electronic materials. However, there is an intrinsic

trade-off between the mechanical performance and the size of the structure. Typical

stretchability, advantages, and disadvantages of these structures are summarized in

Table 2.
STRATEGIES FOR ADHESION ENHANCEMENT AT THE BIO-
ELECTRONICS INTERFACE

Robust interfacial adhesion is crucial for stable and long-term conformability be-

tween soft electronics and dynamic bio-tissues. On the one hand, the thickness
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and stiffness of many devices cannot be further lowered without compromising

functionality. For these devices, native adhesion is far from enough for a secure

bio-attachment, thus necessitating adhesion engineering to enhance their con-

formability. On the other hand, although some soft electronics can fully conform

to bio-tissues by increasing device compliance, large and/or repetitive tissue

deformation can degrade the attachment over time.65 To address these issues,

there is an urgent need for adhesion-promoting strategies for the bio-electronics

interface.

However, many conventional adhesives such as cyanoacrylates are not biocompat-

ible (both chemically and mechanically). Even though the maximum adhesive

strength of acrylic adhesive on the skin can reach 30 kPa (see Figure 2Dii),126 these

adhesives not only cause skin irritation but also have limited reusability.41 To over-

come these limitations, physically and chemically enhanced biocompatible adhe-

sives for both dry and wet tissues are reviewed below.

Dry adhesion

When soft devices are attached to dry bio-tissues such as the skin, physically

enhanced adhesives (also known as dry adhesives) are popular candidates owing

to their reversibility and reusability. Possible physical interactions include van der

Waals and electrostatic forces, suction, and friction.127 Ultrathin epidermal elec-

tronics and e-tattoos can well conform to the skin purely through van der Waals

forces, but thicker ones require stronger adhesion.5,17,39 The most widely studied

physically enhanced adhesives are structured surfaces with arrays of micro-pillars60

or micro-craters,128 as shown in Figures 7A and 7B, respectively.

Bartlett et al.129,130 has demonstrated that the adhesive force of micro-pillars, orig-

inating from van der Waals interactions, can be scaled as

Fad �
ffiffiffiffi
A

C

r
; (Equation 2)

where A is the actual contact area and C is the system compliance in the loading di-

rection. Benefiting from high-aspect-ratio hairy structures, micro-pillars can easily

deform to accommodate rough bio-surfaces, as shown in Figure 7A (right panel).60

As a result, the contact area A is enlarged. Moreover, the Ashby plot of normal ad-

hesive strength versus Young’s modulus in Figure 7C (note: Figure 7C is not limited

to just bio-surface adhesion) exhibits the reciprocal relationship between the adhe-

sive strength and the compliance of the materials constituting the micro-pillars (pur-

ple zones).127 The adhesive strength of the micro-pillar arrays has been further opti-

mized through the design of various tip shapes.126,131 For example, the adhesive

strength of micro-pillar arrays with mushroom-shaped tips on skins can reach

18 kPa because of reduced contact stress concentrations, compared with 4 kPa of

plain pillars.132

However, micro-pillar-based dry adhesives have several limitations. First, the high

aspect ratio of micro-pillars makes them prone to buckling, entanglements, and frac-

ture, which degrades their adhesive performance. Second, although the ‘‘contact-

splitting’’ theory suggests that enhanced adhesion can be achieved by splitting up

the contact region into finer sub-contact regions,133,134 manufacturing difficulties

and associated costs dramatically increase as the pillar size scales down to nanome-

ters, thus enacting a practical limit to the achievable adhesion. Third, the van der

Waals interaction does not operate in wet environments, thus precluding the appli-

cation of pillared adhesives to wet surfaces.135
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Figure 7. Examples and summary of physically enhanced adhesives, also known as dry adhesives

(A) Left: an SEM image of an array of micro-pillars with a 30-mm radius and an aspect ratio (AR) of 10.

Right: the cross-sectional views of pressure sensors with micro-pillars of different ARs (0/3/10) on

pig skin (right).60

(B) A 3D atomic force microscopy (AFM) image of a micro-crater array (left) and confocal

microscope images (cross-sectional and 3D views) of patch/skin interface.128

(C) An Ashby plot of normal adhesive strength versus material Young’s modulus for both pillar- and

crater-based dry adhesives.127 Compared with pillars, craters are able to achieve higher adhesion

out of softer materials.
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To overcome these limitations, another category of dry adhesives, micro-crater ar-

rays, has been explored.127 Figure 7B shows a confocal microscope image of a

skin patch with an array of micro-craters on the surface.128 In ambient environments,

the suction force generated by expelling the air out of the crater upon deformation

dominates over the van der Waals interaction. Therefore, the adhesive strength can

be obtained as

sc =

�
1�V1

V2

�
p0

A2

A0
; (Equation 3)

where A0 and p0 are the projected area and the inner pressure of the crater at the

initial state, respectively, V1 is the volume of crater under preload, and V2 and A2

are the volume and the projected area after the preload is fully released, respec-

tively.136,137 The ‘‘crater-in-air’’ group (orange zone) in Figure 7C indicates that cra-

tered surfaces are able to achieve higher adhesion with softer materials than are pil-

lared surfaces. This finding is especially important considering that device

compliance is a key parameter that controls conformability, as noted in conformabil-

ity model and examples. The maximum adhesive strength between cratered sur-

faces and the dry skin can reach 20 kPa138 (approximately one-tenth of the adhesive

strength of the Scotch tape). Cratered surface adhesives were reported to be able to
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Figure 8. Strategies to enhance bio-electronics adhesion in wet environment

(A) A schematic illustration (i) and an SEM image of an electronic patch with micro-craters (ii), the normal adhesion for octopus-like carbon-based

conductive polymer composite (OP-CPC) substrates in dry and underwater environments (iii), and a photo of the OP-CPC on wet skin (iv).138

(B) A flexible block copolymer microneedle (BCP MN) array on a shaved pig wrist and the mechanical interlocking formed by the MN with a non-

swellable core and a swellable coating (inset) (i), normal adhesive strengths for PS and BCP films, PS MNs, and BCP MN adhesives with 20% and 40%
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Figure 8. Continued

swellable tip-height fractions after insertion into skin for 2 and 10 min (ii),140 a schematic of a bullet-shaped biphasic MN inserted into the skin (iii), and

normal adhesive strength of cone-shaped BCP MNs versus bullet-shaped BCP MNs (iv).141

(C) Tough hydrogel adhesives composed of a dissipative matrix and an adhesive surface based on the diffusion-crosslinking mechanism (i), application

of the tough adhesive on porcine heart with blood exposure (ii), and interfacial toughness with various tissue surfaces (iii).61

(D) Design and mechanism of e-bio-adhesive based on the dry-crosslinking mechanism (i), LEDs with the e-bio-adhesive attached to a porcine heart

before/after heart beatings (ii), and interfacial toughness and shear strength between polyimide and various tissues attached by e-bio-adhesive (iii).62

(E) Schematics of polydopamine (PDA) modification of polydimethylsiloxane (PDMS) nanosheets (i), images of a PDA–PDMS nanosheet on chicken

muscle while the tissue was stretched (left) and contracted (right) (ii), and the relationship between thickness and adhesion energy to chicken muscle for

pristine and PDA-modified PDMS (iii).142
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reach 110-kPa normal adhesive strength on Si wafer underwater,139 but more valida-

tions on bio-surfaces are needed. Despite promising preliminary work, the me-

chanics of micro-craters require deeper investigation to fully unveil their working

principles and enable future innovations.136,137
Wet adhesion

Wet environments are very common for bio-tissues due to the presence of body

fluids, such as sweat, blood, and interstitial fluid. Such environments pose unique

challenges as well as opportunities for body-conformable electronics. Some physical

interactions like the van derWaals and the electrostatic forces are dramatically weak-

ened by the existence of liquids. Conversely, body fluids offer unique opportunities

for enhancing adhesion because fluids can facilitate swelling, chemical reactions,

and the diffusion of polymer chains. In the following section, we showcase physically

and chemically enhanced adhesives that have proven effective for bio-adhesion un-

der wet conditions.

Octopus-inspired micro-craters with protuberances (Figures 8Ai and 8Aii) have been

reported to enhance attachments to skin under both dry and wet conditions.138 Fig-

ure 8Aiii plots the normal adhesive strength of a flat carbon-based conductive poly-

mer composite (CPC) film and an octopus-like CPC (OP-CPC) film with micro-craters

under both dry and underwater environments. From the figure, it is obvious that the

OP-CPC films provide stronger adhesion than the flat CPCs under both conditions,

achieving up to 12 kPa underwater. Its attachment on skin as an electrode for elec-

trophysiological sensing is demonstrated in Figure 8Aiv.

While micro-crater-based adhesives are non-invasive, there are also minimally inva-

sive physical methods for enhancing bio-attachment such as mechanical interlock-

ing. Figure 8Bi shows a biphasic microneedle (MN) structure consisting of a non-

swellable core composed of polystyrene (PS) homopolymer (blue) and a swellable,

water-responsive coating composed of PS-block-poly(acrylic acid) (PS-b-PAA) block

copolymer (BCP) (pink).140 After penetrating the skin, the tip of the BCP comes into

contact with the aqueous dermis and swells, while the part in contact with the water-

free epidermis remains unswollen. Therefore, a mechanical interlock is formed, as

illustrated in Figure 8Bi. It generates strong, effective interfacial adhesion in both

the normal and tangential directions, as summarized in Figure 8Bii. The normal ad-

hesive strength provided by the MNs on skin surfaces is up to 12 kPa (as shown in

Figure 8Bii) and can reach up to 45 kPa on mucous-wet intestine surfaces. Further-

more, Figure 8Biii shows that an additional enhancement of on-skin adhesion can

be achieved by tuning the shape of the MNs from a cone to a bullet shape, which

increases the normal adhesive strength to 16 kPa, as shown in Figure 8Biv.141

Since physical interactions are reaching their limits, chemical bonding has been

widely explored to elevate bio-electronics interfacial adhesion to another scale.
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Given their bio-compatibility and multifunctionality, hydrogels have become popu-

lar adhesives between dynamic tissues and electronics.143–145 A diffusion-crosslink-

ing tissue-hydrogel interface is shown in Figure 8C.61 The slug-inspired tough adhe-

sives (TAs) consist of an adhesive surface touching the tissue and a dissipative matrix

on the back. The adhesive surface contains a positively charged interpenetrating

polymer that forms covalent bonds with the tissue surface, as shown in Figures 8Ci

and 8Cii. The tough dissipative matrix can help dissipate energy through hysteresis

when the interface is stressed. As a result, ultra-strong adhesion, e.g., up to 1,000 J/

m2, can be formed on various bio-tissues, as shown in Figure 8Ciii. Compared with

hydrogel adhesives based on the diffusion-crosslinking mechanism, which usually

requires 5–30 min to form stable bonding, those capable of dry crosslinking (Fig-

ure 8D) can provide much quicker (i.e., a few seconds) chemical bonding between

the swellable adherend and the underlying tissue.62,146 Such an interface provides

exceptional interfacial toughness (maximum around 420 J/m2) and shear strength

(maximum around 110 kPa), as shown in Figure 8Diii. Additionally, it can be easily

removed without tissue damage via triggering solutions, which cleave the hydrogen

bonds and the covalent disulfide bonds formed at the interface. The mechanism of

such triggerable detachment was reported in detail by Chen et al.147 and is called

instant tough bio-adhesive with triggerable benign detachment.

Biocompatible polymeric coatings can also enhance bio-electronic adhesion. For

example, Figure 8E shows a strategy of enhanced bio-adhesion enabled by a poly-

diacetylene (PDA) coating on PDMS film. The coating procedure is illustrated by Fig-

ure 8Ei: a PDA as thin as 50 nm can be coated on PDMS film by simply immersing the

samples in a dopamine solution at a pH of 8.5. Thereafter, Figure 8Eii shows strong

bonding between the PDA-coated PDMS and the chicken muscle even under ten-

sion/compression. The adhesion energy between PDA-coated PDMS and bio-tissue

(up to 0.5 J/m2) is highly improved compared with that between pristine PDMS and

bio-tissue (up to 0.1 J/m2) (Figure 8Eiii).142 A more recent work shows that PDA-

coated Ecoflex also exhibits enhanced adhesion at bio-electronic interfaces, even af-

ter extended period of time (e.g., 1 month).148

The adhesion-enhancement strategies reviewed above are powerful tools to

improve the attachment of electronics on bio-surfaces. However, as the structural

and material properties of the devices grow in complexity, innovative bio-integra-

tion strategies must be leveraged to further facilitate body conformability.
EMERGING BIO-INTEGRATION STRATEGIES

As bio-electronics are becoming thinner, softer, and stickier, their manipulation be-

comes increasingly difficult and requires special techniques. Therefore, new

methods for integrating electronics to bio-tissues (i.e., bio-integration strategies)

have been developed to overcome the challenges in handling and deploying soft

electronic devices. Herein, we showcase how emerging wearable and implantable

bio-integration strategies can promote body conformability.
Integration of wearable devices

In recent decades, various transfer printing methods have been developed to non-

invasively integrate substrate-free ultrathin sensors on human skin. The first transfer

printing method, stamp transfer printing, was borrowed from micro-fabrication.149

With an elastomeric stamp as a temporary support, devices in filamentary serpentine

mesh designs are retrieved from a donor substrate, such as a silicon wafer, where

they had been micro-fabricated on. Then, the devices are transferred to a skin
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surface presprayed with an adhesive, as shown in Figures 9Ai–9Aiii.150 This method

is easy to implement but is not compatible with surfaces of large Gaussian curva-

tures. Hence, water-assisted transfer printing was proposed, as shown in Figures

9Ai and 9Aiv–9Avi.150 It utilizes a thin PVA film instead of the elastomeric stamp

as the temporary support. Because the PVA can be dissolved by simply smearing wa-

ter, prespraying an adhesive on the skin is no longer required.Without the thick elas-

tomeric stamp, the electrodes can be transferred to surfaces with moderate curva-

tures. However, the transfer is path-dependent and thus is usually not

reproducible and also requires time to dry.17,69 As a result, these two methods are

more suitable for transferring small-scale (e.g., cm-scale) devices. When the device

size is large (e.g., beyond 10 cm), the transfer yield degrades dramatically due to fila-

ment distortion, entanglement, and even fracture. To address these limitations, a

Cartan transfer printing method was developed for large-area electrodes to perform

multichannel ECG or EMG.4 This method was inspired by the mathematics concept

of the Cartan connection; in transfer printing, this means that the non-slippery,

point-by-point contact helps minimize the transfer-induced strain. Therefore, the

thin donor substrate (e.g., a piece of fabric) keeps rolling on the target surface

with the goal of forming only small-area contact at any given time, as shown in Fig-

ure 9Bi.4 Figure 9Bii shows a 16-channel, substrate-free, filamentary-serpentine-

based EMG sensor Cartan-transfer-printed on a human neck with the original

pattern well preserved. However, Cartan transfer printing is more time consuming

than one-time, full-area lamination, especially considering the large area. For unpat-

terned ultrathin blanket sheets, pipette transfer is possible, as shown in Figure 9C.151

A 230-nm-thick PEDOT:PSS-sandwiched AgNWs film is first placed in water. A

pipette sucks up the water containing the nanomembrane and then delivers the wa-

ter and film altogether to the skin. Due to surface tension, the nanomembrane ex-

pands and conforms to the skin after water evaporates.152 However, pipette transfer

only works for ultrathin, uniform sheets without any patterns, as the pattern can easily

become distorted or entangled during the pipette suction or delivery.151

The aforementioned transfer methods aim to integrate substrate-free ultrathin de-

vices on bio-tissue, which are the simplest solutions for ensuring body conformabil-

ity, as explained in conformability model and examples. When thicker devices are

involved, one good approach is to fabricate the devices on a substrate that is pre-

shaped to have matching curvatures with the target bio-surface. For example, multi-

modal sensors can be integrated on a glove, which is already in a hand shape, as

shown in Figure 9D,7 and a smart contact lens for non-invasive but continuous

glucose monitoring can be fabricated on a dome-shaped substrate, as shown in Fig-

ure 9E.8 Preshaped electronics can naturally conform to the target tissue but may

require customization due to individual differences in tissue geometry. Since these

electronics require substrates, it is worth noting that the bio-integration process

must not impose excessive mechanical loading or constraints to the tissue nor inter-

fere with the physiological functionality of the organ.

Integration of implantable devices

Tissue and organ geometries inside the human body are highly diverse. This section

categorizes bio-integration strategies based on different tissue topologies and does

not include the surgical procedures. For applications on surfaces with near-zero

Gaussian curvatures, direct lamination or insertion is feasible, such as directly wrap-

ping e-dura over the spinal cord (Figure 3D),12,49 laminating sensors on the heart sur-

face,117 or inserting optogenetics patches under the skull (Figure 9F).13 To account

for more complex geometries, a few unique integration methods have been devel-

oped. For example, since smart stents must be installed against the inner arterial
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Figure 9. Bio-integration methods for wearable and implantable devices

(A) The process of stamp transfer printing (i-iii and vi) and water-assisted transfer printing (i and iv-vi) on skin.150

(B) The concept of Cartan transfer printing (i) and large-area, neck-conformable electrode array Cartan-transfer-printed with high fidelity (ii).4

(C) The process of pipette transfer printing (i-v) and an ultrathin film transferred to human skin (vi).151

(D) Tactile and motion sensors directly integrated on a glove.7

(E) Glucose sensors fabricated on a contact lens.8

(F) An optogenetic device on a mouse brain by direct lamination.13

(G) Balloon-catheter-assisted deployment of a smart arterial stent.28

(H) A serpentine mesh on a shape memory substrate, which is flat at 20�C but spiral at 37�C (i), and the electrode self-climbed and twined around the

nerve after implantation (ii).29
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wall, a balloon-assisted transfer method was developed for bio-surfaces with nega-

tive curvature, as shown in Figure 9G.28 First, the stent is shrunk and wrapped around

a catheter with a balloon. After reaching the target location within the artery, the

balloon is inflated and expands the smart stent to push against the arterial wall

from the inside. Finally, the catheter is deflated and removed, leaving the plastically

expanded stent inside the artery. Similarly, an instrumented multifunctional balloon

catheter can make contact with the endocardial wall through inflation for radio fre-

quency (RF) ablation treatment.153 For nerve integration, devices need to wrap

around slender and delicate nerve tissue without causing damage. An innovative

temperature-actuated helical ribbon of electrodes in serpentine mesh was devised

using a shape-memory substrate. It is flat under room temperature (Figure 9Hi)

but is programmed to twine and self-climb on the nerves like a vine at body temper-

atures (i.e., 37�C), as evidenced in Figure 9Hii.29

Unfortunately, there is no universal bio-integration strategy given the excessive vari-

ables involved. Ideal bio-integration methods must minimize the deformation in

both the tissues and the electronics while maximizing conformability and stability.

Therefore, the bio-integration method is also an important and diverse area of

research for body-conformable electronics.
OUTLOOK

Despite extensive research, there are still many outstanding challenges for body-

conformable electronics, such as the poor conformability of flexible but non-stretch-

able devices, the incorporation of microcontrollers and wireless communication

without adding stiffness, the customization of bio-electronics for personal use,

and skin-contact-impeding factors such as hair and sweat. Therefore, this section

discusses emerging potential or partial solutions to these challenging issues and

concludes with a few personal expectations for the future directions of body-

conformable electronics.
Conformability of non-stretchable thin-film electronics

As noted before, a major limitation of structurally optimized stretchable electronics

is their low areal filling ratio of the functional components. This is not a significant

problem for many bio-integrated electronics; however, for optoelectronics14,154

and energy systems,155 the density of functional components directly impacts their

key figure of merits. To remain high density, stretchability has to be compromised in

many cases. It is well known that non-stretchable electronics are only able to wrap

around cylindrical surfaces but cannot fully conform to surfaces with non-zero

Gaussian curvatures. For example, when a stiff thin film tries to conform to a spher-

ical substrate, radial buckle delamination occurs at the edge of the film due to hoop

compression.156 Buckle delaminations are undesirable for high-density devices

because they induce excessive strains and distortions and are unstable and uncon-

trollable. To achieve full conformability in such cases, a kirigami-inspired design

was proposed, as illustrated by Figure 10A.14 A 1.4-mm-thick and 9.3-mm-diameter

artificial retina could house 1,935 2D-material-based photodetectors while fully con-

forming to a hemispherical surface without forming any buckles through a truncated

icosahedron design inspired by soccer balls.14 This design was also modeled by the

finite element method (FEM) and proved effective in eliminating buckle elimination

compared with intact circular sheets.14 It differs from the conventional kirigami

design shown in Figure 6H because the cuts must be made strategically to achieve

perfect conformation. A generic computational method was developed to obtain

the optimal cuts in a planar film to perfectly conform to arbitrary 3D-curved surfaces
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Figure 10. Possible solutions to remaining challenges in body-conformable electronics

(A) A cut-enabled non-stretchable but conformable ultrathin image sensor array as an artificial retina conformed to a dome mimicking the eyeball.14

(B) A multilayer, modular, reusable, and reconfigurable wireless e-tattoo platform that is still stretchable and robust after incorporating rigid ICs.24

(C) An octopus-like patch on a hairy skin.139

(D) The process of direct drawing with stencils (i–iv), and the epidermal electronics system fabricated by direct drawing (v).18

(E) An electrode printed on a finger.158

(F) Electronics directly printed on the back of the hand by a 3D printer.159

(G) On-body printing through a portable inkjet printer.160

(H) A highly transparent and breathable epidermal electrode composed of AgNWs and reinforcement polymer nanofibers.161

(I) Temperature sensors sandwiched by semipermeable film after wearing for 24 h.162

(J) A gas-permeable porous electrode.163
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with maximum coverage.157 However, this geometric model assumed a negligible

thickness of the film and therefore does not account for mechanics and manufactur-

ability. Mechanics models that consider the strain and adhesion energies are not yet

available to fully guide the planar design of non-stretchable, thin-film electronics in-

tended to conform to 3D bio-surfaces with non-zero Gaussian curvatures.

Modular and reconfigurable electronics

Enabling the wireless operation of body-conformable electronics is challenging

because the analog front end, signal processing, and wireless communication cir-

cuitries typically rely on silicon-based integrated circuits (ICs), which are intrinsically

rigid and are designed to be soldered on conventional rigid printed circuit boards

(PCBs). While flexible printed circuits (FPCs) are becoming more available commer-

cially, their thinness and compliance are still insufficient for body-conformable elec-

tronics. Therefore, the 3D construction of multilayer, integrated, stretchable elec-

tronics was developed through laser ablation and controlled soldering processes

to create vertical interconnects between transfer-printed layers.164 A similar but

lower-cost solution emerged as the multilayer modular wireless e-tattoo, as dis-

played in Figure 10B.24 The e-tattoo consists of a reusable near-field communication

(NFC) layer, a replaceable functional layer, and an optional replaceable electrode

layer. Within each layer, the filamentary serpentine design of the 18-mm-thick copper

interconnects laminated to a 7-MPa-modulus Tegaderm medical dressing enables

high stretchability of the e-tattoo. In the thickness direction, the soft Tegaderm sub-

strate of each layer serves as a soft interlayer, which offers the split-of-neutral-axis

effect.67 This effect decouples the bending of each stiff layer and has proven effec-

tive for reducing bending stiffness and bending-induced strains.67,68 The modular

design also enables reconfigurability of the e-tattoo because the different layers

can be disassembled, swapped, and reassembled, like the stacking up and swap-

ping of LEGO pieces. This reconfiguration enables both the rapid customization

of functionalities and the hygienic reuse of the e-tattoo on different subjects after re-

placing the bottom electrode layer. It is worth pointing out that other reconfigurable

e-tattoos exist, for example, enabled by liquid metal and self-healable poly-

mers.165,166 However, thinner and softer wireless e-tattoos require further develop-

ment, such as the utilization of bare dies instead of packaged chips.167

Electronics on hairy skin

The human skin is covered by a wide variety of hairs, including thick hairs on the scalp

and fine hairs elsewhere. Unfortunately, these hairs impede the conformal contact

with wearable devices and will cause pain when adhesives are pulled off upon device

removal. Inapplicability on hairy skin is a well-known and long-standing limitation of

epidermal electronics or e-tattoos. Emerging physically enhanced adhesives and

on-body drawn or printed electronics have shed some light. Figure 10C shows a

bio-mimetic dry adhesive design.139 This patch can conform and adhere to the

skin due to the suction force of the micro-craters. Experiments have demonstrated

that micro-craters produce three times stronger normal adhesion than their flat

counterpart on hairy pig skin.139 Gentle peeling of the patch easily breaks the suc-

tion in the micro-craters, which allows delicate removal without hurting the hair.

However, such cratered dry adhesive cannot not work on the highly hairy scalp.

EEG sensing on the human head is notoriously tedious and expensive, partially

due to the one-by-one gel electrode application for each EEG channel. Dry EEG

electrodes have been engineered by 3D molding a conductive polymer into

finger-like structures to penetrate past the hairs and contact the scalp. These elec-

trodes usually require a bulky headset with supporting frames or bands to enforce

the contact between the 3D dry electrodes and the scalp.
Matter 5, 1104–1136, April 6, 2022 1127



ll
Review
The emergence of direct drawing or printing of bio-compatible and body-tempera-

ture-formable electrodes on the skin is a promising potential solution for hairy skin.

However, the technology is still in its infancy. With a stencil and modified ballpoint

pen, Ershad et al.18 directly drew on the human skin with conductive Ag-PEDOT:PSS

composites, semiconducting P3HT-NF, and dielectric ion gels, as shown in Figures

10Di–10Div. A more complicated electronics system can be drawn on the skin, as

shown in Figure 10Dv. It has been found that the drawn-on-skin system is stable, reli-

able, and strongly adherent to hairy human skin.18 To automate the process for

improved repeatability and customization, direct printing with 3D printers or inkjet

printers has been explored. With an inkjet printer, more complicated patterns can

be printed at various curved surfaces on the human body, as shown in Figures

10E–10G.158–160 So far, researchers have only shown the preliminary possibility of

direct printing on human skin. The printing accuracy on soft curvilinear and mobile

bio-surfaces and the ink variation require more exploration. The versatility and

tunability of direct printing show good promise in body-conformable electronics,

especially for hairy skin, for the following two reasons. First, the printer head can

potentially be inserted close to the root of the hairs to print the ink directly on the

scalp skin. The ink can wet the skin surface with high conformability. Second, since

the ink dries and cures on the skin, hairs would have a smaller effect on the ink adhe-

sion to the skin. Ultimately, the tunable ink, easily customizable design, and on-tis-

sue digital printing of electronics could enable unprecedented personalization for

body-conformable electronics.
Breathable electronics

In addition to hairs, sweat is another inevitable degrader of device-skin interfacial

adhesion, especially during long-term application. Intuitively, substrate-free,

mesh-like e-tattoos can provide good sweat tolerance due to the uninhibited

evaporation of the sweat. For example, electrodes composed of AgNWs on nano-

fibers (Figure 10H)161 or gold nanomesh designs39 have been developed to enable

gas and fluid permeability. When a substrate must be used, it is desirable for it to

be also fluid and gas permeable. For example, Jang et al. fabricated bio-elec-

tronics on a fabric patch with a silicone adhesive layer, allowing sweat to evaporate

through the porous fabric.168 Figure 10I demonstrates a temperature sensor

attached to the forearm for 24 h without delaminating or inducing any skin irrita-

tion. The device is encapsulated by a semipermeable film, so it is permeable to

sweat while also being waterproof to external liquids.162 For better permeability,

Zhou et al.163 (Figure 10J) and Yeon et al.169 intentionally patterned through holes

on the substrate and/or the device to allow moisture to escape. Future advance-

ments in permeable electronics should aim for thinness, strong adhesion, and

ease of fabrication and manipulation. Sometimes, sweat could be useful. For

example, the electrolytes in sweat are helpful in lowering the contact impedance

for electrophysiological sensing.9,170 As sweat contains abundant analytes

secreted from the body,171 it has been increasingly popular bio-fluid for non-inva-

sive chemical bio-marker analysis.9,172,173
CONCLUSIONS

Although we use conformability model and examples to guide the discussion in

terms of device thinness, device softness, and bio-electronics adhesion, we

acknowledge that this model cannot encompass all relevant factors. A successful

body-conformable electronic device requires more comprehensive strategic

planning. Therefore, in Figure 11, we attempt to highlight the multifaceted

nature of this problem and emphasize a holistic strategy for achieving
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Figure 11. An illustration for the holistic approach when designing and evaluating body-

conformable electronics
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biologically safe, mechanically reliable, and functionally superior body-conform-

able electronics. We categorize the holistic strategy into three aspects: materials

and structures (yellow), bio-electronics interface (blue), and bio-integration

methods (red). These three aspects may have overlaps and interactions, which

are also considered.

In thematerials and structural design, meaningful advancements have beenmade to

improve device thinness, stretchability, and curvaturematching with the bio-surface.

However, materials with combined mechanical compliance and high electronic per-

formance warrant further research and innovation. In this review, we have focused on

three aspects under this category, specifically, device thinness, intrinsically soft ma-

terials, and stretchable mechanical structures.

Next, the bio-electronics interface suffers from a wide variety of complications.

Curved, rough, moving, wet, and hairy surfaces are ubiquitous in the human body

and can severely influence the quality and longevity of contact. In addition, the inter-

facial design can significantly impact the device’s biocompatibility, electrical perfor-

mance, long-term survivability, and ability to be securely attached and easily

removed. Strategies to enhance the interfacial adhesion under both dry and wet en-

vironments have been summarized in this review.

Finally, in addition to material/structural and interfacial designs, novel bio-integra-

tion methods can further facilitate body conformability, especially when the device

is too thin or too large to handle or when the organ curvature and geometry are

unique. In addition to surface-conformable electronics, there have been many
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innovative methods developed for the 3D deployment of soft electronics to spatially

couple with bio-tissues. Examples include the syringe-injectable, deep-brain-moni-

toring electrode mesh174 and the implantation of stretchable nanoelectronics via

organogenesis.175 More discussions on 3D bio-electronics integration can be found

in two recent reviews.20,176

The three aspects described above do not act in isolation. Rather, there are com-

plex interactions between the materials and structure, the interface, and bio-inte-

gration methods that must be considered when optimizing body-conformable

electronics. For example, both the material and the interface dictate the device

performance. Specifically, gel electrodes offer low contact impedance to the skin

due to interfacial electrochemical activities, whereas the graphene e-tattoo,

despite a dry electrode, affords comparable contact impedance to gel electrodes

due to the perfect conformability to the skin. As another example, to achieve

secure tissue attachment, both robust interfacial design and interface-compatible

bio-integration methods must be developed. Moreover, device removal is a big

topic inverse to bio-integration. Transient and bio-resorbable electronics can elim-

inate the needs of additional surgical procedures for device extraction. This

exciting frontier of bio-electronics heavily relies on advancements in material engi-

neering and bio-integration.177–179

At last, bio-compatibility requires consideration of the device materials, the inter-

face design, and even the bio-integration methods specifically for implantable

applications. Many methods have been developed to ensure bio-compatibility

for bio-electronics. First, intrinsically bio-compatible materials can be directly

used. Many widely used organic materials (e.g., PEDOT:PSS, P3HT, and Phenyl-

C61-butyric acid methyl ester),180 some liquid-phase materials (e.g., EG-

NaCl),76 most hydrogels,78,96 and some nanomaterials (e.g., Au nanoparticles,

graphene, etc.) have proven to be bio-compatible.91 Second, non-bio-compat-

ible materials can be coated with bio-compatible materials or encapsulations.

For example, AgNWs can be coated with Au to enhance bio-compatibility.111

Synthetic polymers, such as PDMS,180 poly(EG) (PEG), and PVA, have been widely

used as bio-compatible encapsulation layers to insulate non-bio-compatible

devices.181

With so many exciting opportunities in fundamental and applied research, the future

of body-conformable electronics is wide and bright. We expect intrinsically soft

organic semiconductors, soft active materials, origami and bio-inspired designs,

3D printing, and multiphysics interface modeling to play more significant roles in

body-conformable electronics in the years to come.
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