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Recent advances in soft materials and system integration technologies have
provided a unique opportunity to design various types of wearable flexible
hybrid electronics (WFHE) for advanced human healthcare and human-
machine interfaces. The hybrid integration of soft and biocompatible mate-
rials with miniaturized wireless wearable systems is undoubtedly an attractive
prospect in the sense that the successful device performance requires high
degrees of mechanical flexibility, sensing capability, and user-friendly sim-
plicity. Here, the most up-to-date materials, sensors, and system-packaging
technologies to develop advanced WFHE are provided. Details of mechanical,
electrical, physicochemical, and biocompatible properties are discussed with
integrated sensor applications in healthcare, energy, and environment. In
addition, limitations of the current materials are discussed, as well as key
challenges and the future direction of WFHE. Collectively, an all-inclusive
review of the newly developed WFHE along with a summary of imperative
requirements of material properties, sensor capabilities, electronics perfor-
mance, and skin integrations is provided.

1. Introduction

glasses, watches, wristbands, or belts, are
either fully or partially composed of planar
and rigid materials, which require the use
of obtrusive, hard supports or additional
bendable strips to be mounted on the
human body. Therefore, clinical devices
that use the existing wearables cause dis-
comfort and limit monitoring of human
physiological data in the laboratory. This
is the big limitation factor to overcome
despite the ever-growing market for weara-
bles in broader screenings outside of the
clinic. By this account, it is necessary to
replace the bulky and rigid plastics and
metal components in the sensors and
electronics with skin-like materials for
enhanced wearability and functionality.
The concept of WFHE poses a possible
solution to address the aforementioned
difficulties by providing user comfort,
compliant mechanics, soft integration,
multifunctionality, and smart diagnostics

with embedded machine learning algorithms. Specifically, such

electronics would provide stable and intimate contact to the soft

Wearable flexible hybrid electronics (WFHE) with characteris-
tics that correspond to the human body represent a paradigm
shift in wearables from loosely to tightly coupled interfaces for
enhanced health monitoring, diagnostics, and human-machine
interfaces. Commercial wearables, mostly in the form of

human skin without adding any mechanical and thermal load-
ings or causing skin breakdown. Current development strategies
and approaches for advanced WFHE focus on soft, flexible form
factors, nonirritating and nontoxic characteristics, fully autono-
mous energy components, seamless wireless communications,
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and cost-effective processes. Note that these sophisticated prop-
erties should be tailored to meet the stringent requirements of
enhanced physiological recording from the human body. The
suitability of the consequent device performance is estimated
and quantified in terms of mechanical, physicochemical, bio-
compatible, electrical, and device-level properties.l'?] The prac-
tical implementation of these properties, however, is limited
by the narrow range of acceptable values under which they can
function.’! One such example is gauge factor (GF) that rep-
resents the relevance between electrical signals and applied
strains, which is analyzed under conditions where the humidity
is relatively high,/° biodegradability is required,”! or transparent
operation is expected maintaining a certain level of accuracy.®!
Indeed, taking into account such multicharacteristics and their
correlation plays a pivotal role in designing a high-performance
and reliable WFHE. Recent reviews in wearable electronics
cover high levels of functionality, individually focusing on
strategies that drive huge progress: general advantages,®!!
materials (carbon,!'l paper,¥! ionics," enzymel®)), functions
(soft,[' stretchability,'”:18 bioresorbability,*! autonomous(2*21),
structures and processes (nanostructure,?>23 printed elec-
tronics*#%%), sensors (physiological,?*?”] chemical,?®?" electro-
chemical,B% tactile,3!) sweat,??! pressurel®}), and their applica-
tions (diagnosis,?*3° healthcare,*-® medicine,* display,*"!
energyl*'=*). These works, however, have focused on limited
scopes of the wearable electronics and relevant materials.

Here, we focus on an all-inclusive review of multimodal
characteristics of hybrid materials (such as nanostuructured
and patterned electrodes),*>#% and integrated systems,*’] for
advanced WFHE and their unique applications in healthcare,
energy, and environment (Figure 1). We summarize a compre-
hensive list of classification rules in mechanical, physicochem-
ical, biocompatible, electrical, and device-level properties that
are required for the design of WFHE. In addition, unique strat-
egies and methods of developing hybrid structures and elec-
tronic systems are described in views of materials engineering,
flexible mechanics, enhanced sensing, and targeted applica-
tions. Finally, we discuss future directions of next-generation
WFHE, which will catalyze the continued progress.

2. Overview of Wearable Flexible Hybrid Electronics

2.1. Definition

Here, we focus on WFHE, summarizing recently published
works regarding flexible hybrid devices and systems, directly
attached to the surface of the human body. Figure 2 provides
the classification of wearable devices and compares several
terms, including wearable technology, epidermal electronic
systems, implantable devices, and systems on fabrics. Wear-
able technology is defined as “hybrid, network-enabled devices
that can be worn on or in the body, which are integrated with
the user’s everyday life and movements.”*8] Wearable devices,
in this manner, closely monitor human data without limiting
their motions, enabled by integration with lightweight, flexible,
mechanically robust, and human-friendly components.[124%->0
The researchers place no restriction on the location where such
devices are positioned or materials and configurations that have
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to be used as long as they are wearable. When the wearable
devices are combined with flexible technology, a simple classifi-
cation regarding the location where they are worn on the body
has already proved its usefulness for focusing on the two dif-
ferent fields: epidermal electronics (in case they are worn onto
the skin)P! and implantable devices (in case they are positioned
on or at the inner organs).P?l All have one thing in common,
devices or systems should yield the desired properties that
approximate those of the surface of tissues, thereby enabling
compliant and robust contact.l!!

In previous reports, the electronic systems that adhere
directly to the skin, enabled by their physical properties that
are well matched to the epidermis, have been referred to
as “epidermal electronic systems.”>>4 Therefore, the term
“epidermal” is sometimes interchangeable with “skin-like.”
In this work, the term WFHE does not necessarily refer to
the electronics that should be attached to the epidermis. For
instance, as shown in Figure 2a, the examples to acquaint with
the wearable and flexible sensors even working in the intraoral

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SANCF NS MATERTALS

www.advancedsciencenews.com www.advmat.de

@ sensor

3

Cable

Gel-based Nanostructured

s . .:Tr ansistor
lonic Conductor Materials
a‘ Strain and
Electrode Pressure Sensor

Stretchability ~ Conductivity
Modulus

On wrist

Gauge factors

Form factors Sensitvity

Detection
range

Scalability

Electrosphysiological

i . ensor

‘wopery || Wearable Flexible | | reraoity | | oy
Hybrid Electronics L

Self-healing

Selectivity
property

PD on the front

Water
repellency

Transparency

Optical Sensor

—

Electrochemical
Sensor

Disintegrable / \ N\

POPP-PD Geiuiose '\ ALO,

Bioresorbability Permeability

Power
consumption

Bioresorbable

Electronics Biocompatibility

voC
biomarker R
‘ detection @
Detection of Environmental
Exposure

Development of
Self-powered Systems

Detection of Health Factors

Figure 1. Summarized key properties of advanced WFHE. Temperature sensor image: Reproduced with permission.['3¢l Copyright 2018, Nature Pub-
lishing Group. Strain and pressure sensor image: Reproduced with permission.*’] Copyright 2018, Wiley-VCH. Electrophysiological sensor image:
Reproduced with permission.l'*] Copyright 2018, Nature Publishing Group. Optical sensor image: Reproduced with permission.'*l Copyright 2017,
American Chemical Society. Electrochemical sensor image: Reproduced with permission.>*l Copyright 2018, National Academy of Sciences. Nanostruc-
tured materials image: Reproduced with permission.[*8l Copyright 2015, American Chemical Society. Gel-based ionic conductor image: Reproduced
with permission." Copyright 2018, Wiley-VCH. Printed electronics image: Reproduced with permission.?!l Copyright 2018, Wiley-VCH. Stretchable
electrodes. Left image: Reproduced with permission.’l Copyright 2013, Wiley-VCH. Right image: Reproduced with permission.[*’l Copyright 2008,
National Academy of Sciences. Bioresorbable electronics image: Reproduced with permission.[?63l Copyright 2017, National Academy of Sciences.
Detection of environmental exposure image: Reproduced with permission.133”] Copyright 2018, American Chemical Society. Detection of health factors
image: Reproduced with permission.’% Copyright 2016, Nature Publishing Group. Development of self-powered systems image: Reproduced with
permission.?41l Copyright 2018, Nature Publishing Group.

space or onto the eyeball are given.’>>® Wearable electronics  ceramic-based encapsulation works as barriers to protect the

are defined as implantable, if they are either partly or entirely  electronic circuits and batteries from body fluid penetration and
interacted with internal tissues.”’% In these cases, polymer- or  tissue invasion to the system. It also requires strong mechanical

Adv. Mater. 2020, 32, 1901924 1901924 (3 of 43) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

509

Rigid or
partiallyg bendable Surface of the human skin
wearable devices (Epidermal electronic systems)

N

Surface of the inner organs
(Implantable devices)

"~ Flexibility
and stretchability

NS o

Fabrics worn on the body

[] Scope of this paper

Functional materials and structures

Battery-free, wireless systems

Figure 2. Types of wearable electronics and focused areas of WFHE. a) Classification of wearable electronics in terms of the location where they are
integrated, including: 1) human skin (left image: reproduced with permission.P"l Copyright 2017, Elsevier; right image: reproduced with permission.[1']
Copyright 2018, Nature Publishing Group), 2) other surfaces of the body such as palate and eyeball (left image: reproduced with permission.*l Copy-
right 2018, National Academy of Sciences; right image: reproduced with permission.’®l Copyright 2018, Nature Publishing Group), 3) surface of the
inner organs (reproduced with permission.2 Copyright 2018, American Chemical Society), and 4) surface of fabrics (reproduced with permission!
Copyright 2017, Wiley-VCH). b) Various types of WFHE, including: 1) functional materials and structures: (left) temperature heater and sensor based
on patterned Au electrode (reproduced with permission.l2l Copyright 2013, Nature Publishing Group), (top right) temperature sensor using intrinsi-
cally stretchable materials including SWCNT, PEDOT:PSS, and ionic liquid encapsulated with SEBS (reproduced with permission.l38l Copyright 2018,
Nature Publishing Group), and (bottom right) ECG sensor using transparent AgNW-embedded a-PDMS matrix (reproduced with permission.['"]
Copyright 2018, American Chemical Society); and 2) battery-free, wireless systems: (top-left) multiplexed sweat sensor integrated with flexible printed
circuit board (reproduced with permission.’% Copyright 2016, Nature Publishing Group), (top right) self-powered capacitance-type sweat monitoring
system (reproduced with permission.[®®l Copyright 2019, Nature Publishing Group), (bottom left) four-layer stretchable system integrated EMG sensor
(reproduced with permission.'8 Copyright 2018, Nature Publishing Group), and (bottom right) wireless battery-free thermal sensor using near-field

communication protocols (reproduced with permission.’®l Copyright 2018, Nature Publishing Group).

hardness, extreme resistance to corrosion, biocompatibility,
durability, and hermeticity. A more comprehensive system that
is focused on internal organs is beyond the scope of this paper.
WFHE are also grouped by configuration into a thin electrode
and soft substrate with lab-on-a-chip devices, or textile-based
electronics.[%% Textile demands characteristics including natural
warmth and style/fashion-related features as well as flexibility,
which are sometimes entirely different from skin-attachable
soft electronics. As a result, we refer to WFHE as mechani-
cally soft, flexible, and stretchable electronic devices that can be
tightly attached to the surface of the body, thereby providing a
user-oriented monitoring system without distracting the users.

2.2. Classification
A rapid advancement of WFHE allows continuous measure-

ments of personalized biological signals from the body. The
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combination of functional nanomaterials and soft struc-
tures has accelerated the improvement of WFHE, which can
be further developed by integrating battery-free, wireless
systems (Figure 2b). A variety of metal electrodes that are
sufficiently thin and precisely patterned play a critical role in
every given type of electronics with flexible and stretchable
form factors. The surface of thin electrodes is encapsulated
with a polymeric layer to avoid electrical leakage, prevent
the delamination, and impede the diffusion of moisture and
molecules.°62 Tn the wearable electronic system, the elec-
trode and even stretchable transistors minimize any motion
artifacts while being protected from electrical and chemical
disturbance. Functional substrates that are transparent, elec-
trically conductive, waterproof, and gas-permeable, mostly
created by compositing with functional nanomaterials or
using materials that exhibit such characteristics intrinsi-
cally, have broadened the field of WFHE. Layouts that involve
some combination of those features render the electronics

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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nonobtrusive, comfortable for wearing, and more adopt-
able to everyday life, while maintaining the benefits of soft
and flexible polymeric surfaces. Examples of such functional
substratesl®® include band-like patches, microfluidic mem-
brane, and wearable lens. By further integrating with flex-
ible batteries and wireless systems, the wearable electronics
have benefits of low power consumption and high accessi-
bility without the need for in-hospital care.®*%] Flexible bat-
teries, such as micro-supercapacitors, can realize the practical
application of WFHE while offsetting the inconvenience of
charging .l Furthermore, the self-powered autonomous sys-
tems utilizing energies received from the body or from out-
side can likely reduce or even get rid of the inconvenience
of charging.*1'67%8] The approach for a battery-free wireless
system that uses a variety of communication methods can
allow the devices to be used more conveniently by eliminating
the huge instruments nearby and electronic wires.['36970

2.3. Human Skin

Human skin is the largest organ of the integumentary system
in our body and it offers diagnostic interface that is rich with
vital biological signals from the inner organs, blood vessels,
muscles, and dermis/epidermis.l!!] Figure 3a shows the major
biological signal sources in the skin anatomy along with the
relevant physiological information. For instance, biopotentials
that emanate from major nerves in the muscle layer, brain
activity, or eye motion can be recorded by WFHE. The skin also
functions as a platform for understanding the underlying vas-
cular structure and organ systems (Figure 3b).”) For instance,
functional near-infrared spectroscopy allows the investigation
of oxygenation changes in the brain, and optical tomography
is also effective for detecting breast cancer.’’! In this case,
such optical characteristics are associated with transmission,
absorption, and scattering properties occurring within human
skin, which are divided into three layers of stratum corneum,
underlying epidermis, and dermis. Given that motion arti-
facts are induced by the continuous body motion, conformal
contact of WFHE with the skin enables more accurate detec-
tion, such as mapping oxygenation of skin grafts even in sleep
and multipoint measurement of the concentration of oxygen
from the body."? As shown in Figure 3c, a wearable sensor
system can even monitor the sweat, one of the most accessible
biofluids, as a window to a deeper body’s information.3?l The
sweat contains ions such as Na*, Cl~, Ca?', and K*, metabo-
lites, acids, hormones, and small proteins and peptides, which
are portioned from nearby blood or interstitial fluid (ISF), and
the dermal duct carries sweat to the skin surface. Its compo-
sition is correlated to that of blood and is dependent on the
metabolic activities such as exercise, stress, and heat, thus pro-
viding highly acceptable physiological insight and fast detec-
tion before biodegradation. The use of skin-like WFHE with
Young’s modulus from 2-80 kPa (in dermis) to 140—-600 kPa (in
epidermis) and stretchability as high as 100% can obtain such
signals and important health metrics from the skin.[35+62
Given that such electronics are susceptible to constant move-
ments of body, the properties of both skin and electronics may
be altered over time. For high-fidelity signal recording, it is
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essential for wearable devices to be less affected by motion-
induced artifacts. At the same time, they should be airy, per-
meable to vapor/sweat, stickable yet detachable without pain/
residue, and comfortable enough to users.

3. Required Properties of WFHE

A deep understanding of essential properties for wearable
devices can largely promote further advancement in the field of
WFHE. Figure 4 illustrates key material properties of advanced
WFHE based on many prior works. Given that the first pri-
ority to establish wearable system is to achieve flexibility and
stretchability, Young’s modulus should be carefully considered
along with nonobtrusive form factors. The comprehensive list
also includes various physicochemical aspects, including trans-
parency, adhesion property, gas/vapor permeability, and water
repellency. When it comes to considering any harmful effects
from the device on the human body, the use of materials with
biocompatibility and further bioresorbability allows for them
to be used safely and over long periods of time. Furthermore,
multiple sensory systems that are cost-effective and nonobtru-
sive have already been made available through the integration
of adjustable conductivity, high-power system, and scalable pro-
cess, as well as coupling wireless networks with WFHE. Overall,
this section provides a checklist of required characteristics
along with current strategies in five main categories: mechan-
ical, physicochemical, biocompatible, electrical, and device-level
properties. The summarized strategies for enhancing each
feature are also presented in Table 1.

3.1. Mechanical Properties

For better understanding of how mechanical factors are asso-
ciated with soft WFHE, Figure 5a provides several mechanical
terms and definitions. Brittle materials eventually result in
fractures without plastic deformation or in accommodating a
small amount of imposed strain after the elastic limit. They are
not ductile, which is inappropriate for fully stretchable devices.
Figure 5b,c illustrates the range of Young’s modulus and strain
limit of some conventional and newly developed materials for
WFHE.3] Making stretchable carbon, metal, ceramics, and
oxides that were originally rigid, brittle, and linearly elastic
allows these materials to be used in a wearable platform. A
variety of structure-modifying methodologies are effective to
reduce motion artifacts of the devices attached on the surface
of the body. Soft elastomers show intrinsically ductile-plastic
behavior, which avoids mechanical fracture beyond the elastic
limit, and the mechanism generally referred to as strain hard-
ening is involved with the reversible (or sometimes irreversible)
plastic deformation. In other words, a highly ductile substrate
is elongated above the value required for bonding onto the
skin, enabling out-of-plane deformation. Various elastomers,
gels, and liquid metals (LMs) are inherently stretchable due
to their low elastic modulus and high strain limit, which are
already two most common pathways to promote the develop-
ment of wearable device in mechanical aspects. Collectively,
meeting a combination of key mechanical requirements

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Description of a human skin that is used for integration of WFHE. a) Skin as a sensing platform for detecting various physiological signals.
Reproduced with permission."l Copyright 2017, American Chemical Society. b) Optical properties of the skin. Reproduced with permission.l Copyright
2018, Royal Society of Chemistry. c) Multiple analytes in a sweat duct from (a). Reproduced with permission.132l Copyright 2018, Nature Publishing Group.

including low Young’s modulus, high elastic limit, and high
strain limit (strain value at fracture) can render the devices fully
stretchable.”? The high diversity of materials, structures, and
processes represented by the recent papers is given in the fol-

lowing sections.
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3.1.1. Young’s Modulus
Young’s modulus, a measure of material’s stiffness, is defined

as the ratio of strain () responses of the stress (o) in the linear
elasticity regime of a uniaxial deformation (unit: Pa). The
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Figure 4. Schematic illustration of essential material properties for WFHE.

elastic modulus, where its value is fundamentally based on
the atomic structure and bonding energy,’>7¢l determines not
only mechanical but also electronic properties of the various
materials that comprise integrated devices.””) When the mod-
ulus is small enough (corresponding value 2-600 kPa of the
skin)l>>78 in a broad stress range (up to the high failure strain),
WFHE on the skin exhibit the desired characteristics without
compromising the mechanical and electrical properties. To
decrease the modulus of conventional materials in a wearable
form factor, several researchers have downscaled the film thick-
ness whose value is below a certain threshold. The background
of this concept focused on silicon (Si) wafer, which is readily
applicable to conventional devices and processes. With the thin-
ning approach, the modulus of strained films is inversely pro-
portional to the thickness when lower than 80 nm, given by the
following equation:

E=54.872xh*?* (1)

where h is the film thickness, which is well verified both theo-
retically and experimentally.””] Such a simple concept as down-
scaling the thickness addresses this problem by enabling rigid
materials in their bulkiness to gain low Young’s modulus.’?!
Unlike Si wafers, typical metal possesses malleability that
makes it easy to deform; however, it is hard to retain conduc-
tivity to higher elongations.?®728% Thin-film electrodes with a
careful control over strain-tolerant layouts can exert a remark-
able improvement in retaining their conductivity, preventing
any delamination, thus rendering the whole part stretchable
in device scale. Nawrocki et al. demonstrated a wearable physi-
ological sensor using sub-300 nm thin and dry gold (Au) film
as an electrode (Figure 6a).®! The bending stiffness, a quantita-
tive metric determining the comfort that a user experiences, is
calculated to be 0.33 pN m?. It is over two orders of magnitude
lower than that of 3 um sensor (75.85 pN m?) and thus is com-
parable to the uppermost layer of human skin. In the case of
copper (Cu), the changes in film thickness of 200 nm to 1 um do
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Table 1. Important mechanical, physicochemical, biocompatible, and electrical properties for advanced WFHE.

Category Remarks Typical strategies Refs.

Young's modulus  Low value is required for direct contact due to a low mechanical Thinning of the inorganics or organics [83,96]
interfacial stress between the human skin and the device .
Creating a porous substrate
Making filamentary serpentine structures of metals [85]

Embedding inorganics in/onto the organic substrate

Adding plasticizer into the polymer [96]
Combining with liquid metal or ionic liquid [23]
Stretchability High value is essential for intimate attachment to curved Downscaling of the electrode material dimension [40]
surfaces of human skin anfi for malnFenar?ce of mechanical Strain-tolerant designs of metal electrode (40]
robustness without device failure
Combination of ultrathin plastic and prestrained wavy [40]

or buckled elastic substrates

Making percolating networks of hybrid materials into intrinsically [40]
stretchable composite
Introducing intrinsically stretchable polymers, hydrogels, [18]
and ionic liquids
Form factor Flexible, stretchable, wearable, small, thin, dry, and Miniaturizing or thinning each component including electrodes, [83]
nonobtrusive form factors are required for sustaining the substrates, and chips

various properties while achieving sensing capabilities over ) ) .
prop & g cap Developing soft-material-based components and effective [10]

long time frames "
encapsulation

Band-aid patch, temporary tattoo [169]
Gel-free, dry, and reusable adhesive [22]
Transparent, lightweight, comfortable [275]
Devices integrated with microfluidics, 3D scaffold form, [93]
and devices made of fibers
Integrating with wireless near-field communication [55]
protocols
Flexible batteries or battery-free approaches [176]
Transparency High optical transparency is required to be mounted directly on the Polymeric transparent films [163]
human skin to be invisible during daily activities Limiting the width of metal electrode lines 8]
Transparent elastic films of carbon nanotubes, silicon nanowires, [188,222]

metal nanowires

Reducing the thickness of layered structure based on [194]
nanopapers

Use of the intrinsically transparent materials [196]

Adhesion Adequate or tunable adhesion through chemical, van der Waals, or Wavy and suspended structures of electrodes and [228]
electrostatic force guarantees proper strain transfer between two substrates

distinct surfaces Micropillar arrays with various tip geometries and aspect ratios [202]

Using dry adhesives for improving signal accuracy and quality [204]

Kirigami-inspired geometries by tuning adhesion [205]

through heterogeneous stiffness and actual
contact width

Permeability High permeability to gas (air, oxygen) and water is required not to block Thin silicon substrates [62]
sweat gland, to suppress the risks of skin inflammation even under Adding extra encapsulation layers not to degrade the device 215]
perspiration evaporation for long-term wearing and tight adhesion

performance
Inorganic nanomeshes or nanofiber-based conductors [184]
Fiber/yarn-like papers based on wood, silk, cellulose [13]
Porous graphene on elastomer sponges [98]
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Category Remarks Typical strategies Refs.
Water repellency Unaffected by water or resisting the ingress of water under Adopting polymeric substrates with intrinsically water-repellent [239]
specified conditions properties
Hybrid nanofiller-shaped composites [244]
Chemical treatment with silane, carboxyl, and fluorine groups on the [97]
surfaces to generate a repellent surface
Biocompatibility Low toxicity or nontoxicity is required for long-term Encapsulation or compositing with biocompatible materials [12]
retention of the wearable flexible bioelectronics on the Adopting intrinsically nontoxic polymers and metal oxides [10]
human skin
Biodegradable porous nanostructures [262]
Using gel-free dry adhesives [137]
Bioresorbability To avoid the many long-term complications associated with Using bioresorbable materials including Si, Mg, Zn, Mo, W, SiO,,  [260,261]
detachment processes or nondegradability MgO, PLGA? PI.D etc.
Using biomaterials including proteins, enzymes, and DNA [246]
Gauge factor High gauge factor within large strain range is required to detect Using intrinsically high gauge factor materials such as semicon- [278]
the small strains induced by subtle human expressions ducting ZnO, ZnSnO3, CNTs, and C-diamond
Introduction of cracks in a conductive thin film [279]
Ultrathin metal foils on prestretched dielectrics for capacitive-type [145]
strain sensor
Hierarchical architecture with MXene9-AgNW as the “brick” and [143]
PDAY/Ni?* as the “mortar”
0D-1D-2D ternary nanocomposite based on [139]
fullerene-SiNWs—graphene oxide
Scalability Large scalability and cost effectiveness are attractive FET structure for thermistor-type temperature sensors 2]
for future electronics Microfabrication of solderable and stretchable sensing system [287]
based on nickel-vanadium and gold pad metal layers and copper
interconnection
Adopting large-scale low-cost manufacturing method such as [289]

solution and printing processes

APLGA = poly(lactic-co-glycolic acid); P)PI = polyimide; YMXene = 2D titanium carbide Ni;C,T,; 9PDA = polydopamine.

not affect the failure strain; however, they are associated with the
weakening of yield strength.®?l These phenomena initiate crack
propagation and detachment from the substrate, decreasing
reversible stretchability unless the thickness decreased close to a
few hundred nanometers. Nevertheless, the reduction of Young’s
modulus down to the nanometer regime is regarded as difficult
to achieve without the use of expensive and time-consuming
processes or silicon-on-insulator wafers.®3l Moreover, other
problems arising from the poor performance, delicate handling,
and uncontrolled buckling are encountered frequently®184 Ag
an alternative, the neutral mechanical plane concept has been
developed to integrate a several-hundred-nanometer Si layer
into stretchable/foldable circuit systems by using polyimide (PI)
as an encapsulating layer.’] The modulus of the other set of
electrode materials, such as novel metals, incorporated into poly-
meric encapsulation layers or membranes has been under con-
sideration in terms of not only the dimension scaling but also
geometric patterning. Regarding the interconnection between
metal electrodes, whose elastic limit is quite small (=2.0%), an
approximate expression was proposed for the effective modulus
of the entire, such as epidermal electronic system
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E=E, (1+Li/L,) )
where Ej, is the effective modulus of the interconnects, L, is
the characteristic device size, and L, is the distance between
devices.”?l As it follows from Equation (2), filamentary serpen-
tine structures can afford an undoubtedly effective design by
decreasing the Ej,, while ultrathin devices with those patterns
reduce the effective value of L4 to zero. Such configuration over-
comes lowering fracture deformation involved with the partly
ductile metal electrodes. Yeo et al. reported a comprehensive
study regarding the thickness and geometric pattern used for
the completed devices including Au electrode, silicone mem-
branes, platinum (Pt) meander lines, and PI top and bottom
layers (total thickness: <800 nm), which is more than 50 times
thinner than the human epidermis (Figure 6b).*Yl The filamen-
tary serpentine structures of such electrodes improve the bend-
ability and degree of conformal contact combined with a thin
layer (=200 nm) of spray-on-bandage adhesive. This geometric
approach is now widely accepted as a major strategy for mini-
mizing strain-induced stress at the level of the overall system. %]
On the other hand, looking into the selection of the electrode
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Figure 5. Summarized list of key mechanical properties of typical materials used in the development of WFHE. a) Stress—strain curves of brittle and
ductile materials along with the description of important terms to describe the material’s properties. b) Young’s modulus (unit: Pa) and c) strain limit
(unit: %) of widely used materials for WFHE. b,c) Adapted with permission.l’3] Copyright 2017, Wiley-VCH.

material, elastic stretchability of the electronics increases as
the modulus of a metal layer increases with and without the
existence of strain (as opposed to the trend in a substrate).l%%
Carbon-based materials, including monolayer or multilayered
graphene and carbon nanotube (CNT), are promising electrode
candidates; their elastic modulus is 0.5-1.8 TPa.-89 Note that,
in most cases, the stress experienced by electrodes that are pack-
aged over the final platform is proportional to Young’s modulus
of the polymeric substrate around/underneath them, so that
the whole device can be highly stretchable.®®3 Therefore, the
most critical aspect for stretchability enhancement, particularly
regarding the elastic modulus, is the selection and optimiza-
tion of substrate materials, their structures, and processing
methods. Such substrates should have modulus low enough to
allow electrodes to deform out of plane and thus to retain high
stretchability after full integration, not stirring up any detach-
ment in the interface region.'”] The best example is polydi-
methylsiloxane (PDMS) (E = 360-870 kPa), whose mechanical
compatibility with the skin and the electrode has enabled the
contributions for the use in WFHE with various form factors:
encapsulation layer, membrane film, porous platform, func-
tional composite, microfluidic substrate, microneedle/pillar,*¥
and the like.™ In addition, many inherently soft materials,
such as poly(vinylpyrrolidone) (PVP), ethylene-vinyl acetate,
Tegaderm, Ecoflex, and Parylene, can afford significant weight/
thickness reduction, improve mechanical compliance at the
interface, and enhance conformability to the skin. For more
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information, readers can refer to comprehensive and detailed
reports with tables.'%%97] Likewise, the synthetic tunability
of naturally stretchable plastics, which affords easy modula-
tion in the shape and structure, has allowed for the manipula-
tion of Young’s modulus in these devices. The latest progress
made toward high-performance wearable devices relies on such
organic materials tuned in effective ways to reduce the elastic
modulus. Making them in porous structures is regarded as an
ideal direction to achieve not only low modulus but also gas/
moisture permeability. Sun et al. reported a porous silicone
sponge substrate by using size-controlled sugar as a template
of the final device thickness with 500 um (Figure 6¢).°®! This
randomly porous structure decreases the effective modulus of
the substrate from the original value of 170 kPa (Dragon Skin;
Smooth-On) to 15 kPa with the following equation:

E/E. =(p/p.) (3)

where p is the density, n is the power that is dependent on
the material's microarchitecture, and “s” denotes the respec-
tive bulk value of the solid constituent material property.*”!
Another report showed that hierarchical PDMS exhibits a low
elastic modulus (174 kPa) and thus guarantees increased con-
tact area with poly(vinylidene fluoride-co-trifluoroethylene)
that has much higher elastic modulus (=1 GPa), which in turn
was effectively used for triboelectric sensors with interlocked
structures.'% However, this strategy requires sophisticated
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Figure 6. Strategies for enhancing mechanical stretchability. a) 300 nm thick metal electrode on the skin (left) and top of an elastomer (right).
Reproduced with permission.l8' Copyright 2018, Wiley-VCH. b) Thin, filamentary serpentine electrode mounted on the skin (left) and a skin replica
(right). Reproduced with permission.54l Copyright 2013, Wiley-VCH. c) Porous graphene/Si sponge substrate on the skin (left) and magnified struc-
ture of the elastomer (right). Reproduced with permission.®8 Copyright 2018, Wiley-VCH. d) Stretchable OLED (left) and structure of the OLED/
polymer film on a prestretched elastomer (right). Reproduced with permission.®4 Copyright 2016, Nature Publishing Group. e) 3D wavy structured
thermoelectric coil on a flexible film for energy harvesting (left) and a magnified geometry with predicted mechanics (right). Reproduced with permis-
sion.l3% Copyright 2018, American Association for the Advancement of Science. f) Kirigami-inspired humidity sensors attached to the finger joint and
elbow (left) and schematic images recorded during pulling processes of the film (right). Reproduced with permission.344 Copyright 2018, Wiley-VCH.
g) Biphasic gold—gallium liquid metal patterned on PDMS. Reproduced with permission.['*l Copyright 2016, Wiley-VCH. h) Stretchable ionic con-
ducting hydrogels. Reproduced with permission.[>”) Copyright 2018, Nature Publishing Group. i) Self-healing PDMS with tuned stretchability by
metal-ligand interaction (after stretching: 10 000%). Reproduced with permission.l>>l Copyright 2016, Nature Publishing Group. j) Intrinsically
stretchable transistor array adhered to a human palm, example of the configuration, and optical microscope image. Reproduced with permission.[°7]
Copyright 2018, Nature Publishing Group.
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fabrication techniques and also accompanies a degradation
in mechanical properties that reduces relative densities of the
device.l'’ll The use of intrinsically ultrastretchable polymer,
such as soft ionic conductors,' or the adoption of the effec-
tive way of tuning its structure has addressed such problems.
The elastic modulus of newly developed polymers and nano-
fibrils (cellulose, chitin, and silk) with distinct functionality,
such as self-healing propertyl'%21%] and biodegradability,!%]
depends on not only chain entanglement or cross-linking, but
also the ratio of units, structure, or orientation index.[107:108]
Along with their easy processability, changing the ratio of each
unit in the polymer tunes Young’'s modulus, fracture strain,
and fracture energy. Kang et al. reported a self-healing stretch-
able material with multistrength hydrogen bonding interac-
tion that was rationally designed by decreasing the ratio of
4,4’-methylenebis(phenylurea) (MPU) units in the polymer.'%?
In another example for silk-based hydrogels, Young's modulus
and stretchability were tuned from 5-12 GPa to 0.15 MPa and
from <20% to >400%, respectively, by plasticization and control
of the water content.'%! In many cases, plasticizers are used to
improve both the toughness and flexibility, and thus the form-
ability of the polymer films that can be used in wearable form
factor.110:111]

In the application of energy harvesting that is one of the
most potent abilities of WFHE, it is significantly important
to modulate the Young’s modulus precisely.''?113] The output
response of a piezoelectric material is represented by the fol-
lowing equation:

D=do =dEe (4)

where D is the electrical charge separation and d is the piezo-
electric coefficient."" Intuitively from Equation (4), high mod-
ulus can endow conventional piezoelectric materials, such as
poly(vinylidene fluoride), with benefits that improve the piezo-
electric generator. On the other hand, to enable the integration
of piezoelectric energy into the wearable power system, it is
likely to obtain the intended capabilities as well as the opti-
mized modulus. Other than that, the realization of robotics,
which is another related field of using WFHE, is also affected
by modulus in various ways (see refs. [115-117]).

3.1.2. Stretchability

Stretchability, in general more than 10% while retaining their
functions, has been advocated as a useful term for illustrating
the distinct property of WFHE."#1'8 To be specific, to success-
fully make “stretchable” electronics, it primarily requires accom-
modating the strain induced by the motion of the body as well
as the deformation of the skin that exhibits complex topography
and reversible stretchability up to 100%. As a useful instance,
the use of thin electrodes that are embedded in or atop low-
modulus soft substrates can render the electronics stretchable
in a way that they are bent, wrinkled, or crumpled. More impor-
tantly, such devices should have high deformability without any
degradation in the additional hybrid functionalities (such as
electrical conductivity), while preserving such stretchability of
deformed components even after applying the maximum strain
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repeatedly. To date, many studies in stretchable electronics have
proved that there are two ways to make stretchable electronics:
1) structural modification of electrodes, substrate, and their
composites, or 2) the use of intrinsically stretchable materials.
First, the deterministic patterns including fractal™? and ser-
pentine®®1200 enable the device to actuate appropriately in both
the component-interconnected and the substrate-attached
regions. Such stretchable metals built on a polymeric substrate
then function as a highly conductive electrode without inducing
significant changes in mechanical properties during the use of
the device on the skin. In the other way, deterministically pat-
terned substrates, such as mesh-type,l!2!l mogul pattern,[122123]
prestrained, helical, origami and kirigami engineered 128 or
merged structures,'?) have been created to make the whole
device sufficiently stretchable. Yin et al. described a prestrained
strategy that uses periodic buckles preformed on thin
poly(ethylene terephthalate) (PET) foil substrate via laser abla-
tion (Figure 6d).4 Notably, this buckling profile enhances the
performance of organic light-emitting diode (OLED)/polymer
device that exhibits a luminous efficiency of —70 cd A~ under
70% strain. Moreover, the device accommodates high strain up
to 100% while retaining performance over 15 000 stretch—
release cycles. With this strategy, they demonstrated the use of
such stretchable OLEDs in wearable form factor by mounting
them on the back of a finger joint, where the strain value
changed to 55-60%. Nan et al. demonstrated that an integration
of thin-film materials into open 3D helical chain can provide
flexible thermoelectric energy harvester that can integrate effec-
tively with the human body (Figure 6e).l'*% The effective inte-
gration of thermoelectric materials based on 2D thin-film
serpentine-shaped p- and n-legs made of boron and phos-
phorus-doped Si was conducted, where silicon dioxide (SiO,)
served as mask for doping, and then they were encapsulated by
PI for maintaining mechanical stability. This approach acted as
a powerful tool for aligning toward the out-of-plane deformable
WFHE. As a result, the open-circuit voltage of 51.3 mV at
AT =19 K measured from 8 x 8 array of coils does not diminish
over time, showing the steady thermal profile and the max-
imum power output of 2 uW from an area of a wristwatch
(10 cm?). Aside from optimal stretchability, the format in coils
also allows excellent thermal contact with the heat source,
which is the surface of the skin, ensuring higher maximum
power. In the other report, Figure 6f shows kirigami-engineered
materials, in which their stretchability rises due to the changes
in the in-plane or out-of-plane geometry rather than deforma-
tion of actual material.'?#12%] Studies on such kirigami method
found that, despite its poor coverage of the surface, this 2D
mesh could be readily applied to wearable electronics such as
electrocardiogram (ECG) recording and even implantable elec-
tronics that fit an inner organ surface.!26131 Moreover, by the
fact that those deterministic patterns are predictable, it com-
monly comes with a 3D finite element method enabling a fast
prediction for stretchable models on structures before real inte-
gration.3?] Comparing those, there are other useful methods
for making composites that have desired functionality and
stretchability. Rather than using layered structures of electrode
and substrate, filler materials are randomly or orderly
incorporated within a plastic substrate. In general, it is efficient
to control the required performance of the whole hybrid system,
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yet among all components with certain functionality, several
fillers are usually not stretchable on their own. This can be
changed by the use of nanomaterials, as a strain relief approach,
especially in the form of 1D!'33-13] or hybrid forms, 13813 rather
than 0D,['*% which ensures high conductivity even if cracks or
notches appear in the structure. To enhance stretchability while
improving conductivity or transparency, such hybridization
combining not only 1D materials in different scales, but also
diverse materials and composition into the one composite is
highly effective. Moreover, ultrathin 2D materials show
enhanced performance based on their intrinsic conductivity and
scalability such that they can be good candidates for the
future.'*!l Graphene is a great filler, on that account, and the
others such as molybdenum disulfide (MoS,)!'?®! and
MXenel2143] have been recently adopted for a wearable plat-
form that shows high intrinsic flexibility over a large area, while
allowing high optical transparency and efficient carrier trans-
port.*l As an example, a strain sensor that is attached to the
joint or directly mounted on the muscle can be expressed in
another property gauge factor, which is the ratio of the stretcha-
bility and their conductivity during natural body activities for
human motion inspection. Furthermore, in the view of process,
those compositing methods can adopt prestrained con-
structs,B*1#+14]  polymer-assisted metal deposition,!'*?l 3D
spalling,*”) 3D integration,'*®l and the like. Nevertheless, the
composites made with nanomaterials exhibit high tailoring
capabilities, multiaxial stretchability, associated patterning
processes, and adhesion problems. There are several recent
concepts, such as ionic conductor and LM, which are also
interesting candidates for “intrinsically stretchable” electronic
materials. LM, encapsulated in soft substrates, is highly stretch-
able, mostly based on its liquid yet metallic conductive features
(Figure 6g)."*) Hirsch et al. formed biphasic gold-gallium
(Au-Ga) LM that is patterned on a elastomer membrane by
sputtering an alloying Au film followed by the thermal evapora-
tion of liquid Ga, resulting in the solid intermetallic alloy
AuGa,. The photolithography was used for patterning electrode
part with critical dimension of 100 um on a 40 um thick PDMS
membrane. They found that the biphasic liquid films show low
sheet resistance (1 Q sq7'), low gauge factor (=1), and no
dependence on strain history. Such great electrical constancy is
maintained independently of applied elongation, enabling a
cost-effective approach including printing process, and thus is
used for wearables in a variety of applications for triboelectric
nanogenerator,’% glove-type strain sensor with meander resis-
tors,°! and air-quality monitoring system.>2l The other ionic
conductor, which includes hydrogels,'+103105153] plasticized silk
proteins, ' and semiconducting polymers,'>* is also stretch-
able and endows the device with additional functionality such
as self-healing capabilities.[102132155.156] Shj et al. fabricated ionic
conducting elastomers (ICEs) by employing lithium
bis(trifluoromethane  sulfonimide), butyl acrylate (BA),
poly(ethylene glycol) diacrylate, and 1-hydroxycyclohexyl phenyl
ketone (photoinitiator 184) as an electrolyte salt, monomer,
cross-linker, and photoindicator, respectively (Figure 6h).['%]
This ICE prepared by copolymerization possessed high stretch-
ability with elongation to 1100% as well as high conductivity of
1.27 x 107 S cm™ at room temperature (20 °C). Moreover, it
shows high-temperature stability up to 300 °C and long-term
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use by virtue of its noncorrosive and hydrophobic features as
well as a full transparency of 92.4% with a 1 mm thick sample
in the visible light region. Sarwar et al. disclosed a method of
monitoring finger proximity by using ionically conductive
hydrogel electrodes, which project electrical field above a capaci-
tive sensor to detect the movement and location of multiple fin-
gers.['8 The bendability, stretchability, and transparency of the
hydrogel facilitated its proximity, touch, and pressure sensors.
Li et al. reported Fe-Hpdca-PDMS polymer with an iron
(Fe(III)) metal and 2,6-pyridinedicarboxamide (H2pdca)-PDMS
ligand. Its metal-coordination interaction contributes to a max-
imum applied strain of 1500% (maximum fracture strain up to
4500 *+ 20%) with 90% healing efficiency after 48 h of cutting at
ambient temperature (Figure 6i).'>° Given that its high
mechanical properties were fully recovered after damage (i.e.,
rheological features), the self-healing effect can significantly
increase the operation time over biological relevant timescales.

The use of intrinsically stretchable array of transistors using
cross-linked styrene—ethylene-butadiene—styrene (SEBS), con-
jugated polymer/elastomer phase separation induced elasticity
(CONPHINE) film, CNTs as a dielectric, semiconductor, and
electrodes allows the skin electronics to be semitransparent
without hard-soft integration. The fabricated device includes
a stretchable array of 6300 transistors in an area of around
4.4 x 4.4 cm? (Figure 6j).1% These devices are fully stretchable
and transparent, which would allow inkjet printing for large-
scale fabrication.

3.2. Physicochemical Properties
3.2.1. Small and Thin Form Factor

Form factor is a combination of various factors of a device deter-
mined mostly by its size, shape, and other physical arrange-
ments. Generally, in electronic packaging, consumer electronics,
and nanomaterials fabrication, the term describes the phys-
ical size and shape of a material or device that represents a
class of similarly sized components and prescribes a specific
standard.['>*-111 Many people have adopted new lifestyles created
by wearable technology in revolutionary form factors: glasses,
goggles, wristwatches, bracelets, armbands, rings, gloves, neck-
laces, pins, headsets, and clothes. By contrast, WFHE continues
to expand by adding unique characteristics and unprecedented
attributes in which the value is adjusted with respect to the skin
interface. According to recent studies, when functional devices
are desired to be fully matched to the surface of the body, the
requirements include flexible/stretchable, small, thin, dry, and
nonobtrusive form factors. Throughout all this, the focus is
much on implementing a variety of ideas with the goal of satis-
fying such physicochemical mandates and thus achieve dynamic
capabilities over long time frames. Thin, small, lightweight, and
bendable components are required to make direct contact with
the human skin and send signals without distracting users. To
fabricate such functional electronics that are so light and thin
that the thickness goes down to several hundreds of nanometers,
the use of transferring approaches of thin polymeric layer encap-
sulating a functional electrode or device allows the device to fly
in the air or not to distract human from any movement.[162-164
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To decrease the thickness of substrate, which is polymer-based
material, ultrathin organic,'®! carbon-based composite,'l cel-
lular composite,'®”) and 3D monolithic types!'®®! are also used.
To obtain small and thin devices, the approach for thinning of
conventional inorganics is also broadly used in the microelectro-
mechanical system, not only for the electrodes and substrates, but
also for ultrathin chips (<50 um) obtained from brittle and rigid
Si wafer. The above-mentioned strategies allow fabrication of
patch-type WFHE, which can monitor a variety of vital signals.*’!
Recent papers have covered the examples including the electro-
chemical sweat sensor,'®] ISF-based biochemical sensor,'”% gra-
phene-based physiological sensor,”!l IM-based electromyogram
(EMG) sensor,['”?l commonly used Au-based sensor,!'**l and even
the supercapacitor.'”3! It is also possible to use it as a battery-
embedded smart lens,!'74173] or 1D flexible battery.l'”% To increase
sensitivity to a small amount of chemicals from the human body,
such as from sweat, microfluidic channel is also adopted, usually
in the form of PDMS that is repellent to water solution.'”7178 In
this case, water permeability of microchannel can be nonnegli-
gible, so additional treatment is required (see Section 3.2.4).117°)

3.2.2. Transparency

High optical transparency (unit: %) is instrumental for making
wearable devices and smart displays, yielding a visually perfect
fit with the human body.**'8 The aforementioned PDMS is
flexible and optically transparent, making it suitable for using
in bioelectronics. However, its conductivity and functionality are
worse than those of conductive electrodes, such as novel metals
and carbon-based materials.'8182] Many efforts have been made
to obtain high stretchability, transparency, and desired function-
ality at the same time. In this section (Figure 7), recent studies
that have a focus on increasing transparency as well as adding
functionality to WFHE are given. Figure 7a shows that ultrathin
organic field-effect transistors (OFETs) composed of a 100 nm
thick Au metal film evaporated onto the 1 um polyethylene naph-
thalate (PEN) foil became lightweight and crumpled like a sheet
of paper.'®3l Such ultrathin electronic film made up of Pl-encap-
sulated Si complementary metal-oxide—semiconductor (CMOS)
circuits formed onto prestretched elastomers (3M VHB) is used
for a tactile sensor (total thickness: 2 pm).1%31 When the pre-
strained elastomer is relaxed, the ultrathin foil forms a network
of out-of-plane wrinkles (thickness of folds: 100 um) so that the
device accommodates subsequent tensile strains up to 233%.
Decreasing the thickness of layered structures based on micro-
and nanopaper can be used as a methodology for synthesizing
highly transparent as well as gas-permeable films.'*l Wang et al.
demonstrated that a triboelectric tactile sensor with patterned
silver nanofiber (AgNF) electrodes on the elastomeric PDMS
matrix showed high transparency as well as rapid response time
of 70 ms.'®3 The diameter and transparency of AgNFs depend
on the time for electrospinning and sputtering, respectively,
and the results, in turn, show the high conductivity of the elec-
trodes of 1.68-11.1 Q sq7! at high transmittance of >70%. Fan
et al. demonstrated a breathable epidermal electrode composed
of a scaffold-reinforced conductive nanonetwork based on Ag
nanowires (NWs) and polyamide (PA) NFs.84 Figure 7b shows
the AgNWs-PA NFs that exhibit high transparency (84.9%)
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with a low sheet resistance of 8.2 Q sq7!. In this case, PA NFs
formed a scaffold-reinforced network for solution-dispersed
AgNWs followed by the effective embedding via vacuum filtra-
tion afterward. Furthermore, this structure achieved excellent
mechanical robustness in uniaxial strain (0-50% elongation)
and high durability under 3000 bending cycles with 300 m™!
curvature. In this manner, scale- or shape-controlled compos-
ites consisting of metals and polymers presented high trans-
parency at the visible light region in Ag nanoparticles (NPs)/
polyurethane (PU) (77%),18) AgNPs/PDMS (86%),/'81 PDMS/
AUNW-AgNW  (86%),1*] AgNWs-PDMS (88.3%),!2! and
AgNF-AgNW/PI (89.05%),l8] for the flexible strain/tactile sen-
sors. Besides, functional inorganic materials, such as boron
nitride nanosheet (BNNS), dispersed in PDMS with the con-
trolled contents (1.0 wt%) have been proposed for transparent
and flexible piezoelectric sensors.'¥”] The BNNS/PDMS com-
posite shows higher transparency than the bulk BN with the
same contents, which yields 40 uW and a conversion efficiency
of 12.6% from human movement in a transparent manner.
Carbon-based materials, such as high-quality graphene exhib-
iting transparency higher than 90%, are a promising candidate
for a flexible electrode.'® The conductivity of CNT/PDMS is
1809 S cm™! at >85% transmittance, increasing to 3316 S cm™
at 100% tensile strain.'®% Several works reported on graphene-
based (semi-)transparent substrates focusing on their use as sen-
sors.1°0191 Films consisting of biomimetic chitin, silk, and their
hybrids are also highly transparent under visible light.[110192-194
Using biomimetic chitin NFs and silk fibroin (B-sheet) with
conductive AgNFs, the hybrid films show high transparency of
>90% (Figure 7¢).') The addition of a B-sheet increases the
elastic modulus up to 6.5 GPa, provided by hydrogen-bonded
cross-links, while reducing the defects of the chitin NFs. In this
manner, such devices having high transparency were used for
an intraocular lens that was able to be worn on a rabbit eye while
sensing glucose concentration in tear fluids in a wireless manner.
Furthermore, such a hybrid film made for film heater showed
a coefficient of thermal expansion (17 ppm K!) comparable to
that of PI (17.5 ppm K!). The replacement of the electrodes
or substrates with ionic conductors, which are intrinsically soft
and stretchable, is of particular interest (Figure 7d,e). Thanks to
further investigation on electronic designs and material pack-
aging in the iontronic field, a skin-attached pressure sensor
exploiting an epidermal—iontronic interface demonstrated high
optical transparency (>85%) and ultrathin construction (weight:
5 g m™), along with high sensitivity (5 nF kPa™) (Figure 7d).'*]
Even though hydrogel electrolytes are susceptible to moisture, a
side effect of their dehydration at a high temperature (=100 °C)
and their ensuing weight loss,'*”] they are still powerful enough
to use in wearable platforms since the polymer network does not
scatter light and shows similar optical properties of water even
with increased thickness, which ensures an acceptable conduc-
tivity (Figure 7e).17197] Moreover, the array of small, thin, and
elastic transistors renders the skin electronics semitransparent,
removing the need for the hard-soft integration (Figure 7f).1U
The use of the intrinsically stretchable cross-linked SEBS-azide,
CONPHINE film, and CNTs can make the entirety of the skin
electronics transparent, even when fully patterned with 6300
transistors. For more information regarding transparent flexible
electronics, one can refer to the recent review.[1%?]
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Figure 7. Strategies for enhancing transparency. a) Ultrathin plastic electronic foils (crumpled like a sheet of paper). Reproduced with permission.[15%l
Copyright 2013, Nature Publishing Group. b) Scaffold-reinforced AgNWs/PA NFs attached on the fingertip, finger knuckle, and their use for powering
LEDs. Reproduced with permission.'®l Copyright 2018, American Chemical Society. c) Nanofibers and silk fibroin (B-sheet) hybrid film heater and
contact lens, applied on a rabbit eye. Reproduced with permission.['*d Copyright 2018, Wiley-VCH. d) Capacitive pressure sensor using an epidermal—
iontronic interface. Reproduced with permission.'! Copyright 2018, Wiley-VCH. e) Transparent and conductive hydrogel-based pressure sensor
attached to the back of a hand. Reproduced with permission.['*! Copyright 2018, Nature Publishing Group. f) Fully patterned transparent electronics
with 6300 transistors using CNT, SEBS-azide, and CONPHINE. Reproduced with permission.'®!l Copyright 2018, Nature Publishing Group.

3.2.3. Adhesion

When two surfaces of differing structures come into direct con-
tact with each other, it is inevitable that they will come apart
after a certain period of time has elapsed, whether by design
or by accident. While adhesion to skin can result in highly
accurate signals, immediate drawbacks include the difficulty
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of separating such devices from the skin. Additionally, medical
adhesives, such as acrylic adhesives, which are found in com-
monplace tapes, dressing, ECG electrodes, and medication
patches, may cause allergic contact dermatitis.'* Superficial
layers of the skin are readily removed by patches or adhesive
products when such patches are detached from the surface
of the skin.2% The abovementioned phenomena reduce the
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skin's barrier function, leading to potential toxicity and irritation
from the substances, which increases the risk of infection. As a
result, recent studies have focused on dry features, especially of
interfacial adhesion. Instead of using sticky adhesives, forming
a dry and continuous contact via the action of van der Waals
forces or electrostatic forces is required.?°!] Conformal adhesion
has been achieved by using extremely thin electrodes, pattern-
imprinted substrates, and self-adhesive materials as the basis
for a flexible stretchable form factor as well as conformal/dry
contact between the skin and WFHE. As shown in Figure 8a, an
ultrathin Au electrode that is partially encapsulated by Parylene
improved adhesion to the skin by reducing bending stiffness
(i-e., by modifying its mechanical property).®! Its total thick-
ness of sensing area reduced to 200 nm ensures self-adhesion
to any 3D biological surface, resulting in the development of
motion artifactless ECG and EMG sensors. Hybrid approaches,
whereby an adhesion area is architected with micrometer-
scale pillars, get rid of the need for a glue yet maintain adhe-
sion quality by establishing the more reliable interconnections
between the soft WFHE and the skin (Figure 8b). By adopting
a polymeric surface covered in micrometer-sized mushroom-
shaped projections, the substrate can adhere to human skin
without using glue. This negates the need for sticky residues
and irritations that commonly result when using sticking plas-
ters with acrylic adhesives. By focusing on adhesion mecha-
nisms used in the animal kingdom, including well-known
examples such as the gecko or octopus, wearable devices
recorded vital signals even from wet skin while bypassing any
toxicity induced by the currently used adhesives that are based
on acrylic compounds.2°2-204 One example includes stretchable
electronics with octopus-like patterns imprinted on a carbon-
based conductive polymer composite film (Figure 8c).?%] These
bioinspired conductive suckers allow high adhesive capabilities
under both dry and wet conditions on silicon (5.24 N cm™) and
skin replicas (1.89 N cm™) without leaving behind residues
after detachment, even with an effortless peel-off procedure.
By controlling the ratio of the carbon fillers (optimum: 7 vol%)
in PDMS matrix, which resulted in the successful formation
of the percolation networks, vital biosignals such as ECG and
the bending motions of a human wrist were detected even
under water. The kirigami-inspired structure was also used for
enhancing the adhesion strength (Figure 8d).2%! PET films
were patterned by laser cutting and coated with an adhesive
silicon primer between the PET films and PDMS substrate.
The design of the pattern, such as the number of intercon-
nects, controlled spatial and directional adhesion strength
to the skin. Other approaches include an addition of a small
amount of surfactant to modify adhesion strength of the most
used substrate, which is PDMS (Figure 8¢).'!l Triton X that
contains polar functional groups interacted with a curing agent
in the PDMS, thereby modulating its mechanical properties
and enabling the use for ECG sensor embedded with AgNWs.
The use of hydrogel has garnered great attention as a means of
improvements in adhesion that leave no residue after detach-
ment.[105206-219] Figyre 8f shows one example of hydrogels that
are very durable and adhesive, inspired by the delaminated
structure of the skin.'%! In situ polymerization of nucleobase-
driven adhesive hydrogels on the conductive tough hydrogels
resulted in robust direct adhesion to the skin as well as various
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solid materials. Furthermore, effectively blocking the current
from the tough conductive layer protects the skin from harm.
They also exhibit high flexibility and strain sensitivity, enabling
the detection of large-range human motions as well as tiny
physiological signals. One example showed a high bonding
capability that was mainly attributed to a high stretchability (up
to 2100%) and adhesion strength even under water (10-20 kPa)
allowing for the monitoring of subtle motions such as swal-
lowing and smiling, where the relative resistance change was
below 5%.11% Hydrogel serves as an optimal adhesive in part
due to its composition. Han et al. demonstrated that program-
mable changes in the adhesion strength of hydrogel, which are
synthesized by in situ formation of polydopamine (PDA)-doped
polypyrrole nanofibrils, interwoven in an elastic and trans-
parent polyacrylamide network, resulted in controllable values
up to 30 kPa in maximum.?'] Moreover, Oh et al. recently
demonstrated a resistor-type temperature sensor exhibiting
high thermal sensitivity of 2.6% °C~! (25-40 °C), enabled by the
integration of the use of functional hydrogel and the aforemen-
tioned hierarchical layout of the surface (Figure 8g).*'?l They
designed PDMS surfaces according to bioinspired octopus
sucker-like microstructures that have a cavity (7.5 um) and rim
(4 um). Fabricated from a mold, each surface of the microstruc-
ture was spin coated with thermoresponsive hydrogel layer,
poly(N-isopropylacrylamide) (pNIPAM). This produced strong
adhesion without the pNIPAM coating layer up to 3.78 kPa,
which is greater than that when using the pNIPAM (2.28 kPa);
creating rim structure achieved adhesion 14-23 times higher
than the flat PDMS. Furthermore, such results were reversed
when the temperature rose to 40 °C (13.4 kPa) by the deswelling
of the pNIPAM, the shrinkage of the hydrogel, the increase
of the internal concavity volume, and thereby the suction
effect of the rim structure. These features can last at least half
a day at 25-40 °C and enable easy detachment. Therefore, they
were adopted for skin-attached temperature sensors with reus-
ability and high durability.

3.2.4. Permeability

Many sensors and components that constitute a WFHE
encounter complex environments that are abundant in gases,
liquids, and molecules. This external circumstance may cause
inevitable penetration of chemical species into the surface of
wearable devices mounted on the body, and thus the sensor
capabilities may deteriorate over time. This lack of environ-
mental robustness is a major obstacle to achieving stability
while exhibiting a sufficient sensing performance. Apart from
that the general electronics are prone to moisture, stagnant
water under the devices also damages the epidermis, causing
infection, pain, and delayed healing.?° Therefore, WFHE
should be selectively permeable or impermeable to gases
such as water vapor (mostly from the external environment)
and liquids that contain salts, proteins, and other molecular
substances (from the biological environment).

An encapsulating layer that is low water permeable or
water repellent has been applied to the surface of WFHE, pro-
viding stability to the interfaces. One of the examples is the
use of PDMS that is flexible and biocompatible; however, it
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Figure 8. Strategies for enhancing adhesion. a) Downscaling of a metal thin film. Reproduced with permission.Bl Copyright 2018, Wiley-VCH.
b) Micrometer-scale structure for a dry contact onto the skin. Reproduced with permission.2%2l Copyright 2011, Nature Publishing Group. c) Octopus-
like patterns imprinted on a carbon-based conductive polymer composite. Reproduced with permission.2%l Copyright 2018, Wiley-VCH. d) Kirigami-
inspired structure (left) and its adhesion force (right) with a varying number of interconnects. Reproduced with permission.2%! Copyright 2018,
American Chemical Society. e) Programmable adhesion force enabled by polar functional groups of Triton X and its use for ECG sensor. Reproduced
with permission.l®!l Copyright 2018, American Chemical Society. f) Intrinsically adhesive hydrogel with no residue. Reproduced with permission.'%’]
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is permeable to water, organic solvents, and small lipophilic
molecules, preventing a hermetic seal.l”® This shortcoming is
negligible only if the operational timescale and the target ana-
lyte are rationally acceptable such as in a way that was used
in a microfluidic channel.2!3 In this case, multilayer coating
with an additional polymer, most prominently Parylene that
has a low permeability to moisture and a long-term stability,
can tune the surface permeability.?1#21] PI that has high dura-
bility and flexibility is also a good candidate. Kim et al. verified
that its lower permeability could maintain electrical properties
for a longer time than a PDMS-coated electrode in water and
saline solutions.?1%! Nonetheless, the synthesis of stretchable
polymers that are wholly impermeable to water and oxygen is
impossible because their long chains have pores much larger
than such small molecules.l'l Inorganic encapsulation layers
that are thin enough to be flexible are attractive alternatives.
Thermal SiO, (200 nm) together with silicon nitride (SiN,)
(200 nm) bilayer addressed a vulnerability of electronics dis-
covered in harsh environments, allowing a simultaneous
impermeability to water and ions.?!”] This methodology is
already indispensable for serpentine-patterned electrodes or
other components used in wearable devices thus far. Also, the
LMs, a new vigorously growing field, also need to be encap-
sulated because water can change the composition of their
surface oxide and weaken a mechanical strength and a break-
down voltage.[?'8219 Wang et al. developed Mg-Galn materials
by mixing Ga-based LM with magnesium (Mg) particles. They
utilized the Mg-Galn LMs in tumor therapy by patterning
those electrodes on a flexible paper substrate. The results
showed a superior photothermal conversion effect (61.5%).22%
These paper-based substrates also have unique imperme-
ability to LMs, simplifying fabrication of the fully stretchable
electronics.[13221]

Another considerate aspect of the permeable feature of
WFHE is the breathability that guarantees long-term wearing
and tight adhesion of WFHE during times of perspiration. For
instance, the substrate materials that have high permeability
to water vapor and gas do not block sweat gland ducts, sup-
pressing the potential risks of skin inflammation.[*??l Recent
papers demonstrated a successful modulation of selective
permeability by controlling the structure of the substrate mate-
rials in terms of porosity and its pore size.’>?23-2] Electrodes
made up with graphene, which is known as an impermeable
nanosheet,?2 achieved a high water vapor permeability of
18 mg cm™ h7! in a porous structure combined with porous
elastomer sponge, indicating that dimensional pores effec-
tively improve a gas/vapor permeability of the whole composite
(Figure 9a).®81 Those water-wicking electronics comprised
of hydrophobic porous graphene/elastomer sponge expedite
sweat transportation and water evaporation, thereby mini-
mizing the risks of inflammation. Aside from the substrates,
electrodes have also mimicked a porous structure of fabric/
textiles by using NWs,[2222%7] vertically aligned 3D electrodes,*!!
and rugged substrates.[?28] Miyamoto et al. fabricated Au nano-
mesh conductor exhibiting excellent water vapor permeability,
which was measured by weight loss of water when the elec-
tronics were attached to the opening of a water bottle at 25 °C
temperature and 30% humidity (Figure 9b).222l The Au layer
with a thickness of 70-100 nm deposited on top of mesh-like
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electrospun poly(vinyl alcohol) (PVA) (300-500 nm in diameter)
had high gas permeability, showing the same rate in the weight
loss of water as the bottle without a nanomesh conductor. In
the case of 1.4 um thick PET films and 10 um thick silicone
films, the weight of the bottle barely decreased, or only 23% of
the water remained in the bottles after 1 week.

Other than that, selective permeability is of the essence for
the functionalization of the materials, which constitute sensing
part of the WFHE. As the materials destined for sensors gen-
erally have a high surface-to-volume ratio and have a number
of chemically activated sites on their surface, they are likely to
be accumulated by unwanted molecules and thus turn ineffec-
tive over time. To address this problem, ion-selective permeable
membranes have been incorporated onto the sensing layer,
acting as a barrier as well as enabling the immobilization of
essential molecules in it.?? Such antifouling layers can prevent
the degradation of the sensing materials in high-humidity and
salt environments, thereby retaining initial degree of sensing
capabilities.??>231l Ags an additional consideration, trans-
dermal drug delivery systems, equipped with therapeutic tips
or layers under the WFHE, highly require the selective perme-
ability for vital chemicals to the outer layer of skin (stratum
corneum).25:232-234]

3.2.5. Water Repellency

WFHE ensure high-accuracy physiological signals only if the
device adhered to the skin without hindrance. As mentioned
earlier, a stagnant water layer between the device and the skin
produces potential drift and even causes skin injury. In this
case, modifying the surface energy by a structural or chem-
ical treatment can change the water affinity of the surface of
the devices, making them unaffected by water absorption or
passage. This offers the possibility of a stable adhesion at the
various surfaces and interfaces of WFHE by blocking the water
that comes from breathing, sweating, washing, and show-
ering 65469235236 Moreover, an antifreezing effect induced
by superhydrophobicity foresees the use of hydrogel-based
WFHE in an extremely cold environment under 0 °C.[206:210]
In this section, we introduce some recent methods to change
the water affinity of wearable substrates, along with emerging
materials that contribute to the enhancement of the water
repellency. Various flexible substrates used in WFHE are typi-
cally hydrophobic due to their polymeric nature, making them
robustly matched to the human skin that is intrinsically hydro-
phobic.?¥238 The examples include silicon rubber, Ecoflex,
PDMS, and Parylene (except for PI).2'] However, PDMS is
also well known for its lack of hermeticity to water vapor over
time. To address this problem, Reeder et al. reported a sweat
sensor that can operate under water and during swimming by
using hydrophobic block copolymer, poly(styrene—isoprene—
styrene) (SIS), as a microfluidic channel (Figure 9c).2*! The
results demonstrated high-barrier properties of SIS, showing a
water mass change (less than 20% for 4 h) lower than that of
PDMS (100% within 3 h) at 37 °C. The other reports of the use
of a patch-type sweat sensor monitoring cortisol concentrations
used polyethylene-based hydrophobic polymer as an outermost
waterproof layer.[®3] Li et al. introduced a spontaneous synthesis
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Figure 9. Strategies for enhancing permeability, water repellency, and self-healing capability. a) Strain sensing system using silicone elastomer sponge
and porous graphene with low water-wicking distance. Reproduced with permission.’®l Copyright 2018, Wiley-VCH. b) Au nanomesh electrode
mounted on the skin. Reproduced with permission.??2l Copyright 2017, Nature Publishing Group. c) Waterproof microfluidic sweat sensing system
using poly(styrene—isoprene—styrene) and its stable collection and storage of sweat. Reproduced with permission.?3% Copyright 2019, American Asso-
ciation for the Advancement of Science. d) Proposed recovery mechanism of CNTs embedded in self-healing polymer matrix, self-healable ECG sensor
damaged and subsequently recovered in a few seconds, and its resistance after making a cut and self-healing for 12 h. Reproduced with permission.['32

Copyright 2018, Nature Publishing Group.
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of a superhydrophobic and conductive surface by spray coating
of multiwalled carbon nanotube (MWCNT) dispersed in a com-
mercial thermoplastic elastomer, which endowed such com-
posites with strain sensing capabilities.?*%l The surface of this
MWCNT/elastomer composite ensured its superhydrophobicity
(water contact angle >150°) under strain and even after alkali,
acid, and UV stresses.

However, making the substrates superhydrophobic inex-
tricably affects the other processes for assembling devices,
enhancing sensing performances, especially when WFHE pos-
sesses nanocompositing structure. To use hydrophilic nanoma-
terial as a pillar, the substrates should be treated beforehand to
increase the number of hydrophilic functional groups on their
surface and this may lead to outer water penetration.?41242
Also, the surface charges and hydrophobic property of all the
components, such as sensing materials, layouts, and mem-
branes, should be considered in providing the WFHE hybrid
functionalities. Specifically, several different areas have deeply
discussed such hydrophilic-hydrophobic nature: 1) micro-
fluidic channels, 2) adhesions, 3) newly emerging materials
including ionic conductors, and 4) immobilization of biosen-
sors. First, a selective creation of hydrophilic channels has
been utilized to flow sweat inside the hydrophobic substrate
eliminating the need for external pumps or power supplies.
The mechanism is on the basis of not only the capillary action
but also the hydrophilicity of particular area. Gao et al. fabri-
cated a flexible 3D nitrocellulose nanopillar array paper that has
three different hydrophilic branches used for sweat split-flow
microfluidic channels via a stamping-patterning method.l?*?!
With a view to choosing and engineering materials, the efforts
to render the attraction force between two materials have been
made to modify their surface affinity either by structure modifi-
cation,?* or chemical treatment. For instance, an extra chem-
ical treatment such as benzophenone treatment can be applied
to generate chemical bonds between intrinsically hydrophilic
hydrogels and typical flexible surfaces that are hydrophobic.'
In adopting fully stretchable electronics, Wang et al. modi-
fied the surface of styrene-based block copolymer dielectrics
by using octadecyltrimethoxysilane molecules to increase the
hydrophobicity, and thereby reduce their interaction with a
semiconductor film.[°! Besides, hydrophobicity of self-healing
polymer directly affects the hydrogen bond formation that is
responsible for self-healing capabilities.'%2 As for an aerogel,
Zhang et al. reported a wearable flexible carbon black aerogel
composite that affords its thermal insulation property and thus
thermal protection better than cotton fabrics.??!! This com-
posite showed hydrophobicity and ultrafast oil/water separation
capability owing to its abundant methyl groups on the surface
and high porosity (93.6%). Furthermore, a recent study showed
that the hydrophobic polymer coating method stabilized LM
NPs for more than 60 days.?'”) When WFHE are intended to
have hybrid functions on drug release, a multilayered film com-
posed of the hydrophilic mesh containing therapeutic agents
and hydrophobic encapsulation layers can function to release
drugs.?*! Since the crack propagation is induced by strain due
to the mechanical mismatch at the surface, water infiltration
and drug release occurred subsequently. In another application,
a biochemical sensor exploited a biofouling membrane coated
on the surface to limit the accumulation of unwanted materials
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on the surface and to pass analyte of interest. In this case, the
membrane has a certain degree of hydrophobicity to change
interfacial energy,??”! enable a better orientation of immobi-
lized antibodies,?*®l or prevent the formation of a hydration
layer as well as the adhesion of bacteria.[231:247]

3.2.6. Self-Healing

Autonomous systems, which determine the practical appli-
cation of WFHE, require great robustness that can last long
enough for external environments as well as for the availability
of self-powered batteries.?] In this regard, certain materials
with self-healing effects are of great interest due to their promi-
nent features restoring the original properties, mostly shape,
structure, and mechanical/chemical/physical properties, even
after damage and cutting.?*24] Such effects enhance WFHE
durability and reliability, which usually rely on a substrate
that makes up the device (>99 wt%), thus maintaining wear-
able form factors and other functionalities for a longer time.[*®l
Based on a representative mechanism, self-healing materials
are categorized into two main scopes: dynamic formation of
noncovalent (physical) or covalent (chemical) bonding, or uti-
lization of noncovalent bonding of ions.?*" Since the latter is
so soft that it is not enough to have the required mechanical
toughness at the processing stage, it mainly utilizes the former,
which is mostly based on the hydrogen bonding, hydrophobic
interactions, and metal-coordination interactions, dominating
the degree of self-healing effect. In this section, we will briefly
introduce substrates that have recently been used for self-
healing and connected wearable devices. Self-healing efficiency
is generally defined as the elongation ratio of the healed and
pristine gels. Hydrogels, which are stretchable and conductive
because of their inherent large amounts of water and small
molecules, have been exploited as substrates for wearable strain
sensors by monitoring the changes in resistance.'%>27] Wang
et al. recently demonstrated a ternary polymer composite com-
prised of polyaniline (PANI), poly(acrylic acid), and phytic acid
that shows high stretchability (=500%) without a significant
change in the gauge factor between strain sensors, which are the
original one and the healed one.'>® The self-healing efficiency
is obtained as =99% in 24 h, enabled by the dynamic hydrogen
bonding and electro-elastic interactions. However, self-healing
hydrogel possesses several issues: it relies on conductivity and
toughness and suffers from water and low temperature owing
to its high water content. To address these problems, efforts
to increase toughness,['*3 conductivity,'”’! and water insen-
sitivityl19221% have been conducted. In terms of conductivity,
compositing graphene oxide (GO) sheets with poly(sodium
4-vinyl-benzenesulfonate-co- N-(2-(methacryloyloxy)ethyl)- N, N-
dimethylbutan-1-aminium bromide) was conducted.'””! The
results showed a high ionic conductivity of 10.5 mS dm™!
with the storage modulus (G’) recovered within 80 s after
stopping a large strain of 500% (original 2038 Pa; recovered
2042 Pa), which is enabled by multiphysical cross-linking in
the hydrogel. Kang et al. reported water-insensitive elastomers
with PDMS oligomers (PDMS-MPU_-IU,_,) linked by MPU
as a strong bonding unit and isophorone bisurea units (IU) as
weak bonding units. This polymer film is able to have a high
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self-healing efficiency of 78% in dry conditions (strain: 1500%
after 48 h) while showing a corresponding healing capability in
water (strain: 1100% after 24 h), which is unprecedented.'*?!
Further research focused on the self-healing chemistry of the
reconfigurable electrode part showed a high potential for inte-
grated self-healable electronic skin (Figure 9d).'*?l Compositing
conducting nanostructures, CNT, in contact with a dynamically
cross-linked polymer network, PDMS-MPU, ,~1U, restored
the electrical conductivity after cutting and damage after 12 h.
Their stretchable (up to 50% strain without crack propagation)
and self-healing features can be used as electrodes in active
electronic components, including a fully healable multifunc-
tional electronic skin system with a strain monitor, ECG sensor,
and light-emitting capacitor display array by the use of dielec-
tric, AgNW network, and Cu-doped zinc sulfide (ZnS) particles,
respectively.

3.3. Biocompatible Properties
3.3.1. Biocompatibility

Considering fully attached WFHE onto the human skin, par-
ticular emphasis should be given to nontoxic, nonirritant, and
nonallergenic features. The term biocompatibility refers to
“the ability of a material to perform with an appropriate host
response in a specific situation.”?!] To date, on the basis for
the intuitively obvious fact that WFHE should cause no harm
to users by intent or by accidents, researchers have adopted
a set of biocompatible materials: passivable alloys (stain-
less steel, titanium (Ti) alloys), inorganic novel metals (Au,
Pt, palladium (Pd)), oxide ceramics (zirconia (ZrO,), alumina
(Al,03)), carbon-based allotropes, stable polymers (silicone
elastomer, polyacrylates), etc.?>2l Recently, the more concerns
provide several attempts as a means to give hybrid functions
above biocompatibility (Figure 10). For instance, Yin et al.
used graphene as a soft contact lens due to its biocompatibility,
optical transparency, high electrical conductivity, and flexibility
(Figure 10a).5 These features enabled conformal, full-cornea
recording of electroretinography (ERG) from cynomolgus mon-
keys by using soft graphene as transparent (71.7% at 550 nm)
and soft electrodes for ophthalmic diagnostic testing.’®! These
features can allow a uniform illuminance, which is important
for high spatial resolution mapping of corneal potential, with
more homogeneity compared to the metal-based electrodes
used before. When it comes to humans, the meaning of bio-
compatibility is expanded to the comfortability that users feel.
As shown in Figure 10b, Au nanomesh ensures nontoxicity to
the body as well as a practical compatibility, providing more
possibility of eliminating the inconvenience that participants
may feel than conventional silicone and Parylene film, which
are considered to be biocompatible.???l By contrast, adopting
intrinsically nontoxic materials yields the simple processing
step and there is no need to cover the device with a multilayered
structure, which is usually combined with detachment issues.
Using inherent biocompatibility, and also a capability of ampli-
fying received vital signals from the body, organic thin-film
transistors bridge the gap between the materials, which cannot
be fully biocompatible, and wearable sensors.*>3! In addition,
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ionic conducting polymers such as hydrogel and nanofibrils
recently attributed to biocompatibility as well as biodegrada-
bility (will be discussed in the next section). Wang et al. synthe-
sized tough conductive hydrogels composed of interpenetrating
PANI and poly(acrylamide-co-hydroxyethyl methacrylate) net-
works, which show reliable detection of repeated large strains
and subtle vibrations.”> The other candidate includes bio-
mimicking nanofibril polymers, such as silk, chitin, and cel-
lulose, which form a hierarchical structure sharing natural
biorepetitive sequences.l'””l Recently, biomass material, bacte-
rial cellulose (BC), is reported as flexible, biocompatible, and
electrically conductive (1.0 x 10 S cm™) fibers for wearable
health monitor applications (Figure 10c).”>”! The film made
a simple structure, called nanochannel, with a 3D intercon-
nected network of 10-30 nm thick BC NFs containing 1-2 nm
nanochannels. This biocompatible nanofluidic device was engi-
neered with charge selectivity that was enabled with a large
negatively charged surface group (zeta potential = —45 mV) and
high ionic conductivity (1.0 x 107 S cm™) by oxidation with
2,2,6,6-tetramethylpiperidine-1-oxyl radical. After integration of
fully cured PDMS, a flexible humidity sensor detected 40-80%
relative humidity (RH) by electrochemical impedance spectros-
copy measurement at 37 °C on the basis of the change in the
ionic resistance of the BC film. The other application includes
wearable high-performance piezoelectric generator. A recent
study changed the conventionally used lead zirconate titanate,
which is undesirable due to the presence of toxic lead (Pb),
to a biocompatible group III nitride thin film.?*? This flex-
ible harvester generates an open-circuit voltage of 50 V and a
maximum power of 167 uW, which can charge a commercial
battery system to operate an optical pulse sensor. Nonetheless,
the regulation including preclinical testing is still only con-
ducted on the materials, not the devices that have many passive
and active components.”>? Above this regulation, encapsu-
lating strategies introduced the concept of covering the whole
device with biocompatible materials, so that the device or newly
developed material can act as biocompatible and functional
electronics. These attempts have continued thus far, and exam-
ples include LM/Ecoflex,'>!) LM/PU,»”) or WFHE/PDMS.[]
Furthermore, the biocompatible performance follows the rule
of not having toxic or injurious effects that trigger the body’s
immune response, so that the use of gel-free dry adhesives
should be concerned as mentioned earlier.202]

3.3.2. Bioresorbability

Beyond biocompatibility, bioresorbable electronics, which is
classified as a branch of transient electronics, eliminates envi-
ronmental, chemical, and physical damages in a way that the
constituent materials dissolve, disintegrate, or decompose
without environmental and toxic residue after using the elec-
tronics.'?! Since this concept was first introduced in 2009,
attempts have been made to integrate such biocompatible mate-
rials composing substrates, electrodes, dielectrics, and encapsu-
lation layers into wearable and flexible electronics.l?*® Studies
to date are mainly applied to implantable electronics while
immersing in water or biofluids to hydrate and form harm-
less by-products in the human body after a biologically relevant
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Figure 10. Strategies for enhancing biocompatibility and bioresorbability. a) Soft graphene-based contact lens for recording of ERG from cynomolgus
monkeys. Reproduced with permission.’®! Copyright 2018, Nature Publishing Group. b) Films of silicone, Parylene, and Au nanomesh conductors
attached to the forearm and measured discomfort reported by participants. Reproduced with permission.?22 Copyright 2017, Nature Publishing Group.
¢) Humidity sensor using bacterial cellulose embedded in PDMS band. Reproduced with permission.?>*l Copyright 2018, American Chemical Society.
d) CMOS device mounted on a human brain model. Reproduced with permission.[?63 Copyright 2017, National Academy of Sciences. e) Temperature
sensor for the internet of things (fish skin). Reproduced with permission.?%4 Copyright 2017, Wiley-VCH. f) A dissolvable pressure sensor and its
application on the human wrist and palm. Reproduced with permission.?%% Copyright 2019, American Chemical Society.

period. As such, in WFHE, they may circumvent the need to
consider long-term complications associated with detach-
ment processes. Recent reviews show a comprehensive under-
standing of materials and processes."?>% Therefore, in this
section, we instead introduce more recent attempts made to
provide the ultimate solution associated with biocompatibility
as a means to apply in WFHE. Bioresorbable materials can be
classified into nanomembrane or porous Si,?°2l metals (Mg,
Zn, Fe, tungsten (W), Mo, and their alloys), inorganics (SiO,,
SiN,, magnesium oxide (MgO)), synthetic polymers (PVA, PVP,
polycaprolactone, poly(lactic acid), poly(lactic-co-glycolic acid),
poly(1,8-octanediol-co-citrate)), ~and  natural/nature-derived
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polymers (silk, cellulose, sodium alginate) as the basis for
electrode, substrate, and functional features, including dielectric
property.260:261 The dissolution rate, which refers to the degree
of the bioresorbability, is expressed by the unit of um h! or
mg h7! in a representative biofluid (Hank’s solution)®°! or
deionized water at room temperature. The rate is highly
dependent on the morphology and chemistry of materials
and the composition and temperature of the solution. Lei
et al. developed totally disintegrable and biocompatible CMOS
flexible circuits by integrating conjugated polymers that consist
of reversible imine bonds that were decomposed under mild
acidic conditions, biodegradable cellulose substrate, Al,0;, and
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Figure 11. Strategies for improving electrical conductivity under mechanical strains. a) Scaffold-reinforced nanonetwork using AuNWs and PA NFs.
Reproduced with permission.'® Copyright 2018, American Chemical Society. b) Kirigami-inspired MnO, nanowire/CNT composites. Reproduced with
permission.l2% Copyright 2018, Wiley-VCH. c) Spider-sensory-system-inspired Pt on a PUA structure. Reproduced with permission.[?8% Copyright 2014,
Nature Publishing Group. d) Hole-patterned C-polyurethane acrylate with uniform guided crack. Reproduced with permission.?8'] Copyright 2017, Nature
Publishing Group. e) AuNW-AgNW hybrid networks on a PDMS substrate. Reproduced with permission.['33 Copyright 2018, Wiley-VCH. f) 1D-2D Ti;C,T,
MXene/CNT percolation network composite structure. Reproduced with permission.2 Copyright 2018, American Chemical Society. g) 0D-2D Ti;C,T,
MXene hybrid network. Reproduced with permission.?33 Copyright 2018, Wiley-VCH. h) 0D-1D-2D ternary nanocomposite structure using fullerene,
GO, and AgNWs. Reproduced with permission.['*] Copyright 2018, American Chemical Society. i) Pt/PDMS nanohair interlocking structure. Reproduced
with permission.[?34 Copyright 2012, Nature Publishing Group. j) Epidermis-microstructure-inspired rGO/PDMS interlocking structure. Reproduced
with permission.[?# Copyright 2018, American Chemical Society. k) Sea-urchin-inspired ZnO NP interlocking structure. Reproduced with permission. 28l

Copyright 2018, Nature Publishing Group. I) Fiber-shaped Au/PDMS with beads. Reproduced with permission.['%l Copyright 2018, Wiley-VCH.

Fe electrodes (Figure 10d).2%l The degradation speed was con-
trolled with decomposable encapsulation materials. Salvatore
et al. demonstrated a wireless flexible temperature sensor, which
was designed for food tracking and composed of a bioresorb-
able electrode (Mg) encapsulated by thin layers of Si;N,, SiO,,
and Ecoflex elastomer (Figure 10e).2Y The measured resistance
showed an accuracy of 0.2% variation at 10% strain for about 1
day, in which the thickness of Ecoflex can change the timescales
for use. More recently, a wearable transient pressure sensor
made with porous MXene nanosheet paper was fabricated by
sandwiching between biodegradable PLA, which functions as
a substrate as well as an encapsulation layer (Figure 10f).[2%]
Such sensor exhibits a low detection limit (10.2 Pa) and low
power consumption (10 W) over 10 000 cycles. The study
for degradable performance demonstrated that the sensor was
degraded after 14 days in phosphate-buffered saline solution
(23%) and 0.5 m sodium hydroxide (NaOH) solution (68%) at
37 °C, not causing any harm to the environment. Besides wear-
ables, implantable devices are an undoubtedly compelling area
that takes advantage of biocompatibility.'%! Moreover, flexible
and biocompatible energy devices can help the practical use
of WFHE. For example, the combination of a water-soluble
Mo wire, PVA-based biodegradable polymer electrolyte, and a
biodegradable elastomer has been used as a supercapacitor
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(strain: 50%; dissolution rate: 5.4 mg h™2 in 2 h; power density:
0.8 mW cm™2).2%%] Also, recent papers have utilized a variety of
biodegradable power sources from batteries based on Mg/silk
fibroin—ionic liquid polymer electrolytel?®”] to radiofrequency
energy harvester with a Mg antenna,?%! Si photovoltaic micro-
cells,?®! and triboelectric nanogenerator.*70271]

3.4. Electrical Properties
3.4.1. Conductivity

The various methods for developing WFHE are mostly aimed
at improving their sensing capability and relevant performance.
Their electrical conductivity should be reliable under high
strain over time while the device detects vital signals seam-
lessly without any degradation from the effects of external
environments and shows programmable change by struc-
tural deformation (i.e., a gauge factor). The challenges of
functional nanocomposites as strain sensors are undergoing
unpredictable changes in mechanical and electrical properties
associated with the irrevocable collapse of the structure. In
this section (Figure 11), we explore the electrical properties
of recently published materials and structures accepted as
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a promising electrode with high flexibility, stability, and the
like. Ag is the most powerful electrode when it is used as an
electrode for wearable electronics because of its high conduc-
tivity and processability.'8%272] Scaffold-reinforced conductive
network using AgNWs and PA NFs showed a stable resist-
ance under bending for 3000 cycles at maximum curvature of
300 m™! (AR < 0.1%) and under saline solution for 2500 cycles
(AR < 1.5%) (Figure 11a). Cu, the more cost-effective and con-
ductive metal, was also used as an electrode material. Kwon
et al. recently reported a Cu electrode with a high conductivity
of 43 478 000 S m™! via inkjet printing followed by an intense
pulsed light sintering method.?*?l These low-cost and highly
conductive electrode arrays were mounted on a soft mem-
brane with a PI encapsulation layer, enabling the detection of
physiological signals such as electrooculogram (EOG), EMG,
and ECG. Currently, an LM is of great interest in terms of its
intrinsic liquid-like feature and thus high conductivity over high
strain combined with the scalable printing processes. Examples
include screen-printed Ga alloys with an electrical conductivity
of 3800 000 S m™ at a strain of 1000%,%*7) and direct laser
written eutectic gallium-indium (Galn) alloys (564 970 S m™)
with strain limit of >100%.["2 Composites consisting of diverse
functional nanomaterials and stretchable polymers can also
have a range of conductivity depending on their architectures.
The kirigami-inspired film was used for obtaining electrical or
capacitive stability under a high strain (Figure 11b).!?] In this
manner, kirigami-patterned AgNWs/Parylene hybrid electrodes
with a sheet resistance of 2.24 Q sq7! (stable after 60 days)
were used as a wearable stretchable humidity sensor, enabled
by a linear correlation between conductance and humidity.'*!]
In carbon-based composites, graphene nanosheets served
as a highly conductive enhancer, achieving a conductivity of
61000 S m~! compared to those from CNT/cross-linked PH1000
film without graphene (9600 S m™).1273] Another report achieved
a high conductivity of 331 600 S m™" at 100% tensile strain by
incorporating 3.2 um long CNT into a PDMS substrate.l'¥) On
the basis of the high electrical conductivity and transparency,
graphene exploited itself as a wearable lens with Cu, showing
great sheet resistances of 850-1520 Q sq 1% To increase the
conductivity of composites, novel metal can be additionally
added to enhance electrical transport ability mostly at the inter-
faces. Xu et al. demonstrated the use of a freestanding metal
mesh for a foldable supercapacitor electrode with a high con-
ductivity (400 000 S m™), high areal capacitance (268 mF cm™),
and long cycling life (capacitive retention of 90.1%; 10 000
cycles) by forming AuNPs and active manganese dioxide
(MnO,) microstructures on the nickel (Ni) mesh via two-step
electrodeposition.l?”#l This mesh structure also shows effective
features such as ultralight weight, high optical transparency,
and high air permeability, providing high potential toward the
next wearable electronics. Conducting polymers are flexible but
have an intrinsic conductivity lower than 55 000 S m~!. Wen
et al. reported that when the conducting polymer poly(3,4-eth
ylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) was
deposited onto the prestrained platform, its wrinkled structure
decreased the original resistivity of 22.90 kQ sq! (flat structure;
100% strain) to 1.40-4.63 kQ sq7! (0-100% strain), which can
be effectively used for wearable triboelectric nanogenerators.!?””!
The other report showed that dimethyl sulfoxide doping can
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increase the conductivity of PEDOT:PSS film (60 000 S m™),
which partly ensured a high gauge factor, providing the wear-
able strain sensor with small R,.[*’®l The other examples of
ionic conductors include hydrogels and nanofibrils, whose con-
ductivities are dependent on the concentration of ion charge
carrier of ionic conductors. A typical conductivity of hydrogel
(100 S m™!) decreased to 10 S m™* by controlling moles per liter
of ions.') When the hydrogel was dispersed with graphene
oxide sheets, the ionic conductivity was 0.1 S m™!, which was
calculated according to o = [/RS, where | is the thickness of the
gel, R is the bulk resistance that was obtained from the com-
plex impedance diagram, and S is the contact area between
hydrogel and Cu plates.””] A biodegradable silk fibroin showed
low sheet resistance (10.5 Q sq!) and a good extensibility up
to 60% strain, yet the value slightly increased to 11 Q sq~' with
stretching above 80%.117

3.4.2. Gauge Factor (GF)

The use of strain and pressure sensors is likely to be the
most prevalent means of monitoring physiological signals. To
monitor a user’s heart rate, heart pressure, body motion, and
other signals produced from the body, such sensors can operate
in conjunction with a resistive or capacitive mechanism,
regardless of whether the deformation degree is negligible or
considerable. Their capabilities are well known to be quantita-
tively assessed by gauge factor, which refers to the ratio between
resistance and the induced strain. GF provides an opportunity
for researchers to sense the interconnection between mechan-
ical and electrical properties. This term can help link the two
major requirements for such wearable sensors that are in
demand: 1) high stretchability that is based on the mechanical
property itself and 2) high sensitivity that is derived from the
changes in its electrical properties. Nevertheless, the contradic-
tory relationship between stretchability and sensitivity has been
clearly proved thus far because they operate in different strain
ranges. Specifically, high stretchability requires that the WFHE
remain morphologically intact despite large strains, while high
sensitivity needs a detectable structural change under even the
tiniest of strains.*””] Indeed, the most urgent concern is to
search for new materials, designs, or methodologies to examine
some trade-off points between mechanical and electrical prop-
erties; at present, the achievement of both high stretchability
(€ 2 100%) and high sensitivity (GF > 50) is challenging.*”’! In
this section, we organized recent papers by how they improve
the stretchability and gauge factor simultaneously (the more
sensor-related categorization will be given in Section 4). The
GF associated with piezoresistive mechanism can be expressed
by the following equation:

GF:—AIZ/R =(1+2v)+#

®)

where R and AR are the initial resistance and the change in
resistance, respectively, € is the applied strain, v is the Poisson’s
ratio, and p and Ap are the initial resistivity and the change in
resistivity, respectively. Given that the resistivity effect (Ap/p)
in semiconductors is much larger than that in metals (up to
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100 times), semiconducting materials have more promise than
thin-film metals (GF = 2).278 Nonetheless, a crack-driven sensor
can enhance the GF of metal films.[*’% Kang et al. demonstrated
crack-shaped sensor of 20 nm thick Pt on 10 pm thick
poly(urethane acrylate) (PUA) with a GF of over 2000 at strains
of 0-2% inspired by the geometry of a spider’s slit organ, which
senses extremely small variations in mechanical stress using
crack-shaped slit organs (Figure 11c).?8") More recently, such
mechanical crack-based sensors were producing free cracks via
coating the same material in the same thickness on 100 um
PUA with a guided straight crack, resulting in a programmable
resistance against the strain (Figure 11d).281 This structure
demonstrated high sensitivity to strain (GF = 20 00 000 at
strains of 0-10%). These results, large GFs in the small strain
range, can be useful for detecting subtle changes from the
body. When the pressure or strain applied from the outside is
large, compositing conductive materials within a soft substrate
is mainly used. In this case, the change in resistance is more
influenced by the carrier conduction between the materials
than the intrinsic property of the material. The truly successful
examples include a nanomaterial-based sensor. NW-based
composites composed of AuNWs and small-sized AgNWs
showed high GFs from 12 at 5% to 2360 at 70% with promi-
nent cyclic stability up to 1000 times (Figure 11e).*°l Note
that, unlike the similar structure (AuNWs scaffolded within
PA NFs; Figure 11a) showing high electrical conductivity, 14
small-sized AgNW network demonstrated high sensitivity in a
range up to 90% strain with AuNWs, which has a continuous
backbone network bridging the detached AgNW regions. Like-
wise, binary nanocomposites with strain-sensitive materials
have been studied widely; among them, the 2D materials are
in the spotlight to develop strain sensors with both large strain
range and high gauge factor. By adopting MXene, which is
highly conductive, mechanically robust, low-cost, and control-
lable 2D transition metal carbide or carbonitride, nanocom-
posites comprised of 1D CNTs-2D titanium carbide (Ti;C,T,)
(a typical MXene material) and 0D Ti;C,T, NPs-2D Ti;C,T,
sheet showed high GF of 772.6 with tunable strain range of
30-130% (Figure 11f) and GF > 178.4 over the full broad range
of 0-53% (Figure 11g), respectively.?82283 Shi et al. reported
ternary-nanocomposite-based strain sensor composed of 0D
fullerene, 1D AgNWs, and 2D GO that offered lubricity, high
electrical conductivity, and brittle layered structure, respectively,
resulting in GF of 2392.9 at 62% strain (Figure 11h).['*] Based
on micro- and nanoscale dimensions, engineering the sensing
materials by designing in interlocked arrays with biomimicked
geometries can greatly improve the GF as well as repeatability
of the strain sensors. Since Pang et al. presented an architec-
ture of interlocked Pt-coated polymeric NFs with high aspect
ratios reversibly showing GF of 11.45 with reproducibility up
to 10 000 cycles (Figure 11i),12%4 bioinspired structures such as
epidermis—dermis (Figure 11j) and sea-urchin-shaped micro-
particles (Figure 11k) provided the ultimate solution.[?#>23% One
example of such bioinspired bristled microparticles using zinc
oxide (ZnO) microparticles that have spherically distributed,
high aspect ratio, and high-density nanostructured spines ren-
dered the composite showing a strain GF of >10 000 up to 80%
strain and cyclability >2000.2% Other than that, fiber-shaped
micrometer fiber that can likely be used for stretchable strain
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sensors on the human body was also reported (Figure 111). Liu
and coworkers reported a surface strain redistribution strategy
by fabricating Ag/PDMS elastic fibers modified with intrinsic
microbeads. The resulting structure showed a linear strain
range up to 120% with GF of 9-25 that can be modified by
changing the bead diameter to 250-550 um. Furthermore, this
sensor showed high scalability up to 5000 strain cycles at 30%
strain, enabled by microcracks on the surface of the stretchable
Au film rendering the whole fibers still conductive under the
large mechanical deformation.[1%]

3.5. Device Properties
3.5.1. Scalability

Ongoing efforts in the field of WFHE now focus on leading
to practical implementation in everyday life. However, most
of the processes require lithography, vacuum deposition, and
high-cost materials. Progress in the processing steps to over-
come this challenge is based on solution-synthesized materials
and diverse printing methods. In this section (Figure 12), the
conversion of methodologies from the conventional processes
into the large-scale and cost-effective strategies is explored. As
a means to decrease the cost of the conventional system, Kim
et al. presented a modularized manufacturing process for sol-
derable sensing systems based on nickel-vanadium and Au pad
metal layers and Cu interconnection.?®”] Unlike previous man-
ufacturing methods, the excellent solderability of the sensing
systems with large-area adhesives enables manufacturing of
stretchable electronics on a large scale. However, the afore-
mentioned challenges to production of these WFHE persisted.
Solution-synthesized functional substrates or nanomaterials
provide the breakthrough that addresses these issues and also
obtains the desired properties.[®®1%] One example is the use
of electrodeless deposition, which does not require external
power sources or vacuum deposition processes to develop
desired electrode system; the active areas, mainly onto the elec-
trodes, were deposited with Cu (conductivity: 1.75 Q sq7') and
applied for skin-attachable physiological pressure sensor with
sensitivity of 2.22 kPa 11281 Wu et al. reported, using a hydro-
thermal method, the piezoelectric selenium (t-Se) NWs stacked
with PDMS and Ag electrode, integrated into wearable self-
powered nanogenerator (maximum power: 0.135 nW cm™),
which withstands tensile strength of 1.78 MPa along with a
maximum strain of 200%./%8! In addition, attempts to form LM
on flexible substrates using screen-printing techniques have
sped up a real-life application of this quite new area of develop-
ment. Tang et al. fabricated scalable metal-polymer conductors
by providing the basis of Ga alloys LM dispersed with a large
quantity (>20 mL) in a polymer solution, and then printed onto
the different substrates, such as silicon, PU, and PDMS films.
Such remarkable fluidity of solution-based ink helps the metal,
carbon, LM electrode,[°>28%:2%0] inorganic semiconductors, #2911
and even etched substratel®? to be formed by laser writing, bar
coating, inkjet printing, and further roll-to-roll printing method.
Recently, a large-area strain sensor with high GF (4000) and
great stability (over 4500 cycles) was obtained via an all-inkjet
printing method (Figure 12a).2% A microcracked Ag film was
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Figure 12. Strategies for enhanced scalability and low-power electronics. a) Schematic diagram of all-inkjet-printed bimodal sensor and circuit for
detecting human motion. Reproduced with permission.2%3l Copyright 2019, Wiley-VCH. b) Roll-to-roll gravure printed biocompatible electrodes on a flex-
ible PET substrate. Reproduced with permission.[?®°l Copyright 2018, American Chemical Society. c) Low-power CNT-based integrated circuits that can
be transferred onto a wrist and driven by a small single supply voltage of 2 V. Reproduced with permission.?*®l Copyright 2018, Nature Publishing Group.

sandwiched by capacitor combined with PEN film, Ecoflex, and
paper, as a flexible and hydrophilic substrate, encapsulating
layer, and soaking layer, respectively. Consequently, the sensing
array containing 4 x 4 pixels was obtained via maskless inkjet
printing, enabling the spatial mapping of strain and pressure
distribution. The printing strategy demonstrated an important
attribute of large-scale production capabilities, which can go
further to roll-to-roll process. The conventional three-electrode
system electrochemical sensors can change their process by
adopting 150 m flexible PET substrate rolls (width: 250 mm;
thickness: 100 pum) (Figure 12b).28% Various functionalized

Adv. Mater. 2020, 32, 1901924

1901924 (26 of 43)

sensors where the working electrodes are Ag and carbon and
those with stabilizing or selective layers were evaluated to mon-
itor pH, K*, Na*, glucose, Cu?*, and caffeine.

3.5.2. Low Power Consumption
Rapid advances in WFHE have improved the efficiency of
mechanical, physicochemical, biocompatible, and electrical perfor-

mance. By adopting a low-cost and large-scale production method,
it is likely to integrate the powerful wearable flexible devices
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a. Temperature Sensors
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b. Electrophysiological Sensors
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Figure 13. a—c) Summarized description, mechanisms, types, and signal characteristics of temperature sensors (a), electrophysiological sensors (b),

and strain and pressure sensors (c) in WFHE.

into everyday life. However, the power source that is needed to
operate the whole electronics, combined with the sensor, battery,
and wireless system, still presents a challenge. The adoption of
a fully autonomous system and the related technologies in high-
efficiency setting is continually growing, while offering either low
power consumption or self-powered energy harvesting. Regarding
low-power devices, their performance is dependent on the bat-
tery capability, including capacity, flexibility, and so on.?* On the
other hand, the source of self-powered energy harvesting system
is on the body, which includes temperature, strain, and pressure.
To maximize the efficiency, these devices are required to have not
only high energy capacity but also intimate and conformal contact
on the skin.3%131 Details of progress and challenges of self-pow-
ered systems are described in Section 5.

When conventional batteries are applied in WFHE, the issue
of power consumption is a challenge because WFHE require
small, thin, and flexible form factors that hardly offer a suffi-
cient area for the large and hard battery system.l*>*! Furthermore,
high barrier encapsulation is evitable in materials that are sen-
sitive to air and moisture environments. To solve these prob-
lems, two representative materials have recently been applied
to WFHE and are being actively studied. One strategy is using
organic diodes and transistors,**l and the other is using
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nanomaterials.?%2% Xiang et al. reported a flexible substrate
driven by a single supply voltage of 2 V by CNT-based TFTs
on a biodegradable PVA substrate via the dip-coating method
(Figure 12¢).2%! After the formation of gate, source, and drain
electrodes (Ti/Au, Ti/Pd/Au), dielectrics (hafnium dioxide (HfO,),
hexamethyldisilazane (HMDS)), and passivation layer (HMDS),
the results show a static power consumption of 2.5 x 10713 W.
The development of nanomaterial-based power system is promi-
sing in this respect. More recently, MoS, has been used for tri-
boiontronic transistors instead of an external gate voltage, which
forms electrical double layers in the ion-gel dielectric layer owing
to the prompt and strong accumulation of ions and charge car-
riers at the interface. In this manner, a low-power-consuming
performance achieved the desired gain (8.3 V mm™).2%

4. Sensor Capability

In this section, we summarize various types of wearable sensors
that utilize the required properties (described in the previous
sections) to develop WFHE (Figures 13 and 14). For those sen-
sors, we describe the details of key applications, sensor types,
and required sensitivity and sensing range (Table 2).
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Figure 14. a—c) Summarized description, mechanisms, types, and signal
characteristics of optical sensors (a), electrochemical sensors (b), and
colorimetric chemical sensors (c) in WFHE.

4.1. Temperature Sensors

Body temperature is one of the key indicators to detect
abnormal signs in human health monitoring and to provide
medical diagnostics and it is frequently measured by thermom-
eters, but the conventional periodic measurement cannot track
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acute vital changes. Wearable temperature sensors (Figure 13a),
conformally mounted on skins, enable continuous temperature
monitoring with capability of real-time mapping applicable
from inpatient service to home care, which should provide
high sensitivity, fast response, good repeatability, long-term sta-
bility, and skin compatibility. The wearable temperature sensor
devices should function in the temperature range from 25 to
40 °C in high accuracy with clinically desired resolution of
0.01 °C. Light weight and small form factor are also required.
Most wearable temperature sensors are in operation by
detecting the change of electrical characteristics of sensor com-
ponents such as reduced graphene oxide (rGO) as a thermistor.
Trung et al. demonstrated a 70% stretchable temperature
sensor with sensitivity of 1.34% °C™! and minute detection res-
olution (0.2 °C) based on transparent rGO onto PU matrix.13%
A resistance temperature detector (RTD) integrated into near-
field communication (NFC) chip showed fast response with
lower thermal mass per unit area (48.1 uJ mm~2 K1) compared
to human skin (380 @ mm=2 K!) and measured transient tem-
perature within 0.2 °C.I'3] Zhang et al. incorporated thermo-
electric effect to detect temperature stimuli through organic
thermoelectric materials generating instantaneous voltage
(3 uV at 0.1 K difference) induced by the difference between
sensing surface and base temperatures.%! Flexible OFET with
pyroelectric polymer/barium titanate (BrTiO;) nanocomposite
has been demonstrated as a precise temperature sensor with
standard deviation of 0.006-0.012 K.3%2l Zhu et al. reported a
temperature sensor based on stretchable CNT transistors to
minimize strain-dependent errors, working within a uniaxial
strain range of 0-60% with +1 °C accuracy by a single tempera-
ture point calibration.36]

4.2. Electrophysiological Sensors

Biological cells and tissues produce a wide range of voltage
signals from single ion channel proteins to whole organs in
human body.') Detecting the changes in voltage is useful for
medical diagnosis and healthcare monitoring. Wearable electro-
physiological sensors (Figure 13b) measure bioelectric signals
noninvasively through skins. These biopotentials include ECG
providing detailed information on the ventricles and atria for
heart activities, electroencephalogram (EEG) monitoring elec-
trical activities in the brain, EMG measuring electric potential
generated by electrically or neurologically activated muscle
cells, and EOG capturing the corneo-retinal dipole potential
changes from eye movements. The biopotentials via various
noninvasive wearable sensors show a wide range of frequency
scale from 1 Hz to a few kHz and voltage range between 1 uV
and 1 V. To detect such weak electrical signals without using
conventional sensing techniques, wearable electrophysiological
sensors should provide high electrical conductivity resulting in
better signal-to-noise ratios, tight self-adhesion, and low motion
artifacts for the accurate signal processing through the surface
of skins.[134235303] [n addition, the wearable electronics based on
skin-compatible and liquid (or water)-repellent materials should
be expected to offer a long-lasting sensor capability.[10-236:23%]
Stauffer et al. reported clinical quality of EEG recordings using
soft macropillar polymer electrodes, conductive polymer with
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Table 2. Examples of recently published WFHE sensors and their material properties.

Sensor Material, working Material properties Sensing capabilities Refs.
principle
Mechanical Physicochemical; Electrical; system
biocompatible
Temperature sensor Cr/Au on silicone Uniaxial strains =15% PI® encapsulation, TCR=0.0027 Q Q7' K, Range = 25-45 °C [70]
patch, TCR¥-based size=1.6 cm, mass =200 mg,  NFCY-based wireless, (R?=0.9999), D? < 2% in
resistometry work of adhesion >50 N m™', battery-free system AT (t =6 s), wearable for
precise in Awy,0 <5%; N/MA) 1 week
CNT? in SEBS®), thin-  Uniaxial strains ~60%  SEBS as a transparent encap- ) =6.18 £0.31 cm? V' s7'; S)=-24.2mV °C’! [136]
film FET"-based (T£1°C) sulation layer; N/M down to 6V (in 15-55 °C); D=0.5 °C;
stable Vop over 100 cycles
Electrophysiological ~ Au-Ag NWs" in SBS)  Stretchability ~840% 1 cm?, attached using o™ =41850S cm™! Sampling rate =1 kHz, [134]
sensor matrix, ECG and EMG* Tegaderm dressing film; Au  (maximum =72 600 S cm™);  pulse duration =2 ms,
used as a biocompatible N/M 30-250 Hz, sweep speed
coating layer (=6 months); =200 mm s~
implantable
CNTs or AgNWs in Modulus = 0.7 MPa Self-healing (after 12 h at Ragnws = 34.0-65.9 Q, Sampled at 500 Hz, heart ~ [132]
PDMS-MPUg,~IUg6", (substrate); stretchability — room temperature); N/M Rent =9 kQ; Bluetooth-  rate from <60 to >90 bpm
ECG® =1600% (substrate), enabled wireless system with with an interval of 10 bpm
250% (device) a 3.3V Li-ion battery
1-3 composites as a Elastic and failure Si elastomer used as a k;3 =0.81; power S=32%at—6dB [131]
piezoelectric transducer, strain =30%, 60% hydrophobic encapsula- consumption =23.6 mW  bandwidth, peak-to-peak
ECG and blood pulse® tion layer, ultrathin device voltage of =100 mV;
=240 um; 100% survival rate working frequency
after 16 h; implantable =7.5 MHz, 400 um axial
resolution
Pressure/strain Stretchable and con-  Meandering interconnec- Original: 16 cm™2, expandable: R=22Q;N/M GF9) =18 (0-2.5% [331]
sensor formable matrix network tion ~800% expansion 400 cm2, humidity sensing strain); S=22.4 MPa™'
on PVA®) or PDMS =0.07% %" (RHP) =20-80%); (P <16 kPa); 1.25 MPa™
substrate® N/M (16 kPa < P < 360 kPa)
AgNW /polyamide nano- R increases 2.3 times  Almost invisible; T) = 84.9% Sheet resis- =80 YA (touch [184]
fibers, touch sensor higher than original (at 550 nm), tightly adhered, tance =8.2 Q sq”'; applied 0.25-1.5 Hz)
(=50% strain) 3% 2.5 cm?, air permeable;  V=0.1V with an integrated
6cm’s” cm™ N/M pattern
Hierarchical pyramid- Modulus =2 MPa Parylene used as a dielectric Sheet resistance = $=0.7 kPa™' (0-25 kPa),  [330]
shaped SWNT- (substrate) layer, semitransparent, 345 Q sq'; temperature- response =50 ms
embedded PDMS®) 1% 1 cm?, 30 um thick; N/M independent
dielectric Al,O3 layer
ZnOY sea urchin- N/M PDMS used as an encapsula-  N/M; bias voltage=1-5V GF > 10% S=75-121 kPa™'  [286]
shaped microparticles”) tion layer; 5 x 5 cm?, 70 um (0.015-200 Pa), response
thick; N/M =7 ms, cyclability >2000
Optical sensor OLDEY- and OPDY- Wearable PETY used as a gas barrier,  EQEY) (%) =21.9 (green), ~ D*?=2.3x10'° Jones [144]
based OPOs") 10 days (27 °C, RH=47%), 20.8 (red); power efficiency  (at 610 nm), 3.2 x 10'°
1 cm?, 50 um thick (Im W) =59.8 (G), 29.3 Jones (at 520 nm)
(substrate); N/M (R); turn-on voltage = 2.8
(G), 2.1 (R); ultralow-power
down to 24 uW
QD) LEDs and QD Strain =70%, bending  SLG9) used as a transparent EQE (%) =12 Responsivity and detectivity  [317]
PDs on prestrained radius of curvature and flexible electrode; Ecoflex (at 618 nm); sheet (atOV, at 633 nm) =
PEN?®) elastomer =35 um as a passivation layer against  resistance =78.3 Qsq”', 0.13 AW, 6.05 x
oxygen and moisture; N/M  ¢=2394.1-2504.2 S cm™; 10° cm Hz'/2 W
power = 17-31 uW
Electrochemical MIP#)-based =~40% stretching SBES used as a flexible and  N/M; V5 =0.2 V vs Ag/AgCl 0.01 x10°t010.0x10°m  [63]

membrane between
PEDOT:PSS®) on
SEBS substrate,
OECT*-based cortisol
sensor

sensor
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cortisol with sensitivity of
2.68 A per decade
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Table 2. Continued.

Sensor Material, working Material properties Sensing capabilities Refs.
principle
Mechanical Physicochemical; Electrical; system
biocompatible
Colorimetric CoCl,%) in pHEMA), Wearable Acrylic film used as an adhe- N/M; flow rates up to 300 pL sweat (1.8 pLeach  [178]

chemical sensor PDMS, lactate, sodium,

potassium sensor

sive layer, microfluidic system, 1.0 uL min™' from 0.8 min of sweating,
device diameter =3 cm;
PDMS used due to its

biocompatibility

0.60 uL min~" sweat rate)

ATCR = temperature coefficient of resistance; PPl = polyimide; YN/M = not mentioned; yNFC = near-field communication; ©D = deviation (related to accuracy);
AICNT = carbon nanotube; 8SEBS = styrene—ethylene-butadiene—styrene; "FET = field-effect transistor; Ju = mobility; S = Sensitivity; YAgNWs = silver nanowires;
SBS = styrene-butadiene-styrene; ™o = conductivity; "PDMS-MPU, 4~IUg ¢ = strong (4,4-methylenebis (phenylurea) unit, MPU) and weak (isophorone bisurea unit, 1U)
dynamic bonding units incorporated into a polydimethylsiloxane (PDMS) backbone; ®PVA = poly(vinyl alcohol); PRH = relative humidity; 9GF = gauge factor;
T = transmittance; SWNT = single-wall nanotube; YZnO = zinc oxide; YOLED = organic light-emitting diode; YOPD = organic photodiode; ¥OPOs = organic pulse
oximeters; YPET = poly(ethylene terephthalate); YEQE = external quantum efficiency; 2D* = specific detectivity (typical); *®QD = quantum dot; *ISLG = single-layered
graphene; 2)MIP = molecularly imprinted polymer; 2)PEDOT:PSS = poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate); *)OECT = organic electrochemical transistor;

28)CoCl, = cobalt chloride; 2pHEMA = poly (hydroxyethyl methacrylate); Multifunctional sensors:; A Electrophysiological /temperature sensor; ®)Strain/electrophysiological

sensor; 9

FPressure/strain sensor.

25 vol% of Ag with highly conductive porous polymer coating,
in 0-20 Hz with potential variation within 50 uV.3%! These soft
porous electrodes also acquired stable swimmer’s ECG signals
with less movement noise in water during strong movements
and muscle activity. Son et al. demonstrated ECG data acquisi-
tion through percolated CNT network in PDMS-MPU, ,~IU ¢
polymer matrix and the detected signal peaks blinked a light-
emitting capacitor display as a heartbeat indicator.!'*?]

4.3. Strain and Pressure Sensors

Tactile sensors monitoring strain and/or mechanical pressure
are operated by detecting the stimuli with changes in electrical
properties of sensing materials based on various principles
(Figure 13c): piezoresistivity,*215%] piezoelectricity,?*+3%] capac-
itance, 1830 percolation network,?*’! crack propagation, 280308l
resonant frequency shift,?% and triboelectricity.?'% The strain
sensors require large GF in a wide range of deformation
from vigorous actions at joint areas to subtle motion on face.
High pressure sensitivity with low detection limit is desired
for the pressure sensors. Both strain and pressure sensors
should be in low temperature coefficient of resistance (TCR)
response to minimize temperature effect on sensing materials.
A constantan-alloy-based strain sensor shows high GF of 18
(0-2.5% strain) with low TCR (0.03% °C™! at 22-60 °C).[13¢]
Fan et al. presented the sensing capability of uniaxial strain
(0-50% elongation) and high durability under 3000 bending
cycles with 300 m™! curvature of a scaffold-reinforced con-
ductive nanonetwork sensor based on AgNWs.'84 Yin et al.
reported a dual-mode sensor based on ZnO microparticles,
which has spherically distributed, high aspect ratio nano-
structured tapering spines resembling a sea urchin.?®® The
bristles collected both resistive changes of interspine contacts
and piezoresistive changes from spine bending for local signal
amplifications of pressure and strain. The bioinspired bristle
sensor featured high pressure sensitivity of 121 kPa~!, large
strain GF of over 10% and rapid response time of 7 ms.
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Pressure/electrophysiological sensor; P)Temperature/RH/UV light/magnetic field/in-plane strain/pressure/proximity sensor; ®Temperature/pressure sensor;

4.4. Optical Sensors

Optoelectronic devices (Figure 14a) convert signal changes in
light by scattering and absorbing into electrical signal changes
captured by a photodetector and provide a key clinical informa-
tion like photoplethysmogram (PPG) and peripheral oxygen
saturation signals.3!13121 Wearable photodetectors have been
developed based on various nanostructured materials,[313-316]
such as quantum dots (QDs),’"”] nanocrystals, NWs, 2D layered
materials, organic semiconductors, and perovskite materials.
The photodetectors require high photoresponse sensitivity with
thick sensing materials for high absorption coefficient and high
temperature processing to form high-quality contacts between
sensing materials and electrodes, which is required in some
photodetector fabrication to ensure efficient transport of pho-
togenerated carriers, but it conflicts excellent mechanical flex-
ibility. Moreover, low power consumption, minimized motion
artifacts, and low noise from ambient light sources should
be desired. Lee et al.?*’l presented organic pulse oximeters
driven by very low power consumption (17-31 uW) that were
composed of an organic photodetector and two light sources,
a green OLED and a red OLED and the organic photodetector.
The photodetector showed external quantum efficiency (EQE)
of 15-20% with responsivity of 0.21 A W' at 610 nm for the
red OLED and 0.29 A W' at 520 nm for the green OLED,
where the responsivity is proportional to EQE and higher EQE
represents that a light absorbing material has high absorption
coefficient and large thickness.

4.5. Electrochemical Sensors

The aforementioned wearable sensors track human body’s
physical activities in dry conditions by detecting changes in
electrical signals, which provide the variety of physiological
information, but do not include the body’s biomolecular state.
Noninvasive wearable electrochemical sensors have been
developed (Figure 14Db) to detect target analytes in accessible

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

biofluids such as saliva,’>3%8l tears 174319 sweat,[1793201 and
skin ISF,321:322 while the use of blood is challenging to access
in vitro wearable platform.?? Electrochemical sensors are
placed close to the fluid origination, local stimulation, and
on-demand or ideal sites for continuous monitoring, tracking
the concentration and its changes for various types of analytes
such as ions, biomolecules, and proteins, and then converting
to electrical signal changes through various techniques such
as potentiometry, voltammetry, chronoamperometry, and elec-
trochemical impedance spectroscopy.”®3%3-3°1 In addition to
reliability, high sensitivity, and fast responsibility required in
common for wearable biosensors, electrochemical sensors
desire excellent selectivity and wide detection range among
enormous but subtle biomolecules with high precision. Lee
et al. reported real-time ion-selective sodium monitoring using
a low-profile sensor mounted in the oral cavity with high selec-
tivity and sensitivity in food intake.*®! Lipani et al. presented
noninvasive transdermal glucose monitoring from the ISF
through follicular pathways in the skin using electroosmotic
extraction.’?”) A wearable theranostic contact lens to detect
a pathogenic attack was demonstrated using tear fluid as the
diagnostic medium with good surface wettability (43°), optical
transparency (91.5%), and bioaffinity to human corneal epi-
thelial cells."” Emaminejad et al. developed an autonomous
platform that extracts sweat (100 nL min~! cm~2) on demand or
periodically without skin damage, evaluates contents of sodium
and chloride ions in the cystic fibrosis patients, and establishes
blood/sweat glucose correlation.323]

4.6. Colorimetric Chemical Sensors

Another type of chemical sensors is based on colorimetric
response (Figure 14c) in functionalized porous microfluidic
substrates.??0327] A closed epidermal microfluidic (epifluidic)
system can harvest sweat from pores on the surface of the skin,
route to different channels and microreservoirs containing
a colorimetric chemical reagent for a targeted biomarker of
interest, and quantitatively measure pH, lactate, chloride, and
glucose concentrations by colorimetric detection.32® The meas-
urement includes sweat rate and instantaneous total sweat
loss through additional serpentine microchannel. As sweat
entered the channel, each microreservoir detected the target
biomarker through chemical reaction and its color change was
observed by analyzing the absorbance. Digital image processing
via smart devices allowed assessment of the color change along
with the concentration. Such epifluidic devices can monitor
human biomolecules without localized electronic components.

4.7. Recent Advances in Sensor Capabilities

Figure 15 shows a wide spectrum of sensor capabilities of
advanced WFHE. Typical wearable temperature sensors charac-
terized by a TCR are relatively strong function of strain,[1300:329]
and it is difficult to specify the exact degree of strain in actual
operations, which gives rise to difficulty of accurate measure-
ments and calibrations. Figure 15a shows a strain-independent
temperature sensor, mounted on the surface of the epidermis at
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joint areas such as a wrist or knuckle, composed of multiple
TFTs based on single-walled carbon nanotubes (SWCNTs).[13¢l
The temperature sensor with a dynamic differential circuit
demonstrated high sensitivity of —24.2 mV °C™! in the tempera-
ture range of 12-55 °C, strain suppression with negligible tem-
perature variation under repeated bending motion (up to 15%
uniaxial strain), and low hysteresis. Electrophysiological signals
such as ECG and EMG are acquired by detecting biopotentials
through wearable electrodes tightly adhering to human skins.
As shown in Figure 15b, Choi el al. showed that Au—Ag nano-
composites consisting of ultralong Au-coated AgNWs dispersed
in poly(styrene-butadiene—styrene) (SBS) elastomer improved
biocompatibility by preventing Ag ion leaching and Ag oxida-
tion and showed dual sensing technology.'** The sensor has
high stretchability (up to 840% strain) and lower electrode—skin
interface impedance resulting in a lower threshold current than
conventional electrodes. The Ag-Au core-sheath biosensor
measured ECG showing high signal-to-noise ratio from the
right forearm with an ankle ground electrode (Figure 15D, right
upper) and EMG detecting rapid response of a degree of con-
tractions from the right forearm (Figure 15b, right lower). Wang
et al. also showed electrophysiological sensors based on wear-
able ultrasonic device for continuous monitoring of blood pres-
sure in three different sites—brachial artery (case 1), radial
artery (case 2), and pedal artery (case 3), where central blood
pressure is measured in carotid artery on neck as shown in
Figure 15c.B3U It clearly demonstrated that the amplification
effect increases as the measurement site moves from the large
and highly elastic carotid artery to the small and stiff peripheral
arteries (radial artery and pedal artery) depending on the travel
distance of the reflected pulses. Owing to the strong relation-
ship between arterial pulse propagation and vascular stiffness,
the ultrasonic sensor presented ECG correlation with blood
pressure by characterizing pulse wave velocity (PWV) from
pulse arrival times (PAT) at the sensor locations and the dis-
tance (D) between ECG sensor mounted on the chest and the
ultrasonic sensors using PWV = D/PAT, where PWV in case 2
(ECG and radial artery) is 5.8 m s (band in gray, Figure 15c¢,
bottom left). Compared to the commercial tonometer, the wear-
able ultrasonic blood pressure sensors showed stable blood
pressure waveform measurements with various angles without
distortion, operator-independent measurement results, and
high precision within 2 mmHg. Figure 15d illustrates a
wearable optoelectronic sensor composed of uniformly wavy
structural QDs as a photodetector and self-emissive materials
for light-emitting diodes (LEDs) with a graphene electrode were
mounted around the tip of a forefinger.'**l The wearable
biosensor, stretchable up to 70% and foldable to a radius of cur-
vature of 35 um, can measure PPG signal pulses by illumi-
nating the skin with the LED located on the back and absorbing
the light transmitted through the skin with the photodetector
placed on the front. The red light emitted from the QD LED
passed through the tip of the forefinger and was detected by the
photodetector. The measurement of the changes in light absorp-
tion helps to determine the pressure pulse of the cardiac cycles
(Figure 15d, right) and real-time analysis of the peak ratio and
time ratio of a pulse can monitor any abnormalities. The firmly
mountable sensor also demonstrated waterproof capability up
to 2 h immersion in water. There are multifunctional sensors
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Figure 15. Various types of WFHE for recording of noninvasive physiological signals. a) Skin-wearable temperature sensor. Reproduced with
permission.[3¢ Copyright 2018, Nature Publishing Group. b) Electrophysiological sensor for ECG and EMG recording. Reproduced with permis-
sion.'3l Copyright 2018, Nature Publishing Group. c) Electrophysiological blood pressure sensors. Reproduced with permission.'*!l Copyright
2018, Nature Publishing Group. d) Optical sensor for pulse detection. Reproduced with permission.'*l Copyright 2017, American Chemical Society.
e) Temperature—pressure monitoring sensor. Reproduced with permission.B3% Copyright 2018, Wiley-VCH. f) Multifunctional sensor system. Repro-
duced with permission.23l Copyright 2018, Nature Publishing Group. g) Colorimetric chemical sensor system. Reproduced with permission.?3
Copyright 2018, Nature Publishing Group. h) Electrochemical sensor system. Reproduced with permission.[%3 Copyright 2018, American Association
for the Advancement of Science.
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capable of measuring two or more properties simultaneously
(Figure 15e) or through separate units in a single device
(Figure 15f). Bae et al. reported bimodal electronic skins con-
sisting of spray-coated rGO thermistor for the temperature
sensing and conductive truncated pyramidal microstructures
with SWCNTs and Ni/Ti electrodes on pressure sensing sur-
face, which can simultaneously detect and discriminate pres-
sure and temperature stimuli in real time.13*% Figure 15e shows
the device mounted on the back of the hand and sensing loca-
tions of the cold (blue bottle, room temperature) stimulus with
lighter pressure and hot (red bottle, 40 °C) stimulus with
heavier pressure. The sensor shows linear sensitivity of
0.83% °C7! and fast response (<100 ms) and high pressure
sensitivity of 0.7 kPa™! in the pressure range up to 25 kPa com-
pared to the conventional sensitivity of 0.2 kPa~!. This is
because of the larger relative change in the contact area of the
sensing surface than the relative change in height of parallel
dielectric layers. Also, linear sensitivity over the pressure range
and high durability under 10 000 cycles with loading pressure
of 14 kPa were exhibited. Figure 15f shows a stretchable and
conformable matrix network composed of 100 sensory nodes to
achieve multifunctional sensing performance such as tempera-
ture, in-plane strain, RH, and UV light.33!] Resistive metals of
Pt and constantan alloy were used as an RTD, operating from
0 to 70 °C with linear sensitivity of 0.24% °C~L. For the strain
sensor unit, constantan alloy with low TCR (0.03% °C™! at
22-60 °C) was used to minimize thermal effect on strain
sensing and it has high GF of 18 in the range of 0-2.5% strain.
The capacitor-based humidity sensor unit detected ambient RH,
in which the absorption of water molecules changed the permit-
tivity of the PI and this yielded a linear correlation between rela-
tive changes in capacitance. The sensor based on ZnO as a UV
photodetector measured UV illumination with rapid response
time of 14 ms and the photocurrent induced by UV light
showed fast, linear photoresponsivity of 0.738 A W~!. External
disturbance between the different sensing units has a negligible
effect. Figure 15g shows that a circular epifluidic sweat sensor
located in the microfluidic structure with 32 mm diameter,
~1 mm thickness, and 18 mm diameter biofluid harvesting and
wireless networking area at the center was mounted on the
forearm for quantitative colorimetric analysis of sweat loss and
the concentration of chloride, lactate, glucose, and pH in the
sweat.}32] The colorimetric indicator of biofuel cell-based sen-
sors and the color with yellow and purple along with the orbic-
ular channel was changed, which yields quantitative information
on the sweat rate and volume by characterizing the color
changed area of the channel. According to a previous report
from the same group,i328l the concentration of glucose could be
analyzed by an enzymatic reaction that showed a change in
color from yellow to brown. Colorimetric detection of chloride
through chemical binding reaction induced a change in color
from transparent to blue. Lactate concentration variation
induced a change in color of a chromogenic reagent such as
formazan dyes. The quantitative colorimetric detection was ana-
lyzed through digital image processing by using a white dot in
the middle of the device and four black crosses distributed near
the center as 100% and 0% in RGB coordinates, respectively.
Figure 15h shows a patch-type molecularly selective organic
electrochemical transistor (OECT) as a cortisol biosensor
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consisting of four layers: microcapillary channel arrays for
sweat acquisition, reservoir layer for sample delivery, molecu-
larly selective OECT layer as a sensor component, and water-
proof protection layer.®3 This electrochemical biosensor
absorbed 10-50 uL of sweat through the passive capillary effect
and accommodated more than 100 pL in a sample reservoir. For
the on-body measurements, the sensor patch was mounted on
forearm to assess cortisol concentration after 20 min outdoor
running exercise. In Figure 15h, the cortisol concentration
change in the range of 0.001 x 1073 to 1 X 1073 m was recorded
by measuring the change of drain current (Alp), where the red
line is the cortisol concentration—AI, relation as a control device
without molecularly selective membrane in the sensing layer.

5. Applications of WFHE

Recent advancements in WFHE have enabled noninvasive
and conformal class of sensors by stacking multifunctional
electronic layers on soft, ultrathin platforms. This approach
not only reduces their sensitivity to mechanical stress caused
by body movements, but also improves tissue comfortability
for long-term integration with the skin. Here, we introduce
some of the representative examples (Figure 16) of WFHE for
promising real-world applications in health monitoring, envi-
ronmental sensing, and energy harvesting. These concepts
drive the field of healthcare further from early diagnosis to
access the well-being and athletic performances (Figure 16a).
High sensitivity of nanomaterial is beneficial to detection
of toxic species in air because their resistance changes that a
given surface can reduce or oxidize by the interaction with gas-
eous species (Figure 16b). This effect is pertinent to systems
with a multiplexed sensor. The approach to overcoming such
challenge is to exploit human body motion, temperature, or
external sunlight by integrating energy harvesting devices into
skin-attached wearables (Figure 16c).

5.1. Healthcare

Healthcare and other biomedical applications!>>333-3%]  of
WFHE exploit their ability to make intimate, conformal inte-
gration on soft, stretchable, and curvilinear human tissue to
provide wearing comfort as well as high-quality monitoring of
biopotentials. However, their potential to replace existing tech-
nology truly hinges on their ability to reduce healthcare costs
and to offer continuous monitoring of physiological data as
well as appropriate therapeutics. Below are a few representative
technologies that solve unique challenges to enhance utility and
implementation of WFHE for various healthcare and medical
applications.

5.1.1. Recyclable Paper-Based WFHE

One of the emerging markets for wearable technology is in the
healthcare industry where continuous physiological monitoring
of the body vitals is deemed necessary to predict health well-
ness (fitness industry) or to anticipate diseased abnormalities so
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Figure 16. a—c) Description, types, and methods of key factors, including detection of health factors (a), detection of environmental exposure (b), and
development of self-powered systems (c), for WFHE applications in healthcare, environment, and energy.

that they can be diagnosed on time (in hospitals). Conventional
health monitoring devices are not cost-effective and have rigid
structures, making them uncomfortable to wear over a long
period. In a recent development, a low-cost, wearable health
monitoring device called “paper watch” (Figure 17a) was created
by using recyclable, flexible, and readily available “Post-It”
papers.33% This device integrates flexible electronics within the
paper substrates to enable a highly deformable and conform-
able form factor. The 3D stackable architecture highlights its
unique scalability for vertical integration of multiple functional
layers in between the insulating papers. The multisensory layer
was placed in the bottommost layer to make direct contact with
the skin for monitoring of multiple vital signs such as heart
rate, arterial stiffness, sweat levels, and blood pressure. Overall,
the device was built using facile fabrication techniques and
low-cost materials such as aluminum foil for electrodes, micro-
fiber tissue for a dielectric layer for capacitive pressure sensors,
and Ag ink for drawing conductive elements. This ultralow-
cost paper electronics was integrated inside a lightweight, 3D
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printed wristband to allow effortless monitoring of various vital
signs by wearing it on the wrist. Even with its low-cost and
easy manufacturing process, the paper watch showed excel-
lent reliability for monitoring of physiological signals such as
heart rate, which were comparable to the readings recorded by
a commercial smartphone application (Samsung S5, S Health).

5.1.2. Wireless Intraoral WFHE

In another application, wireless intraoral electronics was
developed by conformally laminating a miniaturized (1.5 g),
soft (68 kPa), and flexible electronics onto an oral retainer.
This novel class of intraoral electronics can provide real-time
quantified monitoring of the sodium intake during food con-
sumption for hypertension management (Figure 17b).5% The
device consists of off-the-shelf chip components (such as a
tiny Bluetooth IC, a rechargeable battery, and other signal pro-
cessing units) and stretchable interconnects encapsulated in a

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a

Fever?
Abnormal Sweating?

Irregular Heart Rate Rhythmi \

"
Respiration Abnormalities?

Low, Normal, High, @ Biosignals
Alerting Blood Pressure? |

@
2
Q@
2

47 i Sensor Arrays

= 5mm

o

i N

.
-~ =
- —J

b

portable wireless monitor

communication
active RFID Tag

Power/Battery
Processing

.~ Sensor Readout
Circuitry

www.advmat.de

Heart rate: after exercise (10 mins)

©95

@, 8bpm |
1 .

wirelessjnirairal el }o i
g S N

IC: &
22 ... ~
interconnect —_— )
nd 2
st v 'food intak 00 - 30 60
Time (sec)
id »
upside & > exhaled breath
Porphyrin-modified graphene array for VOC 0.7 4
bi ker detecti 12 " .
Siageadapiaiol &) © ) « simulated nephrotics breath
i1® © z
adhesive tape @ -
sensorarray o 08 2 0.04
s
PI film & ™ simulated diabetic breath
PorousrGOfilm 9 -1.0
PET film <4 Etanol ® Isopropanol
. g = ’ 15 A Ethylacetate ¥ Acetone
Porous graphene film for physiological signal ) 4 DOichioromethane > Ammonia -0.7 4
detection € Acetaldenyde @ Methanol
H 2.0 fe—— p— T T T
downside 44 42 A0 08 06 2 3 2 0 2 4
PC 1(77.164%)

F1(94.081%)

Figure 17. Examples of WFHE applications in healthcare and environment. a) Paper-based autonomous healthcare monitoring system. Reproduced
with permission.3¢l Copyright 2017, Wiley-VCH. b) Wireless intraoral hybrid electronics for measuring sodium intake via real-time monitoring. Repro-
duced with permission. Copyright 2018, National Academy of Sciences. c) Wearable sensory system enabling simultaneous detection of physiological
signals and volatile organic compound biomarkers. Reproduced with permission.3”] Copyright 2018, American Chemical Society.

soft elastomeric shell (0.2-0.5 mm thick Ecoflex), which pas-
sivates the whole electronics from intraoral fluids except the
sodium sensing electrodes. The flexible, low-profile device was
mounted on a microporous retainer to enable breathability and
low thermal loading when interfaced with the intraoral tissue.
The inexpensive and fast responsive ion-selective sodium elec-
trodes (ISEs) consisting of electroplated Pd (working) and Ag/
AgCl (reference) electrodes are key for accurate measurement
of sodium intake. The ISE sensors combined with wireless data
transmission capability showed highly reliable and fast linear
voltage response to the sodium concentration change of the
food intake, demonstrating its potential as a wearable hyper-
tension management device. The device also showcased high
selectivity to sodium ions in comparison to other normal food
constituents such as K*, Ca*", and Mg?¥, thus validating its
utility in real-life scenarios.

5.2. Environment
Wearable electronics that can simultaneously monitor both
physiological status and environmental conditions can sig-

nificantly improve health and wellness management. Here, we
introduce an example of a wearable sensor with such symbiotic
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functions. Multiplexed sensory layers in WFHE can help eval-
uate both physiological and environmental conditions on a
single platform. Researchers developed a mass manufacturable
gas sensor (Figure 17c), which is capable of sensing both vola-
tile organic compound (VOC) vapors and physiological signals
simultaneously without any crosstalk.’3”] The device consists
of two distinct graphene films, including 1) the upper layer:
four different types of porphyrin-modified rGO films with dis-
tinct electron transfer characteristics for gas sensing; and 2)
the bottom layer: porous rGO film (with 10-20% mixture of
soft P(BA-co-MMA) NPs to increase resistive sensitivity) for
measuring pulse and breath rates through resistive changes
caused by momentary strains in the film. The two layers were
physically separated by a flexible PI substrate for electrical insu-
lation. The graphene gas sensor detects VOC vapors by linearly
increasing sheet resistance of the graphene electrodes with
increasing vapor concentrations. Principal component analysis
in Figure 17c shows that this wearable gas sensor can detect
eight distinct VOC vapors (i.e., ethanol, propanol, ethyl acetate,
acetone, dichloromethane, ammonia, acetaldehyde, and meth-
anol), each with its own unique footprint with reproducibility.
Its functional demonstration as a wearable device to simulta-
neously quantify pulse rate as well as ammonia and acetone
gases in exhaled breaths (which are important biomarkers for
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Figure 18. Examples of WFHE applications in energy. a) Piezoelectric energy harvesting system. Reproduced with permission.?38 Copyright 2018,
Elsevier. b) Triboelectric energy harvesting structure. Reproduced with permission.l'®3 Copyright 2018, Wiley-VCH. c) Solar energy harvesting system.
Reproduced with permission.*!l Copyright 2018, Nature Publishing Group. d) Highly stretchable thermoelectric generator. Reproduced with permis-

sion.[3% Copyright 2018, Nature Publishing Group.

nephrotic and diabetic patients, respectively) highlighted its
distinctive ability to obtain multiplexed measurements of both
gaseous biomarkers and vital signs.

5.3. Energy

One of challenges for wearable electronics is to power electronic
components long enough for prolonged use of WFHE. Unlike
battery-powered wearable devices, which require intermittent
replacement or recharging of batteries, battery-free approach can
maximize the full potential of wearable electronics. This section
summarizes some of the latest development of flexible, self-pow-
ered technologies, which can truly leverage the utility of WFHE.

5.3.1. Transparent Piezoelectric Energy Harvester

Converting mechanical energy from physical motions into elec-
trical energy through soft, flexible piezoelectric harvesters holds
promising applications for self-powered WFHE (Figure 18).
To demonstrate its utility, a transparent, flexible, and wearable
piezoelectric device was fabricated (Figure 18a) by creating
a PDMS-boron nitride nanosheet composite that was sand-
wiched with indium tin oxide (ITO) electrodes.’3® To ensure
uniform dispersion of BNNS within PDMS, it was functional-
ized with oleylamine. The resulting device was not only highly
flexible, allowing conformal lamination on the skin surface, but
also transparent (transmission rate of 65-81% in visible light
wavelengths when BNNS concentrations did not exceed 1 wt%).
Compressive and tensile pressures on the device surface
accumulate positive and negative charges, respectively, thus
generating voltage signals that were found to be proportional
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to BNNS concentrations used and the stress experienced. The
experimental study shows that the device mounted on the var-
ious parts of the body can generate electricity through normal
body movements (e.g., 2.5 V (foot), 1.98 V (ankle), 1.05 V (knee),
0.75 V (wrist), and 0.48 V (neck)). Its capacity to generate a peak
power of 40 W with a power density of 0.106 mW cm™ shows
the capability for powering small electronic components and
wearable sensors (e.g., voltage supervisorsi®*! or ECG moni-
toring system-on-chipsP*).

5.3.2. Triboelectric Tactile Electronics

Tactile sensing offers a unique approach to generate voltages
through touch interaction with WFHE. A low-cost stretchable
triboelectric tactile sensor with fast response time (70 ms) was
fabricated by encapsulating 600 nm thick Ag-coated PVA NFs
with a thin PDMS layer.'®3 This triboelectric tactile sensor
harvests energy through currents that are generated to balance
the electrostatic charges created by touching the PDMS sur-
face. The fabricated tactile sensor was highly transparent (70%
transmission rate in the UV-vis light spectra with a density of
AgNFs <0.5 um™!) and stretchable (up to 100%). The stretchable
nature of the sensor was found to be heavily influenced by the
orientation of AgNFs. When AgNFs were oriented in multiple
directions (Figure 18b), it demonstrated reduced fracture sen-
sitivity in the direction perpendicular to the tensile stress (only
10% resistance increase at 100% strain), thus limiting decrease
in generated currents (in comparison to unidirectional AgNFs).
The device reliability was further validated through multiple
stretching tests repeated at various strains (up to 60%). This fea-
ture to harvest energy upon stretching makes this technology a
promising option for use in future self-powered wearables.
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5.3.3. Organic Photovoltaic Device

Another study developed an ultraflexible WFHE (Figure 18c),
where OECTs were self-powered through an ultrathin (3 pum),
ultralight (36.6 pg), and nanograting-patterned (760 nm pitch)
photovoltaic device (OPV).3B* Tt consists of a ZnO NP layer
for electron transport and a heterojunction layer (composed
of poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b"]
dithiophene-2,6-diyl-alt-(4-octyl-3-fluorothieno[3,4-b]thiophene)-
2-carboxylate-2,6-diyl] polymer with [6,6]-phenyl-C,;-butyric acid
methyl ester as a photoactive layer, sandwiched with Ag and
ITO electrodes. The whole device was mounted on a Parylene
substrate (1 um thick) to facilitate handling. With a power con-
version efficiency of 10.49%, this OPV was found to be superior
to other flexible OPVs,[192164 due to its reduced sensitivity to
high strains and illumination angles. The device demonstrated
robust functionality even under 200% compression strain with
no effect on open-circuit voltage (V,) and little effect on short-
circuit current (Iy). The nanograted OPV showed increased
values for I, and power efficiency compared to nonpatterned
OPVs regardless of the illumination angle. Application of a
self-powered cardiac sensor on a human fingertip presented its
promise for various biomedical applications.

5.3.4. Stretchable Thermoelectric Coils

Wearable thermoelectric generator (TEG) is a promising tech-
nology for self-powered electronics, which can harvest energy
by using the temperature difference between the skin and the
ambient environment. Figure 18d shows a stretchable class
of wearable TEG based on the design utilizing interconnected
functional 3D helical coil array transformed from microfabri-
cated 2D structures (p/n-type 0.2 pm thick Si ribbons encapsu-
lated with 4 um thick PI sheaths on both sides for mechanical
support) on an elastomeric substrate.3% Using a thermoelec-
tric leg design, which is a 1.57 mm long buckled structure, this
3D device allows heat to flow naturally from the bottom side of
the device in contact with the skin (hot side) to the side away
from the skin surface (cold side). Thus, it greatly improves its
thermoelectric conversion efficiency by maximizing the tem-
perature difference. In addition, each thermoelectric leg was
designed to have tapered geometry with PI sheath on the cold
side being twice as wide compared to the hot side in order to
further enhance the temperature difference across each leg.
Based on this design, an 8 x 8 coil array was able to generate
2 nW of peak power at a temperature difference of 19 °C. The
stretchable nature also enabled 60% in-plane stretching and
30% vertical compression with minimal degradation in its func-
tionality, thus ensuring its reliable utility in conformal wearable
applications involving dynamic tissue deformation.

6. Conclusions and Outlook

Recent progress in functional hybrid materials, manufac-
turing, and packaging technologies has enabled significant
advances in the development of WFHE. Herein, key require-
ments of material properties, sensor capabilities, electronics
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performance, and skin integrations, along with a few wear-
able applications, have been summarized. Assorted properties
in WFHE, summarized here, have boosted the development
of wearable functional devices, accompanying a concurrent
improved yield of integrated skin-like artificial sensory system,
autonomous energy harvester, and personal healthcare on
demand. Advances in material foundations and hybrid inte-
gration strategies offer enhanced mechanical compliance,
and physicochemical and/or biological properties that are
suitable for direct integration with the human skin. One
common and representative example summarized here, in
which the programmed functionalities were enabled by a
structural modification in molecular,>>'%!l nano/microdimen-
sional,[81:139,184203.212.222] and device group levels,3% already
plays a key part in managing multiple interface-related con-
ditions and suitable methodologies. Parallel efforts in the
development of intrinsically stretchable, transparent, or self-
healable electronics are focusing on the successful integration
of multimodal materials exhibiting liquid-like,™>! ionic con-
ducting,**4l and biomimetic behaviors!'? as electrodes, sub-
strates, dielectrics, and transistors. These devices are promising
for next-generation biomedical systems and persistent human—
machine interfaces. The elevation of such newly developed
materials is persuaded to apply into the WFHE for help with
vexing problems such as ensuring long-term tight contact in an
elbow,3* beyond abstruse functionalities.

Nevertheless, there are still many aspects of WFHE that
must be further developed for the realization of multisensors
in everyday life in terms of sensor usability and opportunities
for noninvasive health monitoring beyond laboratory-scale
applications. Currently, the bottleneck is the device reliability,
long-term use, and readily available data set. Unlike single-
point detection or single-function sensor, multiplexed setting in
a way that is seamless and redundant requires deep and varied
consideration of the correlation between two or more sensing
features that could be attributed to altering each other.77:343]
For the further growth, the efficient extraction of important
physiological information from WFHE would be enabled by
either the isolation of the body movement and environmental
conditions or the detection of multiple signals on the basis of
comprehensive signal processing and machine learning algo-
rithms.B*! In addition to the consideration of multifunctional
sensors, wireless systems that are ultralight, low profile, highly
flexible, and battery-free should be integrated with WFHE in a
conformal manner for a portable, onsite monitoring of health
at home settings.3*!

We believe that consideration of these challenges will pro-
vide great opportunities to further develop WFHE for practical
applications, which will eventually reach the ultimate goal of
enabling wireless, noninvasive, continuous, personalized, and
predictive monitoring of physiological signals for advanced,
smart healthcare and wellness.
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