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ABSTRACT: Bio-integrated wearable systems can measure a broad range of
biophysical, biochemical, and environmental signals to provide critical insights into
overall health status and to quantify human performance. Recent advances in material
science, chemical analysis techniques, device designs, and assembly methods form the
foundations for a uniquely differentiated type of wearable technology, characterized by
noninvasive, intimate integration with the soft, curved, time-dynamic surfaces of the
body. This review summarizes the latest advances in this emerging field of “bio-
integrated” technologies in a comprehensive manner that connects fundamental |-
developments in chemistry, material science, and engineering with sensing technologies | Systems
that have the potential for widespread deployment and societal benefit in human health
care. An introduction to the chemistries and materials for the active components of
these systems contextualizes essential design considerations for sensors and associated
platforms that appear in following sections. The subsequent content highlights the most
advanced biosensors, classified according to their ability to capture biophysical,
biochemical, and environmental information. Additional sections feature schemes for electrically powering these sensors and
strategies for achieving fully integrated, wireless systems. The review concludes with an overview of key remaining challenges
and a summary of opportunities where advances in materials chemistry will be critically important for continued progress.
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1. INTRODUCTION

Natural physiological processes create a diverse range of
biophysical (temperature, biopotential, motion) and biochem-
ical (electrolytes, metabolites) signals that can be measured and
quantified with body-integrated sensors. The resulting informa-
tion is critically valuable in developing insights into health status,
quantifying human performance, and in establishing bidirec-
tional communication channels for human/machine control
interfaces. The most advanced noninvasive physiological
monitoring systems utilize sophisticated electronic recording
hardware with wired interfaces to sensors that couple to the skin
via straps/tapes. Operation typically involves expert personnel in
clinical or laboratory settings. Although capable of precise
measurements of parameters that have well-established, deep
clinical significance, such systems are cumbersome and generally
cannot be used for long-term, continuous monitoring outside of
specialized facilities.

Wearable devices, typically in the form of small, rigid blocks of
wireless electronic/sensing components loosely coupled to the
wrist, offer some potential to address these limitations as a
paradigm shift in physiological monitoring. These devices,
which owe their existence primarily to the relentless
miniaturization of integrated circuits via Moore’s Law scaling,’
can yield estimates of certain basic vital signs (heart rate, skin
temperature) and they can record physical motions, typically of
the wrist or chest, all without the wired, bulky hardware of
clinical systems. Even though the parameters that can be
measured with such systems are narrow in scope and have low
levels of clinical relevance/accuracy, the established commercial
market for consumer health wearables is large, and it is projected
to grow to $30 billion annually by 2020.” Continued advances in
electronics, optoelectronics, sensing components, wireless
communication hardware, and battery technology will drive
progress in this segment, although in a largely linear, predictable
fashion with limited potential for qualitative improvements in
functionality.

The inability to form stable, intimate skin interfaces with the
classes of planar, rigid components that constitute these
wearable systems remains a fundamental constraint in their
measurement capabilities. For applications in fitness and
wellness, where regulatory oversight is minimal, these
restrictions do not impede the public adoption of such consumer
health wearables for simple measurements of basic parameters
such as heart rate.’ For example, heart rate monitoring in
laboratory environments with such devices offer acceptable
performance in recreational applications.”> Some products
(Apple Watch in particular) can achieve accuracy comparable to
clinical chest-mounted monitors for patients at rest or during
low intensity exercise. The latest version of this platform, in fact,
offers electrocardiogram recording capabilities that are approved
by the US Federal Drug Administration, although only for
momentary measurements due to requirements for touching the
rim of the device with the opposite hand. Nevertheless, even the
most accurate wrist-mounted systems fail during moderate daily
physical activities or in continuous monitoring,”~ due largely to
motion induced artifacts that arise from loose coupling to the
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body.°™ Most studies focus on device function rather than
clinical performance”” and lack standardized evaluation
methodologies.”'? The development of technologies that
overcome limitations associated with loose skin interfaces and
incorporate advanced biochemical/biophysical sensing have the
potential to transform consumer wearables from recreational
novelty devices into body-worn, clinical-grade physiological
measurement tools that yield physician actionable information.

Recent advances in material science, chemical analysis
techniques, device designs, and manufacturing methods form
the foundations for a distinctly different type of wearable
technology, characterized their noninvasive, intimate integration
with the curved surfaces of the body, from the skin and the
cornea to the fingernails and the tissues of the mouth. The
consequences are significant in terms of both the types of
measurements that are possible and the accuracy/reliability of
the resulting data.'' These modes of deployment follow
naturally from the soft, flexible form factors of these systems,
as robust, nonirritating interfaces for clinical quality capabilities
in biophysical and biochemical measurements. When taken
together with advanced modalities for noninvasive biosensing,
widespread adoption of smartphones, and the availability of low-
power wireless communication systems and high capacity
energy storage technologies, this type of bio-integrated platform
is at the cusp of an inflection point toward broad adoption, with
significant potential for societal benefit.

This review highlights the latest advances in this emerging
field of “bio-integrated” technologies, with particular emphasis
on materials and chemistry concepts that have the potential to
shape the directions of future developments. Other reviews
examine the field in the context of specific applications
(biophysical'*~"* or biochemical °~'* monitoring, medicine'”),
form factors,”*”* sensin§ technologies (general,®*™*°
strain,”” ~*? electrochemical,®”~>* temperature‘%), power sour-
ces (general,®® supercapacitors,** ™ energy harvesting,*”"’
biofuel cells**), wireless communication technologies,43 materi-
al systems (polymers,""* carbon,**~** graphene,* hzrdro-
gels,so’51 liquid metal,> bio-inspired,53 and biolo ical‘4’55),
and fabrication methods (electrodes,‘%’57 sensors,”°° and
componentsél’(’z). By contrast, this review examines advances in
bio-integrated technologies in a comprehensive manner that
connects fundamental developments in material science and
engineering with modalities in sensing physiological signals that
have the potential for widespread deployment and societal
benefit in human healthcare. A short introductory section on the
chemistries and materials for the active electronic components
of these systems contextualizes essential design considerations
for sensors and associated platforms that appear in subsequent
sections. The second part highlights the most advanced
biosensors, classified according to their ability to measure
biophysical, biochemical, and environmental information.
Additional sections feature schemes for electrically powering
these sensors and strategies for achieving fully integrated,
wireless systems. The review concludes with an overview of key
remaining challenges and a summary of opportunities where
advances in materials chemistry will be critically important for
continued progress.

2. MECHANICS AND MATERIALS FOR
BIO-INTEGRATED WEARABLE SYSTEMS

The direct integration of sensors with the soft and curvilinear
surfaces of the human body demands careful attention to
materials design to ensure seamless, noninvasive interfaces that
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Figure 1. Concepts in materials synthesis for stretchable electronics and bio-integrated wearable sensors. (A) AFM height images of a stretched (25%)
PEDOT:PSS film containing 1% polytetrafluoroethylene resin on PDMS. Reprinted with permission from ref 71. Copyright 2011 American Chemical
Society. (B) Optical image of a stretchable device fabricated with PEDOT:PSS containing a nonvolatile surfactant plasticizer on a PDMS substrate.
Reprinted with permission from ref 72. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA. (C) TEM image of P3HT:PE showing PE single-
crystal-like entities that form when the insulating block crystallizes first. Reprinted with permission from ref 73. Copyright 2007 Wiley-VCH Verlag
GmbH & Co. KGaA. (D) Optical image of a stretchable film of P3HT containing poly(2-vinylpyridine. Reprinted with permission from ref 74.
Copyright 2014 American Chemical Society. (E) Optical micrographs of a microgel-reinforced hydrogel film stretched by 100%. Reprinted with
permission from ref 75. Copyright 2012 Elsevier. (F) Optical image of a slime-type poly(vinyl alcohol) material cross-linked with sodium borate and
stretched by 700%. Reprinted with permission from ref 76. Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA. (G) SEM image of
poly(vinylidene fluoride-co-hexafluoropropylene) with 43 wt % 1-ethyl-3-methylimidazolium trifluoromethanesulfonate and (H) optical image of a
healed sample from an undeformed to a stretched (500%) state. (G,H) Reprinted with permission from ref 77. Copyright 2017 Wiley-VCH Verlag
GmbH & Co. KGaA. (I) SEM image of a film composed of SWCNTs, polymer matrix, and ionic liquid, and (J) optical image of biaxially stretched
organic transistor-based active matrix with 19-by-37 unit cells. (I]) Reprinted with permission from ref 78. Copyright 2008 the American Association
for the Advancement of Science. (K) Surface SEM images of elastic conductors formed from silver flakes and rubber with surfactant and (L) sensor
networks on textiles stretched by 120%. (K,L) Reprinted with permission from ref 79. Copyright 2017 Springer Nature.

are robust during natural movements and associated biological The first, as a chemical synthetic strategy, involves materials that
processes. The most well-developed materials for conventional are intrinsically stretchable based on specially formulated
planar electronic devices are inorganic, and their high modulus, organic or inorganic chemistries. The second, as an engineering
brittle mechanical properties are inherently ill-suited for bio- approach, exploits deterministic composites that combine
integration.63 Broad research efforts seek to establish alternative ultrathin, typically nanoscale, wires, membranes, ribbons, or
materials and device designs that bypass these limitations in platelets of established, high performance materials (e.g, silicon,
form and mechanics but without sacrificing options in metals) with soft substrates/superstrates to yield systems with
functionality or performance. Flexible devices, as defined by effective stretchability. This section illustrates these two
those that can bend in a reversible fashion, are useful in this schemes through some of the most recent examples and the
context. Such mechanics can be achieved in any material simply most widely adopted platforms, with an emphasis on electroni-
through reductions in thickness due to associated cubic and cally conducting and semiconducting materials. Other con-
linear decreases in the bending rigidity and the linear bending temporary reviews provide related, complementary con-

tent.>2>>°07586L6667 Ap additional discussion highlights the
various locations on the body that can serve as points for
integration of devices constructed with these materials.

induced strain, respectively.”" Materials ranging from nano-
membranes/nanowires/nanoribbons of monocrystalline silicon
to polycrystalline thin films of conjugated small-molecule

organics represent options in the semiconductor components 2.1. Functional Electronic Materials for Stretchable
of such types of thin, flexible devices. Many other materials, from Electronics and Bio-Integrated Wearable Sensors
electrical conductors to dielectrics and responsive elements of 2.1.1. Materials: Synthesis. The synthetic approach to
biosensors, can be deployed in similar thin film formats to yield stretchable electronic materials exploits specialized chemistries
complete systems on lightweight, plastic foils."" Although the and their composites, as classified into one of three main
ability to flex enables effective integration across small regions of categories: (1) intrinsically stretchable polymers, (2) conductive
the body or onto those with simple, gradual curvature, the hydrogels and ionogels (a colloid of ionic liquid in a polymeric
complex textures of the skin and its natural motions cannot be network), and (3) bulk or laminar composites of active materials
accommodated in a general sense by bending alone. Here, and dielectric elastomers such as, silicones,68 polyurethanes
stretchability, as defined by linear elastic responses to large strain (PU) ,69 and co7polymers ( e.g, styrene—butadiene—styrene
deformations, is critically important. This mechanical character- block copolymer )
istic requires advanced materials and designs, beyond those that By comparison to high modulus inorganics, organic materials
simply rely on thickness reduction. such as conducting and semiconducting polymers are attractive
The most successful strategies to stretchable functional due to their ability to combine soft, biocompatible character-
materials rely on specialized synthetic materials/composites or istics with a range of chemical functionality for electronic
on heterogeneous collections of material micro/nanostructures. transport and tailored mechanical and optical properties. A well-
5463 DOI: 10.1021/acs.chemrev.8b00573
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studied conductive polymer of interest in this context is
poly(3,4-ethylenedioxythiophene) polystyrenesulfonate (PE-
DOT:PSS)** Although the neat polymer is not itself deformable
to an appreciable extent,”’ plasticizing additives such as
nonionic surfactants’>*> and ionic liquids,” impart an effective
level of stretchability when the material is coupled to a
supporting elastomer substrate to provide an elastic restoring
force. As an example, PEDOT:PSS plasticized with polytetra-
fluoroethylene resin, a fluoropolymer additive, bonded to a
silicone substrate maintains conductivity and an elastic
mechanical response for strains up to ~188% " without adhesive
failure or delamination (Figure 1A). Similarly, polyethylene
glycol tert-octylphenyl ether, a nonionic additive, yields a
deformable, “dough-like” form of PEDOT:PSS’? that can be
reversibly molded with minimal degradation of electrical
performance, even under extreme deformations (Figure 1B).
One disadvantage of such additives is that they reduce the
conductivity relative to that of the neat polymer. Ionic liquid
additives avoid this drawback® to yield stretchable materials
with conductivities over 4100 S cm ™, higher than the values for
commercial PEDOT:PSS (~1000 S cm™"), with the additional
ability to endure strains of up to 100%.

The toxicity of common fluoropolymer surfactants and ionic
liquids impedes utilization of conductive polymers in bio-
integrated platforms. Block copolymer scaffolds offer an
alternative, biocompatible route to stretchable forms of
PEDOT.* One example combines soft segments of poly-
(polyethylene glycol methyl ether acrylate) and hard segments
of polystyrenesulfonate (PSS) to form an appropriate copolymer
by a reversible addition—fragmentation chain transfer polymer-
ization. This block elastomer serves as a matrix for the
polymerization of PEDOT. Although the conductivity of the
resulting material (~0.046 S cm™") is much lower than that of
commercial PEDOT:PSS (without dopant, ~7.4 S cm™'; with
dopant, ~1000 S cm™), this additive-free system accommo-
dates strains up to 128%, which is more than a factor of 10 higher
than that of the neat PEDOT.***® The addition of 5 wt %
glycerol as a biocompatible, secondary dopant™ increases the
conductivity of the PEDOT:copolymer scaffold by more than an
order of magnitude, to ~0.63 S cm™l.

Intrinsically stretchable semiconducting polymers represent
another important class of material.® Primary routes to
stretchable mechanics include copolymerization” and intro-
duction of side chain chemical moieties.”” These methods
disrupt the order of the crystalline structure of the semi-
conducting polymer, thereby increasing deformability, but at the
expense of reducing the field-effect mobility. A representative
example of an intrinsically stretchable semiconducting polymer
follows from copolymerization of poly(3-hexylthiophene)
(P3HT) and polyethylene (PE) to obtain a material with high
deformability (up to 600%) and a mobility comparable to
pristine P3HT (0.02 cm” V™' s™" for 10:90 P3HT:PE; 0.01 cm®
V™! s7! for pristine P3HT with a stretchability of ~13%) (Figure
1C).”> Others leverage similar strategies to synthesize block
copolymers of P3HT with poly(2-vinylpyridine),”* poly(methyl
acrylate),*® and poly(3-octylthiophene-2,5-diyl)*” (Figure 1D).
Incorporating side chain moieties represents an alternative
approach.87 In one example, binding 2,6-pyridine dicarbox-
amide (10 mol %) to a 3,6-di(thiophen-2-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione-based semiconducting
polymer introduces weak intrapolymer hydrogen bonding
without significantly degrading the mobility.”” The hydrogen
bonds break under strain and absorb most of the energy with
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minimal deformation of the semiconducting polymer backbone.
These broken bonds heal rapidly, thereby largely restoring the
original polymer properties. This unique energy dissipation
mechanism leads to high field-effect mobility performance (>1
cm? V7! s7!) even after a hundred cycles of stretching to 100%
strain. Recent review articles highlight these and other related
strategies to stretchable semiconducting polymers.”"”*

Hydrogels and ionogels form a second category of stretchable
active materials, noteworthy because they closely mimic the
mechanical, chemical, and optical properties of biological
tissues.”> These types of systems exploit ionic mobility to
achieve conduction, similar to that in biology. Conductive
hydrogels are of particular interest, relative to ionogels, due to
their biocompatibility. Recent advances in gel synthesis provide
access to materials with Young’s moduli from kilopascals to
megapascals, suitable for a wide range of wearable applications,
with levels of physical toughness that satisfy requirements for
practical applications. Most chemical strategies to such systems
use designs that facilitate rapid, isotropic dissipation of energy
generated during mechanical deformation with minimal damage
to the polymeric network.”* Double-network hydrogels,”*”* one
class of tough hydrogels, rely on two polymers. The first provides
a highly cross-linked network for structural integrity. The
second, a loosely cross-linked polymer, offers sufficient fluidity
to accommodate stress without damage to the structural
network. A rich variety of polymer combinations can be used,
including collagen or agarose as the first network and poly(2-
hydroxyethyl methacrylate) or poly(N,N’-dimethyl acrylamide)
as the second.”> A double network hydrogel of poly(2-
acrylamido-2-methylpropanesulfonic acid) (4 mol %) and
polyacrylamide (2 mol %) is a representative example, where
the tensile strength of 17.2 MPa is almost 20 times higher than
that of hydrogels from individual polymers.”® Although such gels
contain ~90 wt % water, the tearing energy is ~4400 J/m?,
several thousand times that of single network hydrogels from
individual polymers (Figure 1E,F).”

Alternative routes to tough, conductive hydrogels utilize a rich
library of polymers, including polyacrylamide,”” poly(N,N-
dimethylacrylamide),”® poly(vinyl alcohol),”” poly(acrylic acid)
/alginate,"*’ and poly acrylic acid-co-3-dimethyl (methacryloy-
loxyethyl) ammonium propanesulfonate.'”’ One approach
cross-links poly(vinyl alcohol) with sodium borate to yield a
slime-type, highly stretchable, transparent conductive gel that
can accommodate strains as high as 700% (Figure 1G,H).”°
Supramolecular chemistry approaches offer means to realize
tough hydrogels with skin-like, self-healing features. A recent
example includes a bio-inspired supramolecular mineral hydro-
gel of amorphous calcium carbonate nanoparticles physically
cross-linked by poly(acrylic acid) and alginate chains.'”’ The
rapid cross-linking by the poly(acrylic acid) and alginate chains
enable rapid self-healing (within 20 min) and the ability to
maintain conductivity for strains as large as 1000%. An
additional example is in supramolecular chemistry-based
stretchable, self-healing polyelectrolyte hydrogels of poly acrylic
acid-co-3-dimethyl (methacryloyloxyethyl) ammonium pro-
panesulfonate.'”" In contrast to the traditional polyacrylamide
tough hydrogels, this system offers attractive material properties
for bio-integrated devices including autonomous self-healing
capability and recyclability.

Key challenges with hydrogels are in achieving strong
adhesion to other materials and in avoiding gradual changes in
properties due to evaporation of water. Recent work seeks
chemical routes to adhesion energies that can reach values
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within the range of the material fracture energies (>1000 J
m™2).'? Promising chemistries for bonding to silicone
elastomers include UV/plasma treatment of the elastomer'®
and cyanoacrylate,"** benzo]i)henone,105 or silanes'*® to form
covalent interfacial linkages.'”* To slow evaporation, humec-
tants can be added to the hydrogels, and traditional elastomers
can be used as encapsulants. Advanced approaches replace water
with room temperature ionic liquids, as exceptionally low vapor
pressure liquids, to yield conductive gels (ionogels) with
stability against evaporative drying. Common approaches for
synthesizing conductive, stretchable ionogels include encapsu-
lating ionic liquids such as ethylammonium nitrate,'*”'" 1-
ethyl-3-methylimidazolium trifluoromethanesulfonate,”” and 1-
ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide'”” into elastomeric networks such as poly(ethylene
oxide)—poly(propylene oxide)—poly(ethylene oxide) triblock
copolymer'’” and poly(vinylidene fluoride-co-hexafluoropropy-
lene),””'% as discussed elsewhere.''” As mentioned previously,
the toxicity of most ionic liquids represents a major limitation to
their use in bio-integrated applications. A recently reported
choline-based ionogel offers a biocompatible alternative via the
encapsulation of a synthesized choline ionic liquid and gelatin
methacryloyl within a polycaprolactone polymer network.'"'
This biocompatible material exhibits a conductivity of ~5.16 X
1073 S cm™" and can withstand strains up to 40% with negligible
degradation of conductivity.

Composite materials represent the third, and most research
active, approach. Stretchable composites adopt either a bulk fill
or laminar form. In bulk, charge transport occurs through
percolation pathways within a material or a collection of material
micro/nanostructures that serves as a conductive filler
embedded in an insulating elastomeric matrix. Here, the former
supports the electronic functionality and the latter defines the
elastic mechanics. The compositional ratio between these two
components determines the percolation threshold, which
dictates the point at which the bulk material becomes
conductive''* and is inversely related to the aspect ratio, surface
area, and dispersion of the conductive filler."'>"'* Anisotropic
nanoparticle fillers can increase the conductivity of bulk polymer
materials by ~10°—10"> S cm™" at low volume concentrations
(<1%) relative to those with spherical geometries owing to this
decrease in the percolation threshold.'"> Functional nano-
particles,” 16121 L anowires/tubes/ribbons," >~ '*° membranes/
sheets,"””™'* and 3D networks'*°~"*? of carbonaceous, metallic
nanomaterials and/or conducting polymers'*>"** represent the
most widely explored conductive filler materials.

Foundational work in the context of stretchable elec-
tronics”>'**'3>13¢ relies on highly conductive, single-walled
carbon nanotubes (SWCNTs). The high aspect ratios of
supergrowth SWCNTs (>1 mm in length, and 3 nm in
diameter) support long, highly flexible conductive pathways
with superior properties compared to conventional low aspect
ratio (length, ~1 ym; diameter, <1 nm) SWCNTs grown using
methods such as the high-pressure carbon monoxide process.
The original materials use thick bucky gels of supergrowth
SWCNTs in an ionic liquid 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide formed by a grinding
process. Subsequent dispersion into a vinylidene fluoride—
hexafluoropropylene copolymer suspension and casting onto a
flat glass plate yields films that are highly conductive (~53 S
cm™) and stretchable to strains up to 38% (Figure 1LJ).”
Although commercially available carbon-based elastomers
exhibit much higher stretchability (~150%), their conductivity
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is comparatively low (~0.1 S cm™"). Specialized formulations of
this composite yield screen-printable elastomeric inks'*® with
enhanced conductivities (102 S cm™) and levels of stretch-
ability (up to 29%). Other bulk fill composite materials rely on
multiwalled carbon nanotubes (MWCNTs),"*"!%% graphene,129
and graphene/CNT blends.!314°

These same materials can also be used as the primary
conductive constituent in laminar composites. Such designs can
offer superior electrical properties compared to bulk counter-
parts due to the absence of an insulating component within the
active layer and ability to support thin film geometries. A popular
approach embeds thin films of carbon nanomaterials between
layers of elastomeric material by either the physical transfer or
direct deposition of prefabricated films onto elastomeric
membranes.'*' ™'** Studies of such laminar composites reveal
that reversible, nonlinear buckling of the nanomaterials is an
important feature in the mechanics of most such systems, where
well-defined sinusoidal structures of SWNTs on elastomeric
substrates represent examples'**'**'*> that can be predictively
modeled using Newtonian mechanics.'** The laminar approach
to composites is especially favorable for obtaining thin film
stretchable semiconductor based on carbon nanomaterials for
transistors and other devices."*"'*}

The use of nanostructures of metals, such as silver, in place of
carbon nanomaterials, can Xield composites with improved
properties as conductors."*”'** An exemplary case uses silver
nanoparticles (AgNP) in a bulk fill composite to yield high
stretchability (strains up to 400%) and conductivity (935 S
cm™") (Figure 1K,L).”” The synthesis yields nanoparticles (~8
nm diameter) from a precursor of microscale silver flakes, in situ,
in a vinylidene fluoride/hexafluoropropylene fluorine rubber
with a hydrophilic ethylene oxide group and a fluorophyllic
perfluoroalkyl group-based surfactant. The fluorine rubber
provides excellent stretchability, environmental stability, and a
high polarity to attract metal ions. The fluoro-surfactant ensures
a homogeneous suspension of the flakes. Dissolution in
methylisobutylketone yields a printable ink (14.5 Pa s at a
shear rate of 10 s!). The result is a material with an
exceptionally high conductivity for a stretchable composite
(4000 S cm™ at 0% strain, 935 S cm™ at strains up to 400%),
significantly larger than that possible by direct dispersion of
silver nanoparticles into an elastomeric matrix.

In addition to nanoparticles, silver nanowires (AgNW) offer a
promising filler material for stretchable conductive composites
due to the aspect ratio-induced lowered percolation threshold
and the high ductility of bulk silver, resulting in superior
electrical properties under strain.'*” Although several AgNW-
based bulk composites exist,”””'>" most work focuses on
laminar designs.'>*~"** In one example of a bulk system, AgNWs
form via the common polyol process with a subsequent ligand
exchange reaction to partially replace the polyvinylpyrrolidone
capping agent with hexylamine for homogeneous dispersion into
anonpolar styrene—butadiene—styrene elastomer suspension. A
20 vol % dispersion of AgNWs within the elastomer yields
optimized conductivities of ~11000 S cm™. An impressive
example of a laminar system'** involves formation of thin (up to
several micrometer thick) films of AgNWs, followed by casting
of a liquid prepolymer to PDMS, to yield an elastomer
membrane with an embedded film of AgNWs. The resulting
conductivity reaches ~8130 S cm ™" at 0% strain and decreases to
a stable value of ~5285 S cm™" after a few cycles of stretching/
releasing to strains in the range of a few tens of percent. Gradual
oxidation and resultant reductions in conductivity is a drawback
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Table 1. Stretchability and Electrical Performance Properties of Representative Materials via Synthetic Approaches for Bio-
Integrated Devices

maximum
stretchability
material (%) electrical performance ref
PEDOT:PSS with glycol tert-octylphenyl ether as surfactant S7 1.7 X 10 72 S (for S0 pm thick film 72
with 0.7 weight fraction of
surfactant)
PEDOT:PSS with polytetrafluoroethylene resin as surfactant 10 150 Q sq™" (for 1 wt % surfactant) 81
PEDOT:PSS with sulfonate or sulfonimide-based ionic liquids as surfactant 100 3600 S cm™ 82
PEDOT blended with copolymer of poly(polyethylene glycol methyl ether acrylate) and PSS 20 0.046 S cm™ 83
P3HT-PE 600 (break  0.02 cm?>V~'s7! 73
point)
P3HT-poly(methyl acrylate) 140 (break  9X 10™*em?* V7's™! 88
point)

3,6-di-2-thienyl-pyrrolo[ 3,4-c]pyrrole-1,4-dione cross-linked with PDMS 20 040 cm* V's7! 87
3,6-di(thiophen-2-yl)-2,S-dihydropyrrolo[3,4-c]pyrrole-1,4-dione cross-linked with 2,6-pyridine 100 1em? Vg™ 90

dicarboxamide
PEO,ps—PPO,y— PEO, (4 triblock copolymer encapsulating ethylammonium nitrate 500 0.015 S cm™ 107
poly-(vinylidene fluoride-co-hexafluoropropylene) encapsulating 1-ethyl-3-methylimidazolium S0 7.06 X 107° S em™ 77

trifluoromethanesulfonate
polycaprolactone polymer network encapsulating choline-based ionic liquid 40 516 X 107° S cm™! 111
SWCNTs and 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide dispersed in 38 53Scm™ 78

vinylidene fluoride—hexafluoropropylene copolymer; paste prepared by mechanical mixing
SWCNTs and 1-butyl-3-methylimidazolium bis(trifluoromethanesulphonyl)imide dispersed in 29 102 S em™ 123

vinylidene fluoride—hexafluoropropylene copolymer). Ink mixed with jet milling.
MWCNTs and 1-butyl-3-methylimidazolium bisaimide in polyurethane 200 1000 S cm™ 137
graphene laminated on PDMS 30 280 Qsq 127
MWCNTSs/graphene aerogel backfilled with PDMS 20 2.8Scm™! 139
SWCNTs laminated on PDMS 25 2200 S cm™ 124
in situ synthesis of AgNPs in vinylidene fluoride/hexafluoropropylene copolymer with fluorophyllic 400 935S cm™! 79

perfluoroalkyl group-based surfactant
AgNWs laminated on PDMS S0 52858 em™ 154
AuNPs layer-by-layer film laminated on polyurethane 110 2400 S cm™ 18S

Ribbon Serpentine 3D coil Mesh ~ Liquid alloy
Gl _

Figure 2. Concepts in materials engineering for stretchable electronics and bio-integrated wearable sensors. (A) Optical micrographs of 2D “wavy” Si
nanomembranes on PDMS. Reprinted with permission from ref 161. Copyright 2007 American Chemical Society. (B) Optical image of a twisted Si-
CMOS circuit in a “wavy” layout. Reprinted with permission from ref 162. Copyright 2008 the American Association for the Advancement of Science.
(C) SEM image of a stretchable silicon nanomembrane (~100 nm thickness) patterned into a mesh geometry and bonded to a rubber substrate and
(D) optical image of a device in a complex deformation mode. (C,D) Reprinted with permission from ref 163. Copyright 2008 National Academy of
Sciences. (E) SEM image of similar traces on a skin-replica (colorized metal wires), showing the conformal attachment to the substrate and (F) optical
image of skin-interfaced, serpentine metal traces with fractal design layouts. (E,F) Reprinted with permission from ref 164. Copyright 2014 Springer
Nature. (G) Angled optical image of 3D helical coils bonded to a silicone substrate and (H) image of a device deformed on a finger. (G,H) Reprinted
with permission from ref 165. Copyright 2017 Springer Nature. (I) Optical image of a mesh-shape plastic film with organic transistors and pressure-
sensitive rubber. Reprinted with permission from ref 166. Copyright 2005 National Academy of Sciences. (J) Optical image of an expanded functional
conductive network mounted on a hand. Reprinted with permission from ref 167. Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA. (K)
Optical images of a microchannel filled with liquid metal alloy. Reprinted with permission from ref 168. Copyright 2008 AIP Publishing LLC. (L)
Optical image of arrays of LEDs connected by liquid metal on deformable substrates, in a strained state due to external force. Reprinted with permission
from ref 169. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.
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of silver-based materials. Several reports demonstrate the
successful use of gold nanoparticles (AuNP) and nanowires
(AuNW) in this context.>”'>* An attractive feature of the
composite strategy is that multiple filler components can be
combined to improve the performance beyond that achievable
with the individual constituents. Examples include carbon
nanomaterials/metallic nanomaterials,"**~"** conducting poly-
mer/carbon nanomaterials,””” and hydrogel/magnetic nano-
particle'® stretchable composites and the resulting improve-
ments in material performance.

These and other chemical synthesis approaches support
considerable versatility in systems design for bio-integrated
devices. Intrinsically stretchable conductive polymers, con-
ductive composite materials, and hydrogels exhibit electrical
properties sufficient for use as interconnects in simple electronic
circuits and in certain types of sensors as shown in Table 1.
Stretchable semiconductors are improving rapidly, although
certain levels of function, particularly in radio frequency (RF)
electronics, remain difficult to achieve due to limitations in
charge transport through these materials.

2.1.2. Materials: Engineering. The engineering approach
to stretchable electronic materials exploits principles of
structural mechanics associated with well-defined micro/
nanoscale elements of high performance inorganic semi-
conductors or conductors that embed into or onto elastomeric
matrices. The result is a deterministic type of composite
analogous to those described in the preceding section, but where
the conducting/semiconducting pathways are defined directly at
the engineering level, thereby bypassing the statistical aspects of
percolation transport. In general, micro/nanofabrication pro-
cesses define large-scale collections of semiconducting or
conducting nanomembranes/ribbons/wires from the most
sophisticated sources of thin-film or wafer-scale materials.
Here, the structural shapes can respond to applied strains
through controlled, nonlinear buckling and/or in-plane bending
processes in a way that provides large effective levels of
stretchability while avoiding significant strains in the active
materials. As in Figure 2, various designs, each applicable to
wide-ranging classes of materials including brittle inorganics that
form the foundations of conventional electronic devices, can be
classified according to geometric layouts.

“Wavy” ribbons/membranes of advanced electronic materials,
including monocrystalline silicon created lithographically from
wafer-based sources, represent the earliest examples of this
strategy applied to high performance semiconductors (Figure
2A)."®" The structures result from uniformly bonding flat
ribbons/membranes against uniaxially or biaxially prestrained
elastomers and then relaxing the prestrain to form, sponta-
neously, “wavy” layouts through a controlled buckling process.
The hard/soft composite materials formed in this way can
support biaxial/uniaxial stretching with physics similar to that of
an accordion bellows, where the wavelengths and amplitudes of
the wave structures change to accommodate applied strain. In
the example shown here, the active material consists of a
nanomembrane (20—500 nm in thickness) of device-grade
silicon, bonded to an underlying substrate of PDMS through
condensation reactions associated with —OH functionality on
the contacting surfaces. This concept can apply not only to
active or passive electronic materials but also to completed
electronic devices such as ultrathin silicon complementary
metal-oxide semiconductor (Si-CMOS) integrated circuits
(Figure 2B).'*> Here, a film of polyimide (PI) serves as the
substrate and a bilayer of Cr (~3 nm) and SiO, (~30 nm) on the
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reverse side facilitates bonding to the PDMS via condensation
reactions. Lithographically patterning the —OH surface
chemistry allows for advanced control over the geometry of
the bonded regions. Optimization that includes structuring the
membranes into mesh-like architectures with joining ribbons
and strategic bonding locations yields arc-shaped, noncoplanar
configurations that increase the stretchability to values much
greater than 100% (Figure 2C,D).'*

Advanced designs use filamentary serpentine (FS) structures
bonded in a similar manner to underlying elastomer substrates,
such that both out-of-plane and in-plane buckling responses play
roles in the responses to applied strains.'®*'”°~'"* Thin (0.5
um), narrow (~100 ym), large amplitude (0.5 mm) networks of
FS can serve as the basis for fully integrated, active electronic
systems that, when supported by thin, soft elastomeric
substrates, offer skin-like moduli (~140 kPa) and ultralow
bending stiffnesses (~0.3 nNm). Such types of FS structures
exhibit purely elastic stress—strain responses for strains to 30%,
with only modest mechanical loading effects on the elastomeric
substrate.'”” In advanced embodiments that use finite element
deformation models as design tools, the FS architecture can be
configured to extend in a manner that leads to a well-defined,
enhanced tangential moduli at targeted strain levels."”*~'”® The
resulting J-shaped stress—strain curves can be matched precisely
to those of biological tissues (e.g., skin) in a way that also
mechanically protects the structures from excessive strains. A
triangular lattice network of FS structures (PI) on a soft silicone
elastomer experimentally demonstrates that the strain response
begins with the bending-dominated deformations of the FS
structures and ends with the stretching of the FS structures
where the modulus in this phase reaches values several orders of
magnitude higher than those in the initial phase.'”

Further sophistication in this general design approach follows
from the use of fractal mathematics. Here, self-similar, repeating
geometrical shapes create structures that behave as nested
collections of springs in two-dimensional arrays that release in
sequence as the applied strain increases. The result is an
interesting class of engineered metamaterials, applicable to
single or multiple layers of active materials in the FS structures
with effective properties that can be tailored to desired values
(Figure ZE,F).164’17O

The most recent strategies exploit these same core ideas in
mechanically assembled 3D structures. Helical coils (Figure
2G,H)"® provide examples that represent qualitative extensions
of buckling processes used to form the simple arc-shaped
structures of Figure 2C. Deformations of 2D FS shapes induce
acute and predetermined stress concentrations at the arc regions
due to their 2D formats and their physical coupling to the
substrate. Helical coils avoid these stress concentrations due to
the 3D structure that provides a uniform distribution of
deformation-induced stresses. This absence of stress concen-
trations leads to elastic stretchabilities in 3D helices that exceed
those for otherwise similar but 2D layouts by a factor of ~3 for a
strain of 50% and ~10 for 300% without localized crack
formation.

Other approaches use related mesh designs where in-plane
rotations of 2D interconnecting bridges, rather than out-of-
plane deformations, dominate the response to applied strain
such that elastomeric materials are not required. In one example,
polymer films (PI, for pressure sensor; poly(ethylene-
naphthalate), for temperature sensor) in such a mesh structure
serve as the support for an array of interconnected organic
transistors and pressure/temperature sensors, where the entire
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system can accommodate strains of up to 25% (Figure 21).° In
a representative application, the use of a metal-coated, open
mesh network of microscale PI wires and nodes formed via an
oxygen plasma dry etch provides a highly stretchable conductor
that can be patterned to yield addressable electrodes and other
devices. This type of material can stretch uniaxially to strains of
up to 1400% with strains in the constituent fibers remaining
below ~5%. Full extension occurs at strains of 1600%, without
microcracks. The material, after a fatigue test of a half million
loading/unloading cycles (stress of 100 MPa), exhibits no
degradation in performance (Figure 2)).1¢7

An additional noteworthy engineering approach, applicable to
conducting structures, involves liquid metals in microchannels
formed within an elastomeric substrate. Such systems achieve
stretchability not from deformation of the active materials but
from physical flow (Figure 2K,L).'® Table 2 highlights the

Table 2. Stretchability and Conductivity of Representative
Materials via Engineering Approaches for Bio-Integrated
Devices

maximum
stretchability

material structure (%) conductivity ref
Si wavy 5.7 mobility 290 (n-), 140 162

(p-) em?* Vs~
Si ribbon 140 mobility 370 (n-), 130 163

(p-) em* Vs~
Au serpentine 100 164
Au 3D coil 150 165
Au mesh 1600 167
EGaln  liquid alloy 70 169

stretchability that this class of structure exhibits in comparison
to the aforementioned systems. The elastomeric microfluidic
system provides guides for the liquid metal, as the electrical
conductor and an overall elastic restoring force as first reported
with eutectic alloys of Ga and In (EGaln) and structures of
PDMS.'”” Measurements indicate negligible changes in
conductivity for strains of 70%."®” EGaln in the cores of hollow
fibers formed using a triblock copolymer, poly[styrene-b-
(ethylene-co-butylene)-b-styrene] (SEBS) resin results in ultra-
stretchable conducting wires with the ability to maintain
electrical continuity with strains of up to 700%."”*'”” By
comparison to liquid metal in a defined microchannel structure,
droplets of EGaln within a soft, silicone elastomer establish
conductivity through the rupture and fusion of droplets in
response to local pressure, thereby providing high electrical
conductivity and mechanical stretchability. This form factor also
yields autonomous self-healing behaviors in response to damage
through the in situ formation of new electrical pathways.'* A
recent review provides a thorough discussion of the various
properties and applications of Ga-based liquid metals for
stretchable electronics.”

The material synthesis and the materials engineering
approaches offer direct routes to all of the key constituent
materials needed for highly stretchable electronics in bio-
integrated sensing systems. The use of multiple strategies in a
single device platform can mitigate trade-offs associated with any
particular method. A widespread design technique combines
flexible or even rigid functional device components and sensors
in “islands” electrically and mechanically interconnected by
stretchable conductors to yield systems with overall stretch-
ability. The most advanced examples use self-similar fractal or
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3D helical interconnects in skin-like wearable platforms that
leverage off-the-shelf microcomponents.'*'®*

2.2. Interfacing Bio-Integrated Wearable Systems with the
Body

2.2.1. Introduction to Bio-Integration. The seamless
integration of wearable devices with the body necessitates
consideration of not only the device composition (materials)
and structure (design) but also the requirements prescribed by
the device/body interface. This section provides a general
overview of the critical requirements for bio-integration.
Subsequent sections describe specific considerations for
interfacing with the epidermis (section 2.2.2) or other body
locations (section 2.2.3).

The biocompatibility of materials in direct contact with the
body is of critical importance for ensuring not only an irritation-
free interface'”>"*'~'® but also eliminating risks of allergic or
toxic reactions.'®* Often, bio-integrated wearable devices utilize
noble metals (primarily gold) and medical-grade silicones (e.g.,
PDMS) to define the interfaces.'®> Advances in material
compositions, such as those described in section 2.1, primarily
focus on performance rather than on biocompatibility and
suitability for long-term wear.'®® Biological reactions to
materials at the skin interface are topics of increasing academic
interest, especially in understanding the toxicity effects of
nanoscale materials to both humans and the environ-
ment."®’ "> Materials that were previously considered to be
benign may in fact be less so, as recently shown with EGaln.'”?
Potential strategies for miti§ating toxicity risks include use of
biocompatible adhesives'**"”> and encapsulating layers'*>""”
and in designs and modes of use that restrict direct skin contact
to medical-grade materials.'”®

A key feature of bio-integrated wearable devices is their ability
to interface with the body over both short (minutes to hours)
and long-term (days to weeks) durations of continuous wear
under a variety of environmental conditions.'*”'****" These
devices typically maintain such interfaces via adhesive
coupling,”' which in turn demands careful attention to
adhesion strength,”®” strategies for mitigating physical damage
during device application or removal *>*** (e.g,, skin removal),
and designs to eliminate interfacial contaminants®” (e.g., oils)
or trapped moisture'***%° (e.g., sweat). This integral aspect of
bio-integrated wearable devices is of intense research interest, as
detailed in a comprehensive topical review.”"’

2.2.2. Interfacing with the Epidermis. Emerging classes
of wearable devices, enabled by the materials and device designs
outlined in the previous sections, support a type of interface to
the body that is qualitatively different than that of the loose
mechanical coupling that is typical of commercially available
wearable devices (Figure 3A,B). Characterized by intimate,
conformal contact, the resulting configuration eliminates
artifacts associated with relative motions and it supports many
clinically relevant measurement modalities that demand physical
interfaces to the skin, such as electroencephalography (EEG),'””
electromyography (EMG),"”*%® and electrocardiography
(ECG).”” Precision skin thermography,”'” arterial tonome-
try”"' 7> and vital sign monitoring”'” from the skin represent
additional examples of measurements that demand intimate
coupling, as even small air gaps can prevent data collection and/
or introduce significant errors (Figure 3C). Lightweight, highly
breathable interface materials with elastic, low modulus
mechanical responses to large strain deformations are important
in this context. Ultrathin, gas-permeable devices that directly
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Figure 3. Interfacing with the epidermis. (A) Photograph of a sensor
loosely coupled to the wrist. Reprinted with permission from ref 218.
Copyright 2012 Springer Nature. (B) Optical image of stretchable
sensors printed on a common textile mounted on the wrist. Reprinted
with permission from ref 219. Copyright 2016 Wiley-VCH Verlag
GmbH & Co. KGaA. (C) Optical image of an 8 X 8 array of Si
nanomembrane diode sensors conformally mounted on the skin during
a twisting motion. Reprinted with permission from ref 210. Copyright
2013 Springer Nature. (D) Optical image of nanomesh conductors
attached to a finger. Reprinted with permission from ref 186. Copyright
2017 Springer Nature. (E) Optical image of a water-tight, soft
microfluidic device sealed onto the forearm. Reprinted with permission
from ref 220. Copyright 2016 the American Association for the
Advancement of Science. (F) Optical image of a similar device with an
integrated electrochemical detector. Reprinted with permission from
ref 221. Copyright 2014 American Chemical Society.

laminate onto the skin can serve as the basis for wide ranging
types of measurements, continuously for extended periods
without inflammation or constraint on natural motions or body
processes (Figure 3D).'%

Impermeable interfaces represent an extension of this type of
conformal contact, of particular interest in the capture,
transport, storage, and chemical analysis of biofluids directly as
they emerge from the epidermis. Specifically, impermeable
interfaces to thin, soft microfluidic devices serve as water-tight
seals for analysis of microliter quantities of sweat with sufficient
spatiotemporal resolution to characterize instantaneous sweat
rates (Figure 3E).”*° Electrochemical or colorimetric sensors
integrated within such platforms can provide rapid and efficient
measurements of the concentrations of important biomarkers,
ranging from electrol?r’res to metabolites such as glucose and
lactate (Figure 3F).*”

2.2.3. Interfacing with Other Areas of the Body.
Although the epidermis is an attractive interface point for
physiological monitoring, natural processes of exfoliation of
dead cells from the uppermost layer of the skin, the stratum
corneum, limit the time for integration to a few weeks in the
most favorable circumstances. Potential for irritation, inflam-
mation, and other adverse reactions from sensitive skin types
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represent additional disadvantages. Alternatives, such as the
surfaces of the fingernails, the outer ear, the inner mouth, the
teeth, and the cornea, are of interest in certain complementary
scenarios. The teeth and fingernails, as examples, represent hard,
stable substrates for long-term monitoring without risks of
irritation, with capabilities for measuring biochemical markers
and biophysical signals, respectively. For example, miniaturized
devices that exploit battery-free, near-field communication
(NFC) technologies can support optical sensors that wirelessly
capture photoplethysmogram (PPG) waveforms, blood oxy-
genation, and heart rate for up to three months, where the
fingernails serve as optical windows for spectroscozpic character-
ization of the underlying tissue bed (Figure 4A).”*” Earbud-style

Figure 4. Interfacing with other areas of the body. (A) Optical image of
an NFC enabled pulse oximeter device mounted on a thumbnail.
Reprinted with permission from ref 222. Copyright 2016 Wiley-VCH
Verlag GmbH & Co. KGaA. (B) Optical image of an earbud-style
wearable device. Reprinted with permission from ref 232. Copyright
2018 Bragi GmbH. (C) Optical image of an earring-type pulse
oximeter. Reprinted with permission from ref 233. Copyright 2016
BioSensive Technologies Inc. (D) Photograph of eyeglasses with an
integrated electrochemical sensor and a wireless circuit board.
Reprinted with permission from ref 225. Copyright 2017 The Royal
Society of Chemistry. (E) Optical image of a biosensor in the form of a
contact lens. Reprinted with permission from ref 234. Copyright 2018
Sensimed SA. (F) Photograph of a mouthguard with an integrated
electrochemical sensor. Reprinted with permission from ref 231.
Copyright 20185 Elsevier BV.

» o«

wearable devices (“earphones,” “earables,” “hearables”), by
comparison to those that mount on more conventional locations
of the skin, eliminate the need for adhesives and they largely
avoid detrimental effects of hair follicles (Figure 4B).**”*** Ear-
based pulse oximeters can be realized in anatomically matching
form factors and also in sizes and geometries similar to those of
earrings (Figure 4C). Eyeglasses can support additional
interfaces, where examples include electrochemical sensors
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that integrate into nose bridge pads with wireless communica-
tion modules supported by the arms of the eyewear (Figure
4D).”* Further embodiments mount directly on the cornea to
allow biochemical analysis of tears. Correlation of glucose levels
in tears to those blood samples could, gotentially, allow for a
noninvasive means to manage diabetes.””® Here, contact lenses
provide an ideal substrate (Figure 4E).””’7**° Saliva, as an
alternative to sweat, can be analyzed for hormones, electrolztes,
and metabolites using devices that mount inside the mouth.”” In
one example, a soft mouth guard instrumented with electro-
chemical sensors and a wireless communication systems
(Bluetooth Low Energy, BLE) performs continuous ampero-
metric monitoring of uric acid in saliva (Figure 4F).*" Although
these various points of integration are not as widely studied as
the epidermis, they provide useful capabilities for certain
applications.

3. BIO-INTEGRATED WEARABLE SENSORS

Technologies that interface with the epidermis exploit soft
functional materials, as described previously, and can include a
broad range of biosensors for biophysical, biochemical, and
environmental signals. This section summarizes the materials
and technologies that serve as the foundations for these systems
through discussions of many of the most significant, recently
developed devices for continuous, real-time monitoring of
important parameters for physiological health.

3.1. Biophysical Signals

Soft, skin-interfaced sensors are now available for noninvasively
measuring biopotentials, absolute or relative physical motions
and thermal signals associated with activity of the heart, brain,
peripheral nervous system, skeletal muscles, and vascular tree.
The following subsections present a critical evaluation of major
advances in measuring these signals, broadly classified as
electrophysiological, kinematic, and thermoregulatory, and
highlight sensor utility in characterizing skin properties and
recording biophysical signals generated by vascular dynamics
(Figure S).

3.1.1. Electrophysiological. The most advanced electro-
physiological skin-integrated sensors combine ultrathin con-
formal electrode interfaces with capabilities in wireless
communication and low power electronics suitable for
monitoring over long periods of time."*>'”#?%57237 This section

BIOPHYSICAL TARGETS
oy 33
J\/\’_ ﬂ' 6%,
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Figure S. Schematic illustration of the main components of biophysical
sensors.
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summarizes recent work in materials and designs for the
electrodes, and it includes comparisons of performance against
conventional systems designed for use in the clinic and which
require conductive gels, adhesive tapes, and hard-wired
connections to external data acquisition electronics. Progress
in materials science and structural design form the basis of
various types of gel-free, dry electrodes that interface directly
and conformally with the skin without limitations associated
with evaporative drying and skin irritation associated with
clinical standards, as highlighted in the following,

The electrical impedance of the electrode—skin interface can
be approximated as a complex expression Z(®) = R/(1 + jwCR)
in a RC-circuit models, where R and C represent the resistance
and capacitance of the skin layer,  is angular frequency, and j is
the imaginary unit. The magnitude and stability of electrode—
skin impedance largely affect the quality of electrical recordings.
High and unstable impedance can cause low signal quality. In
multiple electrode systems, high interelectrode impedance also
causes a reduction in efficacy of common mode noise rejection
due to amplified differences between electrodes. Certain of the
materials synthesis and engineering approaches described in
section 2 are relevant in this context. Optimized choices in the
geometries and materials compositions of soft, skin-like
electrodes enable irritation-free, conformal contact to the skin
and a low impedance measurement interface.”"%>?>** ~**
Several classes of electrodes utilize low modulus elastomeric
composites based on silicones with conductive fillers such as
CNTs, graphene, or metallic nanowires.>>%**2*5=251 Electrode
contact impedance can be affected by the conductivity of the
composites and the dimension of electrodes.”>> Highly
conductive electrodes provide low interface impedance by
reducing the contact resistance. Electrodes with large sizes
decrease the interface impedance by decreasing the resistance
and increasing the capacitance, although they reduce spatial
resolution in multichannel sensors.”*” As a specific example, a
formulation of PDMS in which the methyl groups are replaced
with vinyl groups (sometimes referred to as adhesive PDMS)
serves as a skin-adherent matrix material with CNTs as the
conductive filler for electrodes that can support long-term
continuous recording of electrophysiological signals such as
ECG, even during movement (Figure 6A—C).238 Improvements
in signal stability and comfort follow from enhancements of
breathability and from reductions in the thicknesses of the
electrodes.”" A recent extreme demonstration uses conductive
nanomesh structures formed by depositing thin films of Au (70—
100 nm) on a mat of fibers of poly(vinyl alcohol) (PVA) formed
by electrospinning. The open architecture and ultrathin
geometry lead to high levels of permeability to gases and
biofluids, without compromising the ability to perform electro-
physiological measurements and other forms of sensing, with
performance that compares favorably to that of conventional
Ag/AgCl gel electrodes (Figure 6D-F).'%

A conceptually related alternative approach relies on micro-
meter-scale mesh constructs formed using photolithographically
defined thin metal filaments in serpentine or fractal layouts, as
introduced in section 2.1°%173 Generally, filaments with widths
in the range of 10 ym or less and with areal coverages of ~20%
can yield sufficiently low effective moduli and bending stiffnesses
to enable soft, conformal contact with the skin in ways that can
be difficult to reproduce using mesh structures with wider,
denser filamentary networks.”” Increasing the area fill factor of
these mesh electrodes reduces their impedances, but it also
reduces their stretchability and, by consequence, their ability to
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Figure 6. Electrophysiological sensors. (A) Schematic illustration of a self-adhesive form of carbon nanotube electronics. (B) Photograph of the device
on the chest for continuous ECG recording. (C) ECG signal measured with the device compared to that collected with Ag/AgCl gel electrodes. (A—C)
Adapted with permission from ref 238. Copyright 2014 Springer Nature. (D) Schematic illustration of nanomesh electrodes. (E) Photograph of the
electrode array as a tactile sensor (scale bar, 3 mm). (F) EMG signals measured with the nanomesh electrode on the forearm compared to that
collected with Ag/AgCl gel electrodes. (D—F) Adapted with permission from ref 186. Copyright 2017 Springer Nature. (G) Photograph of epidermal
electrodes (bottom) attached near the eyes for EOG recording and an SEM image (inset) showing the FS electrode design. (H) EOG signals recorded
from conventional electrodes (blue) with comparison to direct contact (red) and capacitive (green) epidermal electrodes. (G,H) Adapted with
permission from ref 239. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA. (I) Schematic illustration and photograph of PEDOT:PSS
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Figure 6. continued

electrodes for EEG recording. (J) EEG signals and time-frequency analysis plots of EEG signals collected with the electrodes, compared to that
obtained with Ag/AgCl gel electrodes. (I]) Adapted with permission from ref 240. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.

form intimate contact with the skin (Figure 6G).209239255,256
Figure 6H shows as a representative example the collection of
electrooculography (EOG) signals with these types of electro-
des.”” Continuous EEG recordings captured in a similar
manner form the basis of persistent brain—computer interface
systems with wear times of up to 2 weeks.”>’ More recent
demonstrations exploit graphene in similar filamentary
serpentine designs but in forms that are also optically
transparent (~85% across the visible range).*>®

Further improvements are possible by forming coatings of
conducting polymers, such as PEDOT:PSS, onto these or other
types of metal electrodes,”*’ to yield performance that exceeds
that of bulk metal electrodes (Figure 6L]). Here, the combined
ionic and electronic transport through the polymer leads to
reductions in the contact impedance. Likewise, the addition of
ionic liquid gels, such as 1-ethyl-3-methylimidazolium ethyl
sulfate, onto Au electrodes can further improve performance by
maintaining a low impedance over longer periods of time than
standard Ag/AgCl gel electrodes.”*”**° Although cholinium
cation-based ionic liquids have relatively low toxicity compared
to others, the long-term health effects of direct interfaces to the
skin based on such materials requires further examination.

The need for direct contact between the skin and the
electrodes can be avoided entirely by introducing thin insulating
coatings and using capacitive approaches for electrophysio-
logical sensing. Materials for such insulators include acylate-
based adhesive tape, epoxy film, cotton fabric, latex rubber, and
silicone,?0%>39,261,262 Capacitive schemes are attractive in part
because they eliminate the potential for irritation and allergic
reactions to the electrode materials, and they also improve the
safety by avoiding the possibility for any direct current pathways
between the skin and the electrodes and associated elec-
tronics.”®® Although conventional capacitive electrodes suffer
from motion artifacts, the sorts of conformal interfaces enabled
by skin-like device designs highlighted in this article avoid this
limitation. A prominent example combines electrodes in
engineered composite designs as described above with thin
overcoats of silicone elastomers as the insulating coating.”*
Systematic studies show that such electrodes can offer large
capacitive coupling to the skin and an ability to capture
electrophysiological data with high signal-to-noise ratio. The
ultrathin construct of electrodes (S yim soft silicone as insulating
layer; 10 um total electrode thickness) provides robust, intimate
contact with the skin during movements without relative
motions or slippage. Stray capacitances can be addressed by
use of actively shielded amplifiers. Active circuit designs and
lead-wire shielding that minimize effects of electromagnetic
interference, triboelectric charging, and common-mode noise
can be particularly valuable in this context.

3.1.2. Kinematic. Soft, wearable sensors that capture
dynamic motions of the human body can provide critical
insights across a broad range of applications, from clinical
diagnostics (movement disorders,”**~**® neurological disor-
ders*®) to athletic performance monitoring.”**”" The inertial
and strain-based sensors integrated in the most common
systems of this ty})<3264’271_273 provide continuous monitoring
capabilities and also support sensory and feedback controls in
smart prosthetics and robotic limbs.'*”*”* This section
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highlights advances in highly sensitive strain and motion sensors
that are comprised of soft materials and thin film designs that
allow intimate coupling with human skin. Other contemporary
reviews provide related, complementary perspectives on strain
sensing technologies””"'#**™*”” and on the deployment of
discrete accelerometer and gyroscope-based multiaxial motion
sensing systems.278’279

Recent demonstrations of skin-interfaced sensors e)éploit
peizoresistive,zgo_282 piezocapacitive,283 piezoelectric,2 4285
piezophototronic,”*® and triboelectric>®’ properties of func-
tional materials that react to strains, vibrations, deformations,
and applied pressures. Devices that measure changes in
resistance and capacitance are commonly used in body-
interfaced applications because of their simple designs and
straightforward mode of data acquisition.”” Typical constructs
of resistive sensors include micro/nanoscale sheets of
metals,””'%’ graphene,zsg_290 CNTs,>’%*! nanowires, ">
and/or nanoparticles'*”*”* encapsulated in soft elastomeric
substrates (e.g., silicones). These sensors have a sufficiently
broad dynamic range to characterize applied pressures, motions,
and deformations noninvasively on the skin. Their simple
architecture provides both robustness in operation and
insensitivity to variations in stray capacitances and in the
dielectric properties of the surroundings.

Resistive strain sensors that use solid metals typically operate
on the basis that an applied mechanical stress causes a change in
the geometry of the material structure, which in turn gives rise to
changes in electrical resistance. Here, thin film metal traces can
commonly serve as sensing resistors in a Wheatstone bridge
configuration. These designs often exploit metal foils due to
their low reactivity and the linear, low hysteresis changes in
resistance that they exhibit under small strain deformations.'"®
Implementation of such sensors in wearable formats often
involves lamination of FS metallic traces on soft elastomer
substrates (e.g, PDMS)."”” Alternative approaches use Galn
alloys as liquid metals in microchannels embedded in
elastomeric PDMS sheets.””**”* These liquid metal approaches
offer intrinsically stretchable gauges capable of accommodating
large external strains without loss of electrical conductivity.
Interfacial oxide layers that form in these systems (in a few ppm
of oxygen®”**"”) facilitate poor wetting of the Galn-based metal
to most surfaces (due to strong adhesion of the oxide layer),
thereby restricting the spatial resolution of micropatterned
structures.””>*”” A recent strategy to avoid this limitation uses
selectively wetting of GaInSn on prepatterned traces of Au (50
um width) on PDMS substrates that follows the removal of the
oxide la(?rer through exposure to dilute NaOH (a reducing
agent).3 ° This work demonstrates the use of GaInSn traces
formed in this manner as stretchable antennas and resistive
strain sensors capable of supporting strains up to 30% (Figure
7A,B).

Most device designs involve trade-offs between sensitivity and
stretchability. The gauge factor (GF) is an important metric of
sensor performance, defined by the relative change in resistance
(AR/Ry), where AR is the resistance change and R, is the
unstrained resistance, for a given change in applied strain (g).''*
For sensors that transduce strain via geometrically induced
changes in resistance, the GF depends on changes in length and
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Figure 7. Strain sensors. (A) Optical image of an NFC-based wireless resistive strain sensor that uses Galn$ (scale bar, 4 mm). (B) Wireless recording
of wrist motion (inset: optical image of corresponding movement. (A,B) Adapted with permission from ref 300. Copyright 2017 Springer Nature. (C)
Schematic illustration of a SWCNT-based stretchable strain sensor and (D) demonstration of sensitivity in recording subtle eye movements. (C,D)
Adapted with permission from ref 159. Copyright 2015 American Chemical Society. (E) SEM image of nanoporous PDMS and percolating network of
SWCNTs (inset scale bar, 1 #m). (F) Demonstration of a strain sensor designed to record phonation. (E,F) Reproduced with permission from ref 301.
Copyright 2017 American Chemical Society. (G) Optical image of a transparent MoS, strain sensor with graphene electrodes mounted on the thumb
(left) and false-colored SEM image of the sensor on a skin phantom (right). Adapted with permission from ref 302. Copyright 2016 Wiley-VCH Verlag
GmbH & Co. KGaA. (H) Schematic illustration of a resistive strain sensor based on precracked, random networks of CNT. (I) Optical image of
integrated sensors on a glove to (J) record fingers movements. (H—]) Adapted with permission from ref 270. Copyright 2011 Springer Nature. (K)
Schematic illustration of the operation of a thin-film crack-based strain sensor. (L) Optical image of a throat-worn strain sensor to capture phonation
(M) with comparison of the sensor performance (left) to that of a microphone (right). (K—M) Adapted with permission from ref 303. Copyright 2014
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Figure 7. continued

Springer Nature. (N) Schematic illustration of the assembly and final structure of a Au thin film capacitive strain sensor. (O) Optical image of the
sensor in a relaxed (0% strain) state (scale bar, 1 cm). (P) Demonstration of sensor performance exceeding the simple theoretical limit for a capacitive
strain gauge. (N—P) Adapted with permission from ref 304. Copyright 2018 Springer Nature.

cross-sectional area (GF for metal thin films, 2—5; liquid metals,
~2) at low strains (¢ < 5%).""* By comparison, piezoresistive
semiconductor-based devices offer significantly greater GFs as
changes in resistance involve additional contributions from
strain-induced variations in interatomic spacing.}’05 For example,
the intrinsic GF for p-type doped monocrystalline Si can
approach 200.*°° Foundational work®®* uses Si nanomembranes
on plastic substrates (e.g., PI) as a highly sensitive (GF = 43, ¢
~0.1%) flexible strain sensor. Refinements of this basic approach
use silicone elastomeric substrates and sophisticated materials
engineering approaches (section 2.1.2) to realize enhanced
sensitivity (GF ~97) and stretchability (¢ ~6%).>"” Although
devices with modest GF are suitable for measuring large
dynamic motions (e.g, arm bending), monitoring physiologi-
cally relevant strains at the surface of the skin (e.g, wound
healing, emotional expression) require sensors with high GF.*%®
Highly stretchable (¢ > S0%) strain sensors with high GF
represent the ideal.

Stretchable conductive composites provide an alternative
route to this ideal. The designs have similarities to those outlined
in section 2.1.1 but with the conductive filler at loadings near the
percolation threshold. Strain-induced changes in the micro/
nanostructural features of the percolation network (e.g., changes
in the contact resistances between a pair of nanostructures or
creation of electrical disconnections between them or along
either) or in the intrinsic resistivity of nanomaterials that have
piezoresistivity of some nanomaterials (CNTs) give rise to
changes in the overall electrical conductivity of the compo-
site.””!'#*%? CNTs are a widely utilized conductive filler for
piezoresistive composite strain sensors due to their excellent
mechanical and electrical properties.”'® A representative
example'*” uses SWCNTSs as a conductive network between
two sheets of a surface functionalized ((3-aminopropyl)-
triethoxysilane, APTES) binary elastomeric composite of
PEDOT:PSS and PU bonded via thermal annealing (Figure
7C). The bonding process partially embeds the SWCNT's within
the elastomeric sheets, thereby promoting a strong, electrically
conductive interface between the SWCNTs and PEDOT.
Sensors with this design demonstrate high sensitivity (GF of
62.3, € > 100%) and the capability for detecting subtle strains on
the skin associated with facial expressions (Figure 7D).
However, cyclic loading (1000 cycles at 20% strain) degrades
sensor performance due to structural damage to the percolating
network.

Recent work®" indicates that deterministically structuring the
percolating network by patterned etching can increase the
durability (Figure 7E,F). Here, infiltrating an aqueous solution
of SWCNTs (0.9 v%) into a nanostructured porous PDMS
matrix (10:1 ratio, structure lithographically defined) resultsin a
uniform, 3D continuous percolation network. Repeating the
infiltration process increases the number of contact junctions,
providing a route to tuning the sensitivity and stretchability of
the sensor (3 times, GF 134, £ < 40%; 4 times, GF 61, £ < 80%; S
times, GF 24, &€ < 160%). Under cyclic loading (>1000 cycles, ¢
=40%), the sensors exhibit negligible hysteresis, independent of
the number of infiltration cycles, due to the elastic recovery
facilitated by the nanoporous structure.
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Percolating networks of metallic nanoparticles can offer
comparable performance. For example, one scheme uses a
stacked construction of a patterned thin film of AgNWs
infiltrated with a liquid precursor to PDMS and cured such
that solid layers of PDMS encapsulate both sides of the thin film
to obtain a skin-interfaced sensor with highly sensitive (GF 2—
14), stretchable (& < 70%), and linear (R*> = 0.986)
properties.'*> The GF, stretchability, and linearity depend on
the density of the AgNWs in these thin films, thereby providing a
simple way to form sensors optimized for operation in regimes of
high or low strains. Additionally, infiltration of the percolating
network with liquid PDMS precursor and subsequent curing
reduces out-of-plane buckling of the AgNWs to ensure a
reversible sliding dislocation strain transduction mode of the
AgNW positions. This physics results in high linearity with
negligible change in electrical properties after low strain cyclic
loading (225 cycles, £ = 0—10%) and only a modest (6.25%)
change in electrical properties after 1000 cycles at large strains (&
= 10—40%). Integrated into a glove, these sensors can record
individual finger movements and finger positions in real time.

The use of 2D material systems, such as graphene, in
percolating networks is also of significant interest. Because of the
limited stretchability of graphene itself (elastic limit, &g, 7%),
stretchable designs typically exploit percolating networks of
multilayer graphene (e.g, graphene flakes, g = 350%;”"
platelets, e = 25%°'%) or hybrid systems (graphene/AgNW,
£, =200% ") in elastomeric matrices. Recent work’’” includes
demonstrations using other 2D material systems, such as
transition metal dichalcogenides (e.g., MoS,). Ultrathin (1.4
nm) layers of MoS, grown by chemical vapor deposition (CVD)
on Si0, and mounted onto graphene electrodes yield optically
transparent, wearable strain sensors with high GFs (~80),
although with limited stretchability (¢ < 2%) (Figure 7G).

Crack-based sensors exploit an alternative transduction
method to realize, simultaneously, extremely high gauge factors
and large stretchability.’”> By contrast to the percolating
networks highlighted in the preceding examples, these systems
often use laminar composites of thin films of carbon'***'**'* or
metallic>’® nanomaterials on elastomeric substrates. Early
examples rely on precracked horizontal arrays of SWCNTs
mounted on PDMS substrates as the sensing material (Figure
7H-]).””° Here, the uncracked portions form distinct islands
along the array, allowing for system-level stretching in a manner
similar to the island—bridge configuration of section 2.1.2 The
resistance increases monotonically as a function of applied strain
due to crack propagation across the films, limited only by
ultimate mechanical failure (¢ = 280%). Remarkably, this
mechanism can support good cyclic performance, including
negligible degradation after 10000 cycles of 100% strain,
although with low sensitivity (GF 0.82, £ = 0—40%; GF 0.06,
& = 60—200%). A subsequent embodiment of this same
underlying concept®® uses nanoscale cracking of a Pt thin
film (20 nm) deposited onto a polyurethane acrylate (PUA)
substrate as a highly sensitive (GF 2000) strain sensor (Figure
7K), albeit with limited stretchability (e < 2%) and durability
(performance degradation after S00 cycles, &€ = 2%). The high
sensitivity results from the use of nanoscale cracks preformed
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Figure 8. Pressure sensors. (A) Illustration of the process for fabricating a resistive pressure sensor and (B) optical images of the patterned PDMS and
GO coating before (left) and after (right) high-temperature processing. (C) Optical image of a wrist-worn pressure sensor (left) designed to record the
pulse rate (right). (A—C) Adapted with permission from ref 326. Copyright 2018 American Chemical Society. (D) Optical image of the Galn-based
pressure sensor as worn on the wrist (left) with a magnified view (right) of the diaphragm. (bottom) Comparison of sensor performance in recording
pulse rate to that of a commercial monitor during exercise. Adapted with permission from ref 381. Copyright 2017 Wiley-VCH Verlag GmbH & Co.
KGaA. (E) Schematic illustration of the sensor construction (top) and two types of movements recorded by the sensor (bottom) as worn on the palm
of the hand with (F) comparisons of the sensitivity between resistive and capacitive modes of operation. (E,F) Adapted with permission from ref 327.
Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.

within the Pt film by bending the films over a prescribed dielectric materials in such systems. As with resistive
curvature. Upon application of strain, these cracks reopen in a sensors, conductive composite materials comprised of
repeatable manner; however, the absence of FS structuring or CNT'?#204319320322323 1 metallic nanoparticles'™"?*"32%325
utilization of an open-mesh design limits system-level can be used as the stretchable electrodes. One example®*’
stretchability such that strains in excess of 2% result in exploits two films of CNTs (mixture of single- and double-wall,
mechanical failure of the metallic film. Such sensors can measure continuously grown by floating catalyst vapor deposition),
vibratory signatures of speech when mounted on the throat infiltrated with silicone, and subsequently cured as electrodes
(Figure 7L,M), bending of limbs when located on the joints, and laminated onto a dielectric layer of silicone (0.5 mm thickness)
gestures of the hands when integrated into robotic gloves. Later to obtain a highly stretchable (¢ ~300%) and transparent
work refines the cracking process with the application of a capacitive strain gauge with a high c¢GF (0.97). The high
controlled tensile force to the film during bending resulting in a durability, negligible performance degradation and lack of
dramatically increased sensitivity (GF 16000, & = 2%).*"” hysteresis under cyclic loading (~10000 cycles to failure, ¢ =
A key drawback of resistive sensors that rely on changes in 100%) allows for monitoring, in real-time, dynamic movements
conductive contacts in percolating composites or across cracked of the body such as the extension of a finger. A recent
films is that many tend to suffer from drift, nonlinear responses noteworthy example"’o4 uses an ultrathin wrinkled Au metal/
and hysteretic behaviors as a result of irreversible, deformation- poly para-xylylene (S0 nm/500 nm) electrode and prestrained
induced variations in the microstructure of the conductive acrylate adhesive dielectric layer (500 pm) in a highly
component and/or the viscoelasticity of the polymeric matrix/ stretchable sensor with one of the highest reported cGF (3.0S,
substrate. Capacitive effects represent an alternative basis of € ~140%). The inherent stretchability results from the ultrathin
sensors for detecting local strains, small vibrations, and even electrode construction and spontaneous wrinkle formation after
acoustic waves propagating through soft biological tissues.”'® the relaxation of the prestrained elastomeric substrate, according
Parallel-plate capacitive sensors exploit changes in thickness or to the same principles outlined in section 2 (Figure 7N,0). The
area of a soft, deformable dielectric material sandwiched out-of-plane deformation enhances the sensitivity to values that
between compliant electrodes.”***'"~**! An important figure can exceed the simple theoretical limit (Figure 7P). Durable
of merit is the capacitive gauge factor (cGF), defined by the sensors of this type show minimal performance degradation
relative change in capacitance (AC/C,), where AC is the relative under cyclic loading (1000 cycles at & = 30%, 50%) and offer
capacitance change and C, is the unstrained capacitance for a capabilities in measuring finger movements with high accuracy.
given applied strain (theoretical limit: cGF = 1).**" Silicone Wearable touch/pressure sensors that exploit both resistive
elastomers, in flat slabs or textured sheets, often serve as the and capacitive sensing modalities have broad utility in soft
5475 DOI: 10.1021/acs.chemrev.8b00573
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robotics and biosensing applications, resulting in widespread
interest.””**® Popular classes of resistive sensors transduce
pressure through changes in contact resistance between two
electrodes. Typically, this basis of operation necessitates the use
of stretchable electrodes with micropatterned™"*>****=33% or
porous”*** (as opposed to planar) features to obtain high
sensitivity. An early representative demonstration’*” uses a slab
of PDMS with micropyramidal features of relief on its surface,
conformally coated with a stretchable conductive composite
(PEDOT:PSS and PU blend), paired with a flat, stretchable
counter electrode. The result is a stretchable (&g, = 40%)
pressure sensor with high sensitivity (10.3 kPa™"). When tuned
to respond in the low pressure regime (13—200 Pa; 56.8 kPa™"
sensitivity), such sensors can detect small pressures (23 Pa)
while stretched (£ = 40%). A recent example®*® replaces the
micropyramids with random texture formed by use of an
abrasive paper as a template for casting and curing PDMS
(Figure 8A). Two conductive electrodes, prepared by first dip-
coating the molded PDMS substrate in a solution of graphene
oxide (GO) and subsequently reduced (RGO) in high
temperature (Figure 8B), exhibit high contact resistance due
to the randomized microstructural features of the roughened
surfaces (hills and valleys, 20—200 pm height range). The
resulting pressure sensor (Figure 8C) exhibits high sensitivity
(25.1 kPa™") across a wide range of pressures (0—2.6 kPa), with
capability of detecting the pressure associated with the weight of
a single grain of rice (16 Pa).

The utilization of conductive materials with intrinsic
structural features (porosity) provides another path to similar
devices. One example” uses a Ni foam as a porous template for
the CVD deposition of a multilayer graphene film, which, after
infiltration of PDMS and subsequent removal of the Ni template
by immersion in hydrochloric acid (HCI, 15%), results in a
stretchable conductive composite. The graphene porous
network in this PDMS matrix serves as the basis of a sensitive
(0.09 kPa™") pressure sensor with a wide linear range (0—1000
kPa) suitable for monitoring human motions.

Galn-based liquid metals offer yet another pathway to
resistive pressure sensors by harnessing pressure-induced
geometry deformations of microfluidic channels formed in
elastomeric materials and filled with liquid metals. A recent
notable example”®' exploits GaInSn microchannels as a highly
sensitive microfluidic pressure diaphragm (Figure 8D). With the
resistive sensor in a Wheatstone bridge circuit, this design
exploits tangential and radial strain fields to obtain a sensitivity
of (0.0835 kPa™). This construction also provides temperature
compensation (between 20 and 50 °C), with a limit of detection
of 100 Pa with sub-50 Pa resolution.

Capacitance-based devices are among the most prevalent
pressure sensors in wearable and commercial applications due to
their good sensitivity, low hysteresis, and low power require-
ments. The operating principals are similar to those for
previously mentioned capacitive strain sensors. For example,
CNTs embedded in two sheets of PDMS serve as electrodes
with a separating layer of a low modulus formulation of silicone
as a dielectric to yield a pressure sensor with a parallel plate
capacitor design (Figure 8E,F).**” Subtle changes in pressure
(<0.4 Pa) lead to measurable changes in capacitance (sensitivity
of 0.034—0.05 kPa™" below 0.1 kPa; 0.5 MPa™" above 10 kPa).
In a related approach,”® a silicone sheet separates two identical
layers of FS thin film electrodes of Ag, supported on a patterned
frame of polyethylene terephthalate (PET) and coated by a
PDMS film, to form an addressable array of capacitive sensors.
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The resulting sensitivity (1.45 MPa™') compares favorably
against other skin-interfaced capacitive pressure sensors (e.g,, Ag
nanowires, 1.62 MPa™'; CNT, 0.23 MPa™'; FS gold thin film,
0.48 MPa™"), and the device has a detection limit of 6 Pa. Cyclic
loading (1000 cycles at S0% tensile strain) results in negligible
decreases in performance. Advanced designs use micropatterned
dielectric layers to improve the performance. An early
demonstration®*® leverages an ultrathin (10 pm thickness)
sheet of PDMS with micropyramidal features of relief, as
discussed previously, as a highly sensitive capacitance-based
pressure sensor. Here, the molded sheet of PDMS laminates
onto an ITO-coated substrate of PET; a second ITO-coated
PET substrate completes the sensor. The device is highly
sensitive to pressures <2 kPa (0.55 kPa™") and shows negligible
performance degradation after 10000 cycles of compression (1.5
kPa applied pressure) and >15000 cycles of bending (4 mm
bend, 1 Hz).

Piezoelectric sensors represent an additional approach to
pressure transduction. Piezoceramics (lead zirconate titanate,
PZT*""), zinc oxide (ZnO) nanowires,”** piezoelectric polymer
polyvinylidene fluoride (PVDF),>****° and its copolymer
trifluoroethylene, P(VDE-TrFE),”*>**" represent common
choices for the active materials. Such sensors generate electrical
charges under the application of external pressure or strain.”>”
These devices exhibit fast response times, low power
consumption, and high sensitivity.376 One embodiment®™®
utilizes ZnO nanowires, grown through a hydrothermal method
from a seed layer of ZnO (~200 nm) on a PET substrate and
encapsulated by a PDMS layer (thickness of 20 pum) as the
piezoelectric medium. An Au metal thin film (~120 nm) and a
layer of poly(methyl methacrylate) (~2 um, PMMA) serve as
the top electrode and packaging material, respectively. Strain
induces changes in the Schottky barrier height of the ZnO/Au
interface, thereby modifying the resistance of the sensor. The
exponential current dependence of the Schottky barrier results
in a strain sensor with a high sensitivity (GF = 1813) and fast
response time (<100 ms). Another example exploits electro-
spinning to produce fibers of P(VDF-TrFE) (average diameter,
260 nm) that, when delivered to a fast rotating collector, form
free-standing and mechanicallgf robust piezoelectric sheets with
a thicknesses up to ~40 um.”>* This material offers ultrahigh
sensitivity for measurements of pressures as small as 0.1 Pa, with
simple routes to body integration for detecting human motion.

3.1.3. Thermoregulatory. Thermoregulation, a remarkable
physiological process, ensures that the human body maintains a
core temperature between 36 and 37 °C, an extraordinarily
narrow range. The physiological responses of sweating, changes
in blood perfusion, and modulation of exposed skin surface area
represent the primary means for temperature regulation.
Abnormal body temperature signatures, either globally as a
core measurement or through local, spatiotemporal patterns, can
indicate sickness or the failure of any of the above mechanisms.
As such, temperature is a critical biomarker for determining
overall human health.

The ability to capture subtle, time-dynamic changes in
temperature (~0.05 °C) over relatively short time scales (~1—5
s) and in a spatially resolved manner provides important
information related to these key thermoregulatory processes.
Precision infrared (IR) thermography represents the most
sophisticated tool for measuring temperature, with additional
utility in diagnosing cancer’*>**® and diabetes.’®” Traditional
medical thermometers (e.g., liquid-filled or electronic) reliably
record temperature variations of 0.1 °C ;2% however, due to their
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Figure 9. Temperature sensors. (A) Optical image of an array of temperature sensors, based on the temperature coefficient of resistance (TCR) of
gold, highlighting their conformal, epidermal contact to the skin and (B) quantitative correlations between measurements with such devices and those
with an IR camera (scale bar, 10 mm). (A,B) Reproduced with permission from ref 210. Copyright 2013 Springer Nature. (C) Acrylate-based block
copolymer composites offer changes in resistance by many orders of magnitude across a narrow temperature band, with (D) strong signals
demonstrated on a biological subject. (C,D) Adapted with permission from ref 377. Copyright 2015 National Academy of Sciences. (E) Optical image
of a carbon nanotube-based thin-film transistor (TFT) on an elastomeric substrate, mounted on skin. (F) SEM images showcasing the types of CNTs
used in the embodiment. (G) Optical image of a device architecture for motion noise rejection and (H) quasilinear temperature performance over a
biologically relevant range of temperatures. (E—H) Adapted with permission from ref 365. Copyright 2018 Springer Nature. (I) Optical image of a
colorimetric temperature sensor based on thermochromic liquid crystals on black PDMS, mounted on skin, with insets that show colorimetric dots and
reference markers. (J) Calibrations for pigments used in this embodiment. (K) Image processed data that clearly show the presence of an artery (scale
bar, 1 cm). (I-K) Adapted with permission from ref 378. Copyright 2014 Springer Nature.

relatively large thermal masses, these thermometers require long
equilibration times (~2 min), thereby limiting the ability for
tracking time-dependent processes.”’’ In contrast to these
methods, emerging classes of ultrathin, skin-integrated sensors
exploit advances in materials science and microfabrication to
enable highly sensitive, time-resolved measurements of temper-
ature across nearly any region of the body, in a mode that has the
additional advantage of enabling continuous monitoring of
temperature, as a wearable.

Measurements of temperature typically rely on changes in the
resistive, semiconducting, or optical properties of a material.
Examples include metals (gold****?°), block copolymer
composites,*® conducting polymers,''”****** liquid metals,***
carbon nanomaterials,**> 2D materials (e.g., graphene,’**~*%
graphene oxide’””), crystalline semiconducting molecules (e.g.,
pentacene’”"), silk,>’* and hydrogels.”>*”* Most published
studies on skin-integrated devices involve a relatively narrow
subset set of these materials options.

Devices that incorporate thin, FS structures of metal provide a
widely used and versatile type of sensor whose response follows
from the temperature-coefficient of resistance (TCR) of the
metal. Several publications™'*”* highlight the utility of sensors
of this type in performing precise temperature measurements on
the skin by engineering them into ultrathin, skin-like forms.
Gold is a common choice of metal due to its chemical inertness
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and linear response over a range of temperatures that include
physiologically relevant values. The TCR of bulk gold is 0.0025
Q ohm™ °C7!, although in practice an empirical calibration
process connects temperature to resistance, to account for slight
variations in device geometry and subtle thickness related
variations in the TCR value. The extremely low thermal mass of
these devices represents a key feature that allows for a rapid
response to changes in the temperature of the skin in a manner
that also does not affect the natural temporal dynamics of these
changes. A typical Au-based sensor has a thermal mass per unit
area of <150 yJ cm™> K" in its isolated state and a thermal mass
per unit area of ~7 mJ cm ™K™' with the addition of a < 100 ym
thick silicone substrate and encapsulation layer.”' Temperature
response times of this latter construction are below 15 ms. The
sensitivity is ~1 Q °C™" (corresponding to a temperature
resolution of ~20 mK) with negligible hysteresis and
quantitative correlation to IR imaging. Open-mesh FS
interconnects impart effective levels of stretchability that exceed
requirements for integration on the skin, with the additional
capability of accommodating arrays of sensors for spatial thermal
mapping as shown in (Figure 9A,B). When coupled with
advanced thermal models, multilayer stacks of such sensors can
also measure heat flux and, therefore, core body temperature.*”®

Advanced materials can greatly enhance the equivalent TCR
values over those possible with simple metals. The electrical

DOI: 10.1021/acs.chemrev.8b00573
Chem. Rev. 2019, 119, 5461-5533


http://dx.doi.org/10.1021/acs.chemrev.8b00573
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.8b00573&iName=master.img-009.jpg&w=418&h=281

Chemical Reviews

Review

A

5 pm heating wire

Pl encapsulation
layer

40
as
30
L2s
e
=20
15
1.0

05

Cheek
©=0.42 WimK
a=0.13 mmis

B
35°C
33
H
29
27
25

1 10 100
Frequency (Hz)

1000

0 2 4
Modulus (MPa)

Figure 10. Sensors for measuring skin properties. (A) Optical image of a stretchable 3w sensor on the skin, with inset that shows an optical micrograph
of the 4-wire measurement. (B) IR thermograph showing local actuation at the 3@ element. (C) Frequency sweep of the amplitude of the thermal wave
from which both thermal conductivity (k) and thermal diffusivity (@) of the skin can be determined. (A—C) Adapted with permission from ref 388.
Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA. (D) Optical images and enlarged views of transient plane-source systems for measuring the
thermal properties of skin and (E) simulation of smartphone readout from an NFC-based sensor. (D,E) Adapted with permission from ref 389.
Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. (F) Schematic illustration of a piezoelectric measurement system that incorporates PZT
sensing/actuating elements connected via stretchable serpentine wires. (G) Optical image of a sensor on healthy skin. (H) Optical images of sensors on
skin with lesions, with data that illustrate strong differences in Young’s modulus between the lesion and healthy skin. (F—H) Adapted with permission

from ref 390. Copyright 2015 Springer Nature.

resistivity of conductive polymer composites, such as a binary
polymer composite of PE and poly(ethylene oxide) (PEO) with
a Ni microparticle filler**" or PDMS with graphite,"'” is highly
dependent on temperature.””” Recent work demonstrates that a
semicrystalline acrylate copolymer with conductive graphite
particles (2—3 um diameter) exhibits an octadecyl acrylate
concentration-dependent phase change (to an amorphous
structure) across a physiological temperature range (25—50
°C). Tuning the concentration results in a sensor with a
resistivity change more than 6 orders of magnitude in response
to a temperature change less than 5 °C (sensitivity, 0.1 A°C;
response time, 100 ms; Figure 9C,D).377 Particularly note-
worthy is that the sensor maintains at least 4 orders of magnitude
resistivity change over 1800 temperature loading cycles (29.8—
37.0 °C) in contrast to the significant performance degradation
typical of polymer composite sensors after ~100 thermal cycles.
By contrast to metal TCR sensors, the promise of enhanced
sensitivity is offset by the highly nonlinear response that limits
the broad utility of this material class for skin-interfaced
temperature sensing.

An important parameter for TCR-based sensors is their
response to mechanical strain, a potentially confounding effect
in the practical operation of these devices. As detailed in section
3.1.2, in simple metals, strain induces a geometry-based change
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in electrical resistance. For skin-interfaced stretchable temper-
ature sensors, deconvolution of strain from temperature-
induced resistance changes is critical for robust function while
undergoing motion and deformation. Typical strategies include
utilization of multiple sensors and signal processing”® or
sophisticated structural engineering schemes (section 2.1.2) to
reduce strain effects.>”>**" For example, the FS interconnects
and silicone layers for metal temperature sensors can absorb
almost entirely a 10% uniaxial strain in a manner that induces
<0.02% strain in the responsive materials of the sensors. This
strain corresponds to a relative temperature error of <50 mK due
to a change in electrical resistance.”'* Additional methods for
further decoupling use metallic bilayers with distinct strain and
temperature responses or multilayer sensor configurations or
active responsive material sensors.

As responsive materials, semiconducting elements are
attractive alternatives to metals due to their capacity to support
active addressing across large arrays of temperature sensors. A
common approach exploits the strong temperature dependence
of turn-on voltage in P—I—N diodes."”>*"? More recent work®®®
demonstrates that the use of SWCNTs as the semiconductor
components of thin film transistors (TFTs, Figure 9E—H)
allows the implementation of differential voltage readout circuits
(formed with these TFTs) to reject signals associated with
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mechanical strain. Here, semiconducting SWCNTs form the
channel while unsorted SWCNTs (as produced, mixture of
semiconducting and metallic) form the source and drain
electrodes. Laminating these sensors onto a hydrogenated
SEBS elastomer yields a soft, stretchable system capable of
robust operation on the skin. Here, the differential readout
methods (static, dynamic) suppress strain-induced errors to
enable accurate measurement of temperatures ranging from 15
to 55 °C with an absolute uncertainty of +1 °C (& < 60%).

An alternative to electrical sensing uses changes in color
associated with thermochromic materials. One example®” uses
thermochromic liquid crystals patterned into arrays and
embedded in a matrix of PDMS doped with carbon black and
pigmented, fixed-color dots for calibration (Figure 91]). With
thicknesses <50 ym, these platforms have low thermal mass and
low modulus, elastic mechanical properties. Color extraction
algorithms applied to digital images of such devices yields
spatiotemporal information on temperature of the skin, with a
resolution <50 mkK, sufficient to image, as an example,
vasculature at the near surface regions of the skin (Figure 9K).

3.1.4. Skin Properties. Human skin is a complex,
heterogeneous biomaterial that serves as a protective barrier to
pathogens, toxins, and other environmental hazards,***
modulates transepidermal water loss,*® and is essential to
many physiological processes.”** The basic physical properties
of skin enable these vital functions and are themselves indicators
of overall human health. This section introduces recent advances
in soft, skin-interfaced sensors that elucidate the intrinsic
thermal, electrical, and mechanical properties of skin, critical for
disease diagnostics and evaluation of medical therapeutics.

The structure of skin dictates its thermal properties. The
outermost layer, the stratum corneum, is avascular and
keratinized.”” The vascularized underlying epidermal and
dermal layers reject warm arterial blood to the surface as a key
thermoregulatory mechanism. These features result in diverse,
depth dependent thermal properties that, taken together with
clinical diagnosis or other indicators, provide compelling
insights into skin physiology. The electrical sensors of
temperature outlined in section 3.1.3 can serve simultaneously
as precise thermal actuators. When used in this manner, these
platforms can induce and measure transient temperature
responses in a way that enables determination of skin transport
properties. The two measurement approaches include epidermal
adaptations of the transient plane source®***® and 3"
technique. The former supplies short pulsed or step-function
heating (several seconds) to the skin while simultaneously
recording the temperature. Quantitative analysis of the
measured response can yield both the thermal conductivity
(k) and diffusivity (a) of the skin.”*” The 3 technique uses an
applied voltage at a frequency of @ to generate heating at a
frequency of 2w and, therefore, a change in resistance at a
frequency of 3w (Figure 10A—C). The amplitude and phase of
this data can yield k and a.>**

The proper function of the epidermis as a mechanical and
diffusion barrier for ambient airborne toxins relies, in gpart, on the
proper amount of free and bound water in this layer.”** The two
layers of the epidermis, the stratum corneum and stratum
granulosum, consist of a layer of corneocytes and a lipid matrix
in a lamellar structure. The transport of free water between these
layers results in a “brick and mortar structure” and is, therefore,
critical to maintaining the structure. A decrease in water content
(<10%) dehydrates the outer layers to weaken the skin barrier
property. A typical hydration level is ~20%.>”" 7" As a result,

5479

accurately measuring the skin hydration is important for disease
diagnostics (e.g., eczema, psoriasis, atopic dermatitis), and for
evaluating abnormal skin responses (e.§., stress, hormone) and
the effectiveness of medical therapies.*”>***

Measuring skin thermal transport properties or electrical
impedance enables the rapid assessment of skin hydration. The
dependence of thermal measurements on hydration state arises
from the difference between the thermal properties of water and
the tissue itself.”® For example, an epidermal thermal sensor/
actuator combination can determine the thermal conductivity,
which serves as a proxy for free-water content in skin and,
therefore, skin hydration.”'’ As demonstrated by measurements
on human subjects, this approach yields results that
quantitatively match those obtained from a commercial
moisture meters.

By contrast, electrical impedance measurements exploit the
dependence of the electrical conductivity and permittivity of the
skin on hydration state as a result of the influence of free and
bound water in the skin.””>*** A skin-interfaced device that
includes concentric ring electrodes of Au metal FS traces can
provide insights into the hydration profile of the stratum
corneum by monitoring hydration-dependent impedance
changes at either a sweeping or fixed frequency.*****

Integration of both methods into a single epidermal
platform®” yields greater insight into overall hydration state.
Thermal conductivity measurements, in contrast to those based
on electrical impedance, typically probe to depths beyond the
stratum corneum, as deep as several millimeters, depending on
the device design.**® Recent work®®” offers an entirely battery-
free, wireless (NFC) embodiment that combines the advantages
of ultrathin, soft epidermal electronics, namely low thermal
masses and intimate thermal coupling to skin, with those
afforded by flexible circuit board structuring in a miniaturized
form factor for long-term skin hydration monitoring (Figure
10D,E).

As a material system, the skin exhibits complex, nonlinear,
strain-limiting, and viscoelastic mechanical behaviors.**” Mon-
itoring the biomechanical properties of skin can aid in tracking
processes associated with wound healing**® and in detecting
skin diseases.’”” For example, the viscoelastic responses of skin
relate to the pathology of systemic sclerosis.””” Conventional
measurement methods such as those based on nanoindentation
and pressure-based suction are well suited to basic studies, but
they do not offer capabilities as a wearable system for continuous
tracking.””’ Recent work illustrates that PZT nanoribbons
joined by stretchable interconnects into arrays of millimeter-
scale mechanical sensors and actuators on thin substrates of
PDMS can induce and subsequently measure deformations in
the skin (Figure 10F —H).**° When combined with constitutive
models of skin and finite element modeling of the response,*'’
the resulting data can determine the Young’s modulus of skin.
Such platforms can be applied in a noninvasive manner to nearly
any region of the skin, in a variety of healthy and pathologic
states, before and after topical application of lotions or salves.
The results have relevance not only in clinical aspects of skin
health but in consumer oriented skin care and cosmetics.

3.1.5. Vascular Dynamics. Biophysical signals generated by
vascular dynamics, such as pulse wave pressure waveforms, pulse
wave velocity, and blood pressure (BP), serve as informative,
noninvasive parameters of utility in the diagnosis of
cardiovascular conditions such as arrhg’chmias,411 pulmonary
hypertension,*'” or pericardial disease.”'”*'* BP, captured using
a cuff sphygmomanometer, is one of the most common clinical
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Figure 11. Sensors for analyzing vascular dynamics. (A) Schematic illustration of the locations of the resistive sensor (inset: an optical image of the
sensor), (B) optical image of the patterned AuNPs and liquid metal contacts on a PDMS substrate, and (C) apexcardiogram contours that exclude the
respiration wave in the normal state. (A—C) Adapted with permission from ref 280. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA. (D)
Schematic illustration of a capacitive pressure sensor with microhairs for detecting the pulse rate from the skin. (E) Cross-sectional diagram of the
microhair-structured sensor and (F) extracted waveforms associated with pulses measured at the carotid artery from the capacitive response of the
sensor. (D—F) Adapted with permission from ref 212. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA. (G) Optical images of a thin
conformable piezoelectric pressure sensor on a cylindrical glass support (scale bar, S mm; inset scale bar, 200 ym), (H) neck, and (I) wrist (H—I scale
bar, 1 cm). (J) Current between drain and source (Ipyg) as a function of time due to the response of the sensor from blood pressure from the neck. (G—
J) Adapted with permission from ref 211. Copyright 2014 Springer Nature. (K) Schematic illustration of an ultrathin blood flow sensor, including a
blood vessel near the skin surface and (L) an optical image and (M) an infrared image of a device on the skin over a vein. (K—M) Adapted with
permission from ref 386. Copyright 2015 the American Association for the Advancement of Science. (N)) Schematic illustration of a millimeter-scale,
NFC-enabled pulse oximeter device and optical images of device on (O) the fingernail and (P) the back of the earlobe. (Q) Extracted signals from
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Figure 11. continued

operation in the IR and red and relative values at these two wavelengths. (N—Q) Adapted with permission from ref 222. Copyright 2016 Wiley-VCH

Verlag GmbH & Co. KGaA.

measurements and is indicative of the critical role of these
biophysical signals in assessing overall health status. This section
highlights soft, skin-interfaced systems that are capable of
recording these signals and their potential use in continuous
monitoring.

The pulsatile nature of vascular dynamic signals can be
captured using resistive,”' $281,:291,292,316,415,416 capaci-
tive,”'>>'*?*3 or piezoelectric skin-interfaced sensors. In
general, accurate measurements require sensors with high
sensitivity, fast response times, and minimal hysteresis due to
the fast, subtle nature of strains induced by blood flow at the
surface of the skin. Here, as with the kinematic sensors described
in section 3.1.2, the unique advantages and trade-offs of each
sensing modality dictate use, as highlighted in the following
embodiments.

Resistive sensors represent a popular choice. As an example, a
patterned composite material that involves AuNPs in a PDMS
matrix allows recordings of the apexcardiogram (ACG), which is
the time-related volume and pressure changes in the heart
(Figure 11A).”*° Here, strain induced changes in the percolation
pathways through the AuNPs offer high sensitivity (GF: 8) to
small strains (¢ < 2%) induced by apex palpitation, with
negligible hysteresis for strains below 10% (Figure 11B). The
device measures ACG contours when interfaced onto the skin in
the fifth intercostal space, the ideal location for apical impulse
detection. These waveforms contain information about heart
operation (e.g., opening/closing valves) as a noninvasive means
for diagnosing coronary artery disease. A representative
mechanocardiogram (Figure 11C) captures changes in the
temporal volumes and pressures associated with cardiac
function.”®® Another type of device, known as a flexible
piezoresistive pulse sensor (FPS), uses a fabric decorated with
carbon black epidermal ECG electrodes for cuffless measure-
ments of blood pressure measurements.”'” The FPS sensor
allows measurement of the pulse waveform due to its fast
response time (4 ms at AP = 28 mmHg) with low hysteresis.
The pulse transit time (PTT) recorded by an ECG sensor
located away from the FPS sensor enables an estimation of blood
pressure from the following logarithmic relation: P = a(ln-
(PTT)) + b, where a and b are subject-dependent coefficients.
This integrated skin-interfaced sensor, by combining PZT-based
mechanical pulse and ECG measurements through well-
established mathematical models,"'® offers a promising solution
for cuffless and real-time BP monitoring.

Capacitive pressure sensors can also be used in related
applications. One interesting platform”'” exploits a unique
microhair interfacial structure to improve epidermal interfacing
and enhance sensor signal-to-noise ratio (Figure 11D). The
pressure sensor is a gold/polyethylene naphthalene (Au/PEN)
electrode conformally deposited on a micropyramidal-shaped
PDMS dielectric layer. The microhair interfacial structure,
consisting of a regular array of circular pillars (30 ym diameter;
aspect ratio of 3, 6, and 10; PDMS), maximize the effective
contact between the sensors and the irregular surface of the
epidermis, yielding a sensor with a sensitivity of ~0.5 kPa™' and a
response time of ~30 ms (Figure 11E). Demonstrations include
use of this type of device to track pulse waves associated with
blood flow through the radial artery and the jugular vein (Figure

213,214
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11F). Another example*'” involves ultrathin (1.9 gm) devices
that include a transparent (85% optical transmission) electrode
layer (PEDOT:PSS-coated PET sheet, 1.9 um) coated with an
ionic material (a perfluorosulfonate linear ion-exchange
polymer). The skin, itself electrically conductive, serves as the
second electrode in the capacitive pressure sensor. The sensor,
separated from the skin by an air gap (50 #m), forms a capacitive
electric double layer (EDL) interface between the ionic layer
and the epidermis upon contact. Capacitance changes arise from
pressure-induced variations in the EDL to enable pressure
measurements with high sensitivity (5 nF kPa™ for <5 kPa; 0.15
nF kPa™ for 10—30 kPa) and fast response times (<1 ms) in
detection of pressure waveforms from the temporal, carotid,
radial, and dorsalis pedis artery. Measurements of the pulse wave
velocity can yield information on arterial stiffness.

More advanced embodiments use piezoelectric pressure
sensors for high sensitivity to dynamic stimuli, with wide
frequency response range.”' One example utilizes a PZT
element to modulate the field across the channel of an adjacent
SiNM n-MOSEET (Figure 11G).”"" This construction yields a
stretchable, ultrathin (25 pm), compact (~1 cm?) device
capable of softly laminating to the skin to obtain very low limits
of detection (0.005 Pa) and response times of ~0.1 ms.
Designed to measure the blood pressure waves at either the wrist
or neck, this device uses the measured wave peaks to generate
the radial artery augmentation index and time differentials
between peaks as a measure of arterial stiffness (Figure 11H-]).

Patterns of blood flow through microvascular and macro-
vascular vessels represent additional biophysical signals with
relevance to diagnosinﬁ2 many pathologies in cardiovascular
disease, atherosclerosis, " diabetes, inflammation, and aging.42]
Arterial and venous blood vessels serve key mechanistic roles in
thermoregulation by providing the requisite flow rates for
efficient heat exchange.”””*** These flows alter thermal
transport rates in well-defined ways for efficient thermal
management.*”* The measurement of spatial anisotropies of
thermal transport properties discussed in the preceding section
(section 3.1.4) in the context of determining the skin hydration
level can also yield quantitative information on vascular flow
dynamics.”***>*° By using the thin metallic temperature
sensors introduced in section 3.1.3, together with one or more
thermal actuators, these devices provide continuous, high-
quality mapping of macrovascular blood flow.**® In a typical
design, a thermal actuator locally increases the temperature of
the adjacent tissue via measured, low-power DC heating at a rate
governed by the thermal diffusivity of the skin (Figure 11K).
The presence of local near-surface blood vessels induces changes
in the skin thermal diffusivity along the direction of flow.
Temperature sensors upstream and downstream of the actuator
capture this thermal anisotropy. With sufficient density, sensor
networks of this type can yield data for 2D spatial mapping as
shown in (Figure 11L,M). Similar devices can monitor changes
in the rates of isotropic thermal spreading to determine
alterations in microvascular flow induced, for example, by
vasoconstriction or vasodilation of capillary beds.**

By contrast to thermal and electrical, optical measurements of
hemodynamics benefit from but do not require physical contact
with the skin. Measurements of heart rate and heart rate
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variability (HRV)**” can be extracted from temporal variations
in absorption associated with hemoglobin in the blood.***
Optical sensors measure the amount of light either transmitted
or scattered after passing through tissue of interest.*”’
Simultaneous illumination and absorbance measurements at
two different wavelengths (red and infrared) can yield blood
oxygenation levels.*”” In PPG,”**' the signals of interest
correspond to the cardiac pulse and associated oscillatory
variation in blood volume. Here, device geometry, specifically
the configuration of the illumination source and optical
detectors, is an important consideration. Most setups exploit a
transmission mode of measurement where the light source and
detector lie on opposite sides of a target body part such as the
fingertip or earlobe.””” The strong signal produced by this
geometry results from light transmission exclusively through the
tissue of interest and a large, often considerable, optical path.***
A key limitation of this geometry is that it does not provide a
straightforward route to miniaturization.”* Co-location of the
light source and detector on the same plane represents an
alternative geometry well suited for miniaturization and,
therefore, frequently adapted for skin-interfaced devices. The
main challenge is in susceptibility to motion artifacts arising
from changes to the optical path length induced by the relative
motion of optical components and the underlying tissue.**
Signal conditioning via digital and analogue filters can reduce
much of this motion-induced noise,"” particularly when
performed in digital filters aided by accelerometer data.**
Increasing the intensity of the light source and the size and
sensitivity of the detector™’ can also yield improvements;
however, unavoidable changes in the vascular structure relative
to the light source/detector inhibits the ability for chronic,
uninterrupted recording.

Polymer/organic light-emitting diodes and organic photo-
detectors are attractive choices for pulse oximetry.”'>**® High
performance alternatives based on inorganic electronic and
optoelectronic components in soft, skin-like form factors
represent contemporary device embodiments.*** A recent
successful demonstration of an entirely battery-free wearable
device based on NFC protocols demonstrates the potential this
approach in sensor sizes and geometries optimized for
wearability.**" The example**” in Figure 11N features a red
and infrared LED activated by a microcontroller powered by the
NEC technology available in almost all modern smartphones.
This platform, with a mass of only 0.15 g, conforms intimately to
the fingernail (Figure 11N—Q). The stable interface, coupled
with the low mass, allows for a motion-artifact-free PPG and
arterial oxygenation readout. The battery free nature of this
device also enables continuous readout, offering a new tool set
for at-home and remote monitoring. Another embodiment
integrates an organic phototransistor composed of poly(N-alkyl
diketopyrrolo-pyrrole dithienylthieno[3, 2-b]thiophene) (DPP-
DTT) and a fullerene derivative, [6,6]-phenyl-C61-butyric acid
methylester (PCBM), with an commercially available inorganic
light-emitting diode to form an epidermal PPG sensor that
encompasses a finger.*’’ The HRV from the epidermal PPG
sensor correlates favorably (correlation coefficient of 0.88) with
data from ECG-derived HRV for 10 human volunteers. The
PPG signal from the sensor, when combined with the ECG
signal from the commercial device, enables calculation of BP
values using a pulse transit time (PTT) method with a mean
absolute difference to the reference BP of ~3 mmHg.
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3.2. Biochemical Signals

Monitoring biophysical responses provides only a partial
window into the health status of an individual; a comprehensive
assessment requires the additional consideration of biochemical
signals.'”?”>*=** Traditional biochemical measurements
require expensive analytical instruments operated by trained
personnel in centralized laboratory facilities.**>~**" A typical
workflow involves sample collection (a biofluid, commonly
blood), pretreatment, and subsequent analysis using specialized
tools for detecting and quantifying the concentrations of
biochemical targets of interest.*****’ The advent of inexpensive,
hand-held biochemical sensing devices for rapid, point-of-care
biochemical detection promises to bypass these and other
limitations of conventional testing."*"~*** Figure 12 illustrates
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Figure 12. Schematic illustration of the main components of
biochemical sensors.

the major components and working principles of a typical
biochemical sensor. The receptor layer generates physicochem-
ical signals in the presence of a chemical analyte present in the
sample; the transducer converts the signal into an electrical or
optical response that can be rendered into quantitative form for
the user. Hand-held chemical sensors designed to detect blood
analytes have two main drawbacks. First, collection of samples of
blood is an invasive, painful process, especially for newborns, the
elderly, and trypanophobics. Second, testing of blood with
current technology (blood draws) is impractical for applications
that require high sampling rates. These drawbacks pose
partlcular problems for diabetics,**® the critically ill,**
athletes,”” and people in demandmg work environments (e g
laborers,**® active military personnel ™).

Biofluids such as sweat, saliva, and tears represent potential
alternatives to blood and are of interest due to their noninvasive
modes for sample collection and to the rich library of
biochemical targets that they contain. For example, the
concentration of chloride in sweat represents the standard of
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Figure 13. Skin-integrated metabolite sensors. (A) Photograph and (B) schematic illustration of sensor components and enzymatic reactions and (C)
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Image of a stretchable AuNS-based electrode ensemble for sweat glucose monitoring and (K) SEM of CoWO,/CNT as a catalyst for glucose detection.
(L) Data acquired from a nonenzymatic glucose sensor during field tests. (J—L) Adapted with permission from ref 496. Copyright 2018 American
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Figure 13. continued

Chemical Society. (M,N) Photographs of multiparameter colorimetric sweat sensors. (O) Concentration dependent color evolution associated with
this colorimetric sweat sensor. (M—O) Adapted with permission from ref 220. Copyright 2018 American Association for the Advancement of Science.

care in screening of infants for cystic fibrosis.”>® When used in
conjunction with the sodium concentration, this parameter is
additionally useful in monitorin% for electrolyte imbalance and
the onset of hyponatremia.**”**” Multiple reports indicate that
the concentration of lactate in sweat can be used to identify both
the transition of the human body from an aerobic to anaerobic
state during physical activities**'~** and onset of pressure-
induced ischemia.*®’ Similarly, analyzing the loss of minerals
such as iron**® and zinc**”*”° through sweat can provide
insights into recovery after physical stress. Recent studies also
demonstrate the utility of sweat glucose for noninvasively
detecting blood glycemic transitions, of critical importance in
diabetes management'>*”'™*"* or prevention of exercise-
induced hypoglycemic shock.””* Beyond sweat, the permeation
of blood constituents into saliva via transcellular or paracellular
pathways make saliva interesting for diagnosis of hormonal,
metabolic, emotional, and nutritional health status.*”® Although
comparatively nascent in development, interest in tear analysis
continues to grow due to the complex biological pathways by
which blood constituents diffuse into tears.*”

Body-interfaced platforms that sample these biofluids may
provide a path toward completely noninvasive, continuous
measurement of physiologically important chemical biomarkers
for health monitoring. As with biophysical sensing technologies,
recent developments in chemistry, materials science, bioengin-
eering, and electronics create opportunities for flexible and
stretchable chemical sensing platforms suitable for use on the
skin. The following subsections summarize major advances in
such systems.

3.2.1. Metabolites. The rich variety of metabolites in sweat,
saliva, and tears are potential indicators of health state. Most
skin-interfaced metabolic sensors leverage amperometric
measurement techniques due to their inherent sensitivity,
selectivity, and low power requirements and their capacity for
miniaturization. A limited number of examples exploit electro-
chemical transistors.****”7*”® Amperometric sensors are either
first-*’" or second-** generation enzymatic biosensors, with
recent examples illustrating noninvasive routes to body-
interfaced metabolic s.ensing.480 In first-generation biosensors,
electrons transfer to molecular oxygen and the measurement is
of the resulting decrease in the oxygen concentration and/or the
produced hydrogen peroxide. Second-generation biosensors use
artificial mediators or nanomaterials to transport the electrons
between enzyme active sites and the electrode. As with
traditional electrochemical sensors, both types of devices
incorporate a biorecognition element (enzyme or a transition
metal oxide for nonenzymatic sensing) to catalyze the
oxidation/reduction of an analyte to produce an electrical
current that is proportional to concentration,**"**

Two interrelated factors govern metabolic sensor perform-
ance in epidermal applications: (1) the sensitivity and (2) the
bio-interface. High sensitivity is required for detecting most
analytes of interest, as they typically appear in low concen-
trations in noninvasively sampled biofluids. Intimate, conformal
device interfaces to targeted tissues, typically the skin, are
essential for high fidelity capture of biofluids in a way that avoids
irritation and sample contamination. Bio-integrated metabolic
sensors utilize the designs and materials strategies outlined in

5484

section 2 to realize soft, compliant sensors on substrates that
range from textiles*****° and flexible plastic sheets**>**>**” to
stretchable silicone membranes™®**® as the basis of epider-
mal,** salivary,®” and lachrymal*’® metabolic sensing. Many
systems rely on nano/microscale materials for improved
sensitivity. Specifically, nano/microstructuring sensor electrode
surfaces in 1D,*° 2D,*" or 3D*? architectures can significantly
increase the surface area which, in turn, enhances the loading of
chemical reagents and improves the electrical pathways between
reagents and underlying current collector. Moreover, such
nano/microstructures often exhibit higher catalytic properties
compared to their bulk counterparts, thereby augmenting sensor
performance for the detection of analytes at low concen-
trations.*”?

As mentioned, sweat is of significant recent interest as a
noninvasively sampled biofluid due its ready access via eccrine
glands in the skin and the wide range of possible mounting
locations across the body.””” Although sweat contains many
metabolites of interest, most work focuses on detecting glucose
and lactate. An early example*®” uses a flexible, thin tattoo paper
substrate with a backbone of screen printed conductive carbon
and silver/silver chloride ink electrodes for continuously
monitoring lactate concentrations in human perspiration
(Figure 13A). The 3-fold functionalization of the carbon-
based working electrode with (1) tetrathiafulvalene/CNT
complex, where the CNTs increase the sensor surface area and
help adsorb tetrathiafulvalene via 7—z bonding and the
tetrathiafulvalene promotes electron transfer between the active
sites of the enzyme and the CNTs, (2) lactate oxidase enzyme to
selectively detect the analyte, and (3) chitosan (a biocompatible
polymer) to minimize reagent leaching and to extend the
detection range to physiologically relevant concentrations of
lactate in sweat (1—30 mM), with negligible interference from
other chemical species such as, glucose, uric acid, ascorbic acid,
and creatinine (Figure 13B).

The real-time detection of sweat biomarkers is important as
the concentrations of constituents in sweat can dynamically vary
depending on physiological status. Continuous analysis requires
that newly produced sweat immediately interacts with and
subsequently transports away from the sensor surface to permit a
constant reaction/analysis process. In one case,"> a channel
defined by the adhesive layer routes analyzed sweat away from
the sensor surface. On-body evaluations of control (without
enzyme) and fully functional devices on perspiring human
subjects demonstrate a high selectivity to lactate (Figure 13C)
and stable performance without motion artifacts due to the
conformal skin interface.

Advanced metabolic sensing systems incorporate multiple
chemical sensors onto a single platform and utilize epidermal
electronic designs with integrated BLE wireless communication
capabilities to eliminate the necessity for wired, benchtop
electrochemical analyzers as used in the example described
above. Figure 13D illustrates one such technology.494 Here, the
device simultaneously monitors sweat lactate and glucose as well
as electrolytes (potassium and sodium) via amperometric and
potentiometric techniques, respectively. The sensing elements
use photolithographically patterned Au metal electrodes on a
flexible PET sheet. Functionalization of the glucose and lactate
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working electrodes with Prussian Blue and corresponding
enzymes (glucose oxidase and lactate oxidase) imparts
selectivity (Figure 13E). The sensors exhibit linear responses
to respective species within the physiological concentration
range for sweat (lactate, up to 25 mM; glucose, 250 uM). A built-
in temperature sensor allows for automated compensation for
variations in skin temperature. On-body trials validate perform-
ance in real-life scenarios with participants riding stationary
bikes while wearing sensors on their foreheads. The device
transmits real-time data wirelessly to a smartphone for the user
to analyze sweat composition (Figure 13F). The results correlate
well with those from sweat samples collected and analyzed with
conventional techniques.

Another recent example®”” uses a graphene-functionalized
device with capabilities in sweat glucose monitoring and
transcutaneous drug release for diabetes management (Figure
13G). The device exploits a soft, stretchable silicone membrane
as a substrate and a sensing element based on glucose oxidase
functionalized electrodes of a nanocomposite of Au-graphene
with FS Au metal interconnects in a mesh structure. This
nanocomposite increases the sensor surface area and establishes
efficient electronic routes between the enzyme and the electrode
surface in a stretchable form factor that results from the mesh
construction. The device detects micromolar concentrations of
glucose (0.1-0.5 mM) in human perspiration with high
sensitivity and electrochemical performance that does not
depend on mechanical deformation (up to 30% strain) (Figure
13H). The inclusion of a potentiometric polyaniline-based pH
sensor and a temperature sensor enables pH and temperature
correction of the glucose sensor data. Benchtop characterization
under varying pH and temperature conditions as well as in the
presence of interfering chemical species demonstrates robust
performance for glucose sensing. Field trials highlight the
practical application of this device for noninvasive tracking of
blood glucose levels. Measurements of sweat glucose and blood
glucose levels at regular intervals over several hours show strong
correlations with time lags of ~30 min (Figure 13I). A prototype
that combines glucose sensing with an array of bioresorbable
microneedles for drug delivery foreshadows a possible scheme
for glycemic level management.

The reliance on labile biological components, such as
enzymes, antibodies, nucleic acids, or tissues, as receptors for
analytes represents a key impediment to robust chemical
biosensors. Such materials deteriorate if exposed to temper-
atures, pressures, or humidity levels that lie outside of a narrow
range or if stored with (or without) certain chemical species.
Skin-interfaced applications demand robust operation in a
relatively uncontrolled environment with time varying ambient
and skin temperatures, oxygen levels, and humidity and with
biofluid that can involve varying ionic strengths and the presence
of interfering chemistries. Utilizing certain stabilizers, such as
polyelectrolytes and polyols, can minimize degradation and
improve sensor stability,””*****” but their use fails to completely
solve challenges in sensor lifetimes.

Replacing bioreceptors with synthetic materials offers a
promisin% alternative solution.*®” Recent work in this
direction® involves a nonenzymatic, skin-interfaced electro-
chemical glucose sensor that uses cobalt wolframite (CoWO,)
(Figure 13]). Device fabrication involves vacuum filtering a
solution of Au nanosheets through a template to define the
electrode structure, followed by transfer printing onto a soft,
stretchable silicone substrate. Such electrodes offer stretchability
up to strains of 30% with minimal impact on sensing
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performance. Layer-by-layer assembly of positively and
negatively charged CNTs increases the surface area of the
electrode current collectors and improves the sensitivity from
3.73to 10.89 uA cm™> mM™". Dip coating the working electrode
witha CoWO,/CNT (Figure 13K) composite forms the basis of
the nonenzymatic glucose detection capability. Specifically, the
glucose selectively oxidizes at the CoWO, interface, even in the
presence of other electroactive species (ascorbic acid, uric acid,
urea, and acetaminophen) common to sweat, thereby producing
a linear signal with glucose concentrations up to 0.3 mM (Figure
13L). Comparing sweat glucose levels in human volunteers
recorded by the device (via a portable potentiostat) during
repeated exercise sessions (cycling) over a single day to levels
obtained using a commercial colorimetric glucose assay
demonstrates the promise of nonenzymatic glucose monitoring.

Sensors of the type described above measure biochemical
signals in human perspiration during athletic activity or during
exposure to high temperatures and humidity levels. These
requirements cannot be satisfied in many scenarios such as
patient monitoring under ambient, sedentary conditions.
Localized sweat stimulation provides a means to generate
adequate sweat volumes for biochemical sensing. Here,
transcutaneous delivery of sweat-inducing drugs such as
acetylcholine, pilocarpine, bethanechol, methacholine, and
carbachol via iontophoresis induces a localized sweat response
for subsequent detection and analysis by skin-interfaced
sensors.”” As a long-established clinical method, this technique
serves as the means for generating sweat in cystic fibrosis
screening tests based on sweat chloride.*® A recent demon-
stration”’" illustrates the use of this approach for nonclinical
diagnostics in a device that integrates wireless, skin-interfaced
sensors for sweat glucose and chloride with an iontophoretic
system for the transdermal delivery of the sweat-inducing drug
methacholine.

The platform includes two Au-based iontophoretic electrodes
and electrochemical glucose and chloride sensors. Utilizing the
device involves placing a gel with cholinergic agonist over the
iontophoretic electrodes followed by 10 min of iontophoresis
(current: 1 mA) to induce sweating. The glucose and chloride
sensors analyze the composition of the resulting sweat. The
construction and performance of the glucose sensor is similar to
that described previously in this section.””* Human subject
studies indicate the potential for monitoring increases in sweat
glucose after food consumption. A similar bio-integrated
platform can electrochemically detect alcohol in sweat by use
of Ag/AgCl-based iontophoretic electrodes for sweat generation
and alcohol oxidase-functionalized amperometric sensors for
selective detection.”®’ A recent demonstration utilizes this
approach for lqnzg-term (>3 h) monitoring of sweat ethanol
concentrations.”’

Although most metabolic sensors for skin-interfaced
applications utilize electrochemical sensing modalities, chal-
lenges due to complexity, weight, and cost represent
fundamental constraints. Moreover, as highlighted previ-
ously,462 continuous monitoring requires a constant exchange
of sweat at the sensor surface, therefore necessitating efficient
approaches to fluid handling. A recent demonstration offers a
path to circumvent these challenges by leveraging simple
colorimetric assays with advanced microfluidic designs for
electronics-free guantitative capture, storage, and biomarker
analysis of sweat.””’ This class of skin-interfaced sensor involves
a soft, stretchable epidermal microfluidic device (an “epifluidic”
platform) with integrated assay chambers for the colorimetric
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Figure 14. Metabolite sensors interfaced to other areas of the body. (A) Photograph of an electrochemical lactate sensing contact lens. (B) Close-up
image of the three-electrode contingent. (C) Real-time benchtop response of the device to lactate and various interfering chemicals. (A—C) Adapted
with permission from ref 228. Copyright 2012 Elsevier. (D) Schematic illustration of important components of a soft, stretchable, and transparent
contact lens for glucose sensing and display. (E) Image of the glucose contact lens mounted on the eye of a rabbit while introducing a known
concentration of glucose fluid as artificial tears. (F) Benchtop studies of the sensor response to increasing glucose concentration. (D—F) Adapted with
permission from ref S06. Copyright 2018 American Association for the Advancement of Science. (G) Image of a wireless mouthguard-based

electrochemical device for salivary uric acid sensing. (H) Scheme showing

different reagents of the uric acid sensor and the enzymatic reaction

responsible for selective detection. (I) Diurnal signals recorded by the uric acid sensor using saliva samples collected from healthy and uremic patient.

(G—I) Adapted with permission from ref 231. Copyright 2015 Elsevier.

detection of sweat glucose, lactate, chloride, and pH as well as a
method for measuring sweat rate (Figure 13M).220 Sweat enters
the device via the natural pressure generated by the sweat glands
where embedded microfluidic channels direct sweat to separate
chambers, each of which contains a commercially available
colorimetric assay for a particular analyte. The sweat
components interact with the colorimetric reagents and develop
distinct colors quantitatively linked to the concentration of the
target of interest. Using a smartphone to capture an image of the
device allows for color analysis of each assay chamber as a simple
route to measure the concentrations of sweat components.
One drawback is that the color changes associated with
certain of the assays are irreversible. To capture dynamic
changes in sweat composition, passive capillary bursting valves
(CBVs) can be incorporated into the microfluidic designs to
allow for time (or volume) sequenced capture and analysis of
sweat (Figure 13N).>%*°%* Here, the device consists of a series of
reaction chambers and colorimetric assays, separated by CBVs.

5486

Incoming sweat enters the device and routes in such a manner
that the chambers fills in a sequential manner. By using such
microfluidic architectures, epifluidic devices can simultaneously
detect sweat glucose, lactate, pH, chloride, and temperature in a
time-sequential fashion (Figure 130).>"

As detailed in section 2.2.3, alternative surfaces such as the
cornea and the inside of the mouth enable biochemical
assessments of tears and saliva. Design challenges, however,
are more significant compared to those associated with skin-
interfaced devices. For example, the highly curvilinear, soft, and
delicate surface of the cornea demands careful device layouts
and material selections to avoid any risk of injury or harm.
Similarly, component selection for mouthguard/teeth inte-
grated biochemical sensors require special attention to toxicity
and contamination. As a result, only a few demonstrations of
such devices exist in the literature. Early ocular embodiments
rely on simple designs in which sensors in the form of narrow
strips detect a specific chemical of interest.””’ ">’ Recent
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Copyright 2017 American Chemical Society. (G) Image of an ionogel-based colorimetric sensor for sensing the pH of sweat. (H) Evolution of color
with pH. (I) Image of a patch worn on the wrist of a subject while cycling. (G—I) Adapted with permission from ref 523. Copyright 2012 Elsevier. (J)
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the colorimetric sensor with increasing chloride concentration. (L) Data acquired during human trials while wearing the sweat patch. (J—L) Adapted
with permission from ref 441. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA.
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publications report significant advances.””’~***°'° For example,

one case uses a RF-powered wireless, contact lens-based
chemical sensing architecture to detect glucose’'® and lactate”**
in tears (Figure 14A—C). Another similar sensor utilizes hard-
wired glucose sensors based on a sol—gel matrix-based material
deposited on curvilinear PET substrates.””” Subsequent refine-
ments yield completely wireless RE-powered glucose sensors” '’
and demonstrator devices with a dual sensor architecture to
compensate for signals generated by interfering chemical
species.227

Although technically impressive, these devices rely upon
opaque, brittle sensor components that can negatively affect
vision. Furthermore, the mechanical mismatch between the
device components and soft tissue surfaces greatly hinders
suitability for long-term use. Recent work®”® attempts to address
these issues with a soft, stretchable, transparent, wireless contact
lens-based device for resistive-based glucose sensing along with
display pixels to visualize sensor readouts. This platform
integrates a glucose oxidase functionalized p-type graphene-
based glucose sensor and micro-LED with stretchable
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interconnects and antennas formed from highly transparent
and electrospun silver nanofiber-based conductors (Figure
14D). The enzymatic glucose reaction results in the formation
of hydrogen peroxide. The decomposition of hydrogen peroxide
produces protons which, in turn, modulate the resistance of the
p-type graphene transducer. By selecting an appropriate resistor
and by using external antenna for power harvesting, the device
activates the LED when the glucose concentration exceeds a
predetermined limit. The intrinsic transparency and stretch-
ability of the device minimizes adverse impact on vision while
permitting long-term use. Validated by benchtop analysis, this
type of sensor exhibits a linear response across the
physiologically relevant range of glucose concentrations (Figure
14E,F). Use of a rabbit eye model, when injected with known
glucose solution, highlights the potential of this device for
noninvasive glucose monitoring in tears.

The most recent devices for sialochemistry exploit designs
that include tattoo’'' and mouthguard™"**>*"*7>'"* form
factors. For example, a mouthguard lactate®'* sensor monitors
physical stress; a subsequent refinement uses a uric acid*>'
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sensor (Figure 14G) to monitor hyperuricemic, gout, Lesch—
Nyhan syndrome, and renal syndrome patients. The device
fabrication involves screen printing Prussian Blue-based carbon
ink and Ag/AgCl ink on flexible PET substrates to realize a
three-electrode contingent. Biofunctionalization with uricase or
lactate enzyme renders the sensor signal specific to the analyte,
as shown in interference studies (Figure 14H). Finally, bonding
the sensor to the curved surface of the mouthguard completes
the fabrication. In vitro evaluations to monitor uric acid levels in
undiluted saliva samples regularly collected from a healthy and a
hyperuricemia patient over a S h period demonstrates the
efficacy and potential of this platform (Figure 141).

3.2.2. Electrolytes. As with metabolic sensors, skin-
interfaced electrolytic sensors primarily leverage electrochem-
ical methods (potentiometry) for detection.’’> A typical
potentiometric sensor includes an ion-selective electrode
(ISE), referred to as the indicator electrode, and a reference
electrode. The ISE potential is proportional to the ion activity
and follows the Nernst equation. On the other hand, the
potential of the reference electrodes (usually Ag/AgCl or Hg/
Hg,Cl,) is independent of sample composition. The potential
difference between these two electrodes is therefore propor-
tional to ion activity, which approximates the ion concen-
tration.”'® Such sensors for wearable applications commonly
utilize solid-state polyvinyl chloride (PVC)-based ion selective
membranes; less common is the use of a pH-sensitive
conducting polymer as the membrane for pH sensing. In the
former type, the ion selective membrane comprises an
ionophore for selectivity, ionic additives for charge transport,
and a plasticizer dispersed in a polymer matrix (typically PVC)
for flexibility. In the latter, conducting polymer-based pH
sensors rely on their direct electrodeposition or solution casting
onto noble metals or carbon electrodes. Polyaniline®'” and
polypyrrole®'® are two common pH sensitive conducting
polymers. Other reviews provide complementary discussions
on potentiometric sensors in significant detail.”'*”*

Skin-interfaced potentiometric devices based on benchtop/
hand-held multimeters for recording represent the earliest
demonstrations of sensors for real-time detection of sodium,***
ammonium,”” and pH of sweat.”*® Subsequent advances in
materials science now allow for the full integration of hardware
for wireless data communication for wearable BLE-based
electrolytic sensors capable of continuous monitoring of
sodium, " **** potassium,225 pH,527 chloride,*”" and calcium.>*’
These devices utilize conventional solid-state PVC-based ISEs
formed by the deposition of ion-selective membranes onto Au or
screen-printed carbon-based electrodes.

As with all BLE-based devices, the advanced wireless
functionality requires relatively large, bulky hardware and
batteries for power supply. A recent demonstration circumvents
these trade-offs by utilizing NFC, rather than BLE, communi-
cation technology, resulting in an ultralight, flexible, and battery-
free sodium sensor capable of conformal interfacing to the
epidermis (Figure 15A).°*' The sensor utilizes palladium
current collectors: one coated with a sodium sensitive
membrane and the other with Ag/AgCl (first plated with Ag
with subsequent conversion to Ag/AgCl) as the reference
electrode (Figure 15B). Preliminary studies reveal near-
Nernstian behavior (57 mV/decade) and reversible response
(coefficient of variance = 0.8%) (Figure 15C).

Signal stability is of critical importance for potentiometric
sensors.”' ®*** Minute drifts in voltage lead to significant errors
in the ion concentration. Pretreating the solid-state potentio-
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metric sensors with a conditioning solution®*” can mitigate some
of these effects, but such a procedure is not well suited for skin-
interfaced platforms, especially for consumer applications. An
alternative approach to minimizing signal drift in the indicator
electrode relies on a thin, ion-to-electron transducing solid
contact layer between the electrode surface and ion-selective
membrane.**”**" Typical ion-to-electron transducers include
conducting polymers (e.g., polypyrrole, poly(3-octylthiophene),
poly(vinyl ferrocene), polyindole, polyaniline, and
PEDOT)>'**** and nanomaterials (e.g., CNTs, 230931333
graphene®**). The use of chloride-saturated printable ink,**®
polyvinyl butyral,>'*>* polgrvinyl acetate,””” and poly(2-
hydroxyethyl methacrylate)>”° as a polymeric matrix improves
the stability of the solid-state reference electrode, which is
equally important for potentiometric sensing.

Recent work combines nanomaterials as a stable solid contact
for the indicator electrode and polyvinyl acetate as a solid-state
reference electrode in a headband-based wearable sodium sweat
sensor with stable response (Figure 15D).”** A PVC membrane
containing a sodium ionophore drop cast onto an electrochemi-
cally deposited gold electrode with dendritic structures forms
the sodium selective indicator electrode (Figure 1SE). The
reference electrode structure is a drop cast layer of Ag/AgCl ink
on a bare gold electrode subsequently coated with a polyvinyl
acetate membrane saturated with KCI. The sensor exhibits a
near-Nernstian response (56.43 + 1.17 mV/decade). Compar-
isons with a similar sensor that uses a bare Au electrode reveal
that the dendritic structures improve signal stability (signal drift:
0.22 mV/h compared to 4.66 mV/h), likely due to enhanced
ion-to-electron transduction at the membrane/solid contact
interface that results from the electrical double layer capacitor
associated with the dendrites. Stability studies of the reference
electrode reveal that the KCl-saturated polyvinyl acetate
membrane has a drift of only 0.056 mV over 15 h. Human
subject studies during indoor cycling confirm expected perform-
ance (Figure 1SE).

As with amperometric metabolic sensors, colorimetric
options for sensing of electrolytes can be attractive.”>” In
addition to simplicity of design and operation, this transduction
method does not require pretreatment or sensor calibration.
Although typically less accurate than potentiometric sensors,
colorimetric assays are adequate for many applications. One of
the earliest colorimetric skin-interfaced electrolytic sensors
mounts on the wrist to measure sweat pH with integrated red—
blue—green (RGB) reference markers for accurate color analysis
(Figure 15G).”** A fluidic network transports sweat to the
sensor and purges analyzed sweat via an adsorbent-based sink.
pH-sensitive dyes (methyl red, bromophenol blue, bromocresol
green, bromocresol purple, and bromothymol blue) in ionogels
reside in assay chambers. The ionogels, prepared by
encapsulating trihexyltetradecylphosphonium dicyanoamide
ionic liquid in an arcylamide polymer network, provide a low
vapor pressure liquid environment that maintains the pH
sensitivity of the dyes. The assays develop colors that correspond
to sweat pH level (Figure 1SH,I).

As detailed in section 3.2.1, the irreversibility of the response
requires additional concepts to allow monitoring of transient
changes in electrolyte levels. As described previously, CBVs
positioned at strategic locations in a microfluidic network
provides one solution for routing sweat into separate assay
chambers in a sequential manner. An alternative design (Figure
15])**" achieves a similar result by use of superabsorbent valves
to direct incoming sweat, with demonstrations in colorimetric
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Figure 16. Sensors for miscellaneous biochemical signals. (A) Photograph of a wearable voltammetric sensor for heavy metal detection. (B)
Voltammograms generated by the sensor illustrating oxidation peaks corresponding to Pb, Cu, and Hg. (C) Comparison of data recorded by the
wearable sensor during human trails and determined by ICP-MS. (A—C) Adapted with permission from ref 543. Copyright 2016 American Chemical
Society. (D) Photograph and scheme showing a bandage-based, NFC-powered uric acid sensor for wound healing monitoring. (E) Image of the
bandage sensor showing its flexibility. (F) Plot illustrating the selectivity of the sensor toward uric acid in the presence of various potential interfering
chemical species. (D—F) Adapted with permission from ref 54S. Copyright 2015 Elsevier. (G) Optical image of a epidermal wireless oximeter mounted
on the forearm. (H,I) Comparison of measurements simultaneously recorded from a commercial device and from a wireless oximeter. (J) Optical
image of volunteer participants with different skin colors and (K) of the wireless spectrometer with four pulsed LEDs. (L) Measurements of different
skin colors performed using a skin-integrated wireless platform. (G—L) Adapted with permission from ref 440. Copyright 2016 American Association
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sensing of chloride (Figure 15K). Preparation of the super-
absorbent material involves gelation and subsequent drying of
sodium polyacrylate (absorbent polymer) and N,N’-
methylenebis(acrylamide) (fast swelling agent) in the presence
of sodium metabisulfite (cross-linker). A hydrophobic micro-
channel separates each reservoir to enable sequential filling.
Each reservoir includes three distinct reaction zones (0—75, 75—
150, and <150 mM) for sweat chloride detection. The
colorimetric assay is a solution of 2,4,6-tris(2-pyridyl)-s-triazine
(TPTZ, a chelating agent), mercury-(II), Hg**, and iron-(II),
Fe™, that favors complexation between Hg** and TPTZ to form
colorless Hg[TPTZ]Z. The addition of chloride induces a reaction
with Hg2+ to produce mercuric chloride, HgCl,, and release
TPTZ, which readily chelates with a stoichiometric equivalence
of Fe**. The Fel™"%), is blue in color, and the optical density
corresponds directly to the chloride concentration (via a
calibration curve). Upon initial filling, sweat enters into each
of the zones of the first reservoir until it reaches a superabsorbent
valve; absorption leads to expansion that closes the inlet to the
first reservoir. This process diverts the sweat to the next reservoir
to yield a time-sequenced analysis of sweat chloride concen-
tration. Analyzing the color values for each reaction zone enables
the quantitative measurement of chloride concentration. On-
body tests reveal that sweat chloride concentration increases
with time to a concentration range of 40—80 mM and then
gradually decreases with decreasing sweat rate at the end of the
study (Figure 1SL).

Fluorescent sensing offers an additional option for optical
readout, of interest due to the rich library of fluorophores for
detecting chemical analytes relevant to skin-interfaced applica-
tions.””*~>** Recent work leverages this fluorescent method-
ology for sweat analysis in an efiﬂuidic platform for the analysis
of sodium, zinc, and chloride.’*' Here, sweat analytes react with
fluorophores located in the microfluidic structure to generate a
fluorescent signal with an intensity proportional (or inversely
proportional) to the analyte concentration. Quantification of
sodium and zinc is via a commercially available fluorescent assay.
For chloride, the fluorophore bis-N-methylacridinium nitrate
reacts with excess Cl7, resulting in diffusion-limited collisional
quenching. A smartphone-based module for exciting and
detecting fluorescence facilitates analysis in the field. The
inclusion of reference chambers with known fluorophore
concentrations (thus fixed fluorescence intensity) enables
quantitative concentration analysis. Volunteer human studies
reveal high accuracy in comparison to conventional fluorimeters
for sweat analysis.

3.2.3. Miscellaneous Biochemical Signals. In addition to
electrolytes and metabolites, recent publications report
epidermal chemical sensors for other targets, such as heavy
metals,”**>** caffeine (a model analyte for drug detection),***
and cortisol>** in sweat, chemical markers for monitoring
wound healing,199'545'54(’ hemoglobin222 in blood, and mela-
nin**’ in the skin.

Monitoring essential heavy metals in sweat provides insight
into human endurance levels and the ability to recover after
high-intensity athletic activities.”’® In addition, sweat represents
a physiological route for excreting toxic heavy metals and,
therefore, provides a means for rapidly screening for
exposure.”*” Examples of skin-interfaced heavy metal sensors
utilize stripping voltammetry-based techniques (Figure
16A).”*>*" These sensors include a thin layer of bismuth
electrodeposited on carbon or Au electrodes with a coating of
tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesul-
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fonic acid copolymer to improve sensitivity. Bismuth modified
electrodes of this type represent low-toxicity alternatives to
conventional mercury-coated electrodes.”** Detection involves
a two-step process: (1) heavy metal ion analytes from sweat coat
the sensor surface by electrodeposition and (2) stripping of the
deposited metals from the surface yields distinct voltammetric
oxidation peaks that correspond to a particular heavy metal (e.g.,
copper, cadmium, zinc, arsenic),”*’ with parts per million or
even parts per trillion limits of detection (Figure 16B).
Characterization of sensor repeatability indicate robust perform-
ance even under cyclic mechanical deformation (200 bending
cycles, radius of curvature: 3.2 mm). Human studies highlight
capabilities for real-time monitoring of heavy metals in sweat,
with results that match those of standard chemical analytical
tools such as inductively coupled plasma mass spectroscopy
(Figure 16C).

Hormones are another class of biochemical markers of
interest.”>’™>>* Cortisol, specifically, is commonly used as an
indicator of stress and is present in sweat.”>” A recently reported
approach to sensing utilizes a molecularly imprinted polymer
(MIP)-based and an organic transistor.”** Fabricated on a soft,
stretchable SEBS elastomer, the device architecture uses a
PEDOT:PSS electrochemical transistor with an Ag/AgCl gate
electrode functionalized with an acrylate-based MIP as a cortisol
recognition layer. The sensing mechanism relies on modulation
of the drain current as a result of binding of cortisol to the MIP-
functionalized gate electrode. Bench-top studies reveal a linear
sensor response to increasing cortisol concentration with a
detection limit of 10 nM.

An additional promising direction in skin-interfaced electro-
chemical sensing focuses on real-time monitoring of wound
healing via detection of relevant markers (e.g, pH,>***%* uric
acid>*). One example integrates a potentiometric polyaniline-
based pH sensor on a bandage.”* Tracking uric acid levels is
possible using NFC-based enzymatic electrochemical sensors in
a similar form factor (Figure 16D).>* Screen-printed sensors
based on Prussian Blue perform well even when repeatedly bent
by 180° for 80 cycles (Figure 16E). The response is linear across
the physiologically relevant range concentrations (up to 0.8
mM) with negligible effects from common electroactive species,
such as creatinine, lactate, glucose, and ascorbic acid (Figure
16F).

Hemoglobin and bilirubin represent additional classes of
biochemical analytes, essential for oxygen transport and skin
pigmentation, respectively. Because these species absorb light
within the visible regime,”>” optical measurement approaches
are possible in skin-like form factors similar to those introduced
for PPG measurements in section 3.1.5. Most examples measure
hemoglobin in its deoxygenated and oxygenated state,**"
thereby providing both heart rate information*” as well as
both arterial®>® and tissue oxygenation levels.”>” These
measurements provide significant information on cardiovascu-
lar,*"? myocardial,414 and overall tissue health.*® Blood
oxygenation can be extracted from the pulsatile component of
signals obtained either in transmission or reflection mode at two
different wavelengths to yield the oxygenation state of
hemoglobin and to enable calculation of arterial oxygenation.***
Here, as with optical PPG measurements, the reduction of
motion artifacts is critical to obtain a high signal fidelity. Devices,
such as the highly miniaturized battery-free wireless system
shown in (Figure 11N), offer a stable platform for chronic
recording. Another key aspect is the conformal interface to the
epidermis. Figure 16J—L highlights an example where an opaque
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Figure 17. Devices for monitoring light exposure. (A) Schematic illustration of the fabrication process for a fabric-based ZnO UV sensor. (B)
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permission from ref 598. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA. (D) Photograph of an array of AgNPs-decorated bacterial cellulose
nanopaper after UV exposure for varying time periods. (E) Images of the AgNPs-based UV sensor worn by a human subject and after exposure to
sunlight. (F) Correlation of area under the curve (A;/A,) of the normalized initial UV—vis spectrum to solar simulator exposure. (D—F) Adapted with
permission from ref 578. Copyright 2017 American Chemical Society. (G) A colorimetric UVA and UVB sensor with battery-free NFC capabilities for
wireless transmission. (H) Dyes utilized by the sensor for detecting UVA and UVB radiation and their color evolution as a function of radiation
intensity. (I) Comparison of the data acquired by the wearable sensor to a commercial UV meter. (G—I) Adapted with permission from ref 599.
Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA. (J) Optical image of the UVA dosimeter worn on the fingernail and (K) worn on the wrist
and submerged in water. (L) Comparison of measurements recorded during afternoon exercise using wireless mm-NFC and commercial dosimeters.
(J—L) Adapted with permission from ref 600. Copyright 2018 American Association for Advancement of Science.

elastomeric backing shields the measurement site and probed at four different colors (infrared, red, orange, and

constituent battery-free electronic circuitry from ambient yellow) using a wireless, battery-free system allows for

light.*** Beyond blood oxygenation, melanin and bilirubin®>>” assessment of subtle changes in skin color.

are other species of interest. Bilirubin serves as an indicator for 3.3. Environmental Signals
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hyperbilirubinemia®" and coronary artery health.”™" Skin- Signals from interactions of the human body with the

interfaced systems that use multiple colors provide spectro- surrounding environment can be as important to health

metric analysis. Here, time sequenced readout of a target region monitoring as measurements from the body itself. A wide
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range of portable environmental sensors provides key
capabilities in monitoring food quality,’*>7>® pesticide
contamination, ®¢ %8 gaseous pollution,‘%g’570 and UV radia-
tion exposure’’>’* as well as in collecting forensic
evidence.””*%7¢ Although conventional systems permit on-
site, rapid analysis in the field, with minimal sample degradation,
their sizes, weights, and overall form factors prevent direct
integration with the body, in most cases. Here, the ability of bio-
integrated electronics to conform to the skin or fingernails
enables precise understanding and quantification of localized
exposures to environmental hazards. The following subsections
highlight recent progress in epidermal platforms designed for
capturing signals from the environment.

3.3.1. Light. The spectral composition of sunlight that
reaches Earth’s surface consists of ~8% ultraviolet (UV), ~46%
visible, and ~46% IR light (by energy flux).””” Although each
component is essential for sustaining life (e.g, illumination,
heat), UV light is unique in its impact on human health, where
exposures to UVB (280—315 nm) and UVA (315—400 nm) are
most physiologically relevant.””® Exposure is a key component in
the production of vitamin D, an essential element in modulating
blood pressure and as a vital aspect in maintaining mental well-
being.””***" However, excessive exposure results in deleterious
effects including ery‘cherna,581 cataracts,”®* melanoma,*®® and
immune system suppression.584 Skin cancers are the most
common form of cancer, with an excess of 5 million cases of
basal cell and squamous cell carcinomas occurring annually,
resulting in treatment costs of $8.1 billion.”® The Skin Cancer
Foundation states that 20% of the American population (1in §
people) will develop skin cancer during their lifetime.”** Such
risks highlight the critical need for technologies that can
accurately measure and alert people to overexposure of UV light.
Although commercially available band-based wearable UV
sensors seek to fulfill this need, most lack either quantitative
accuracy or utilize expensive, rigid components that impede
wearability and lead to nonadoption. This section highlights the
recent advances in skin-interfaced UV sensors for precise,
personalized monitoring of exposure.

Most academic research centers on developing inexpensive,
body compliant UV sensors with a primary focus on leveraging
the semiconducting properties of ZnO.”® > The sensing
mechanism relies on the adsorption/desorption of ambient
oxygen molecules onto the ZnO sensor surface.’”> The oxygen
molecules capture free electrons during absorption, resulting in a
surface depletion layer and conductivity reduction. UV light
photogenerates electron—hole pairs whereby the resulting holes
interact with the adsorbed oxygen ions to form molecular
oxygen, thus increasing conductivity. One representative
example of a skin-interfaced UV monitor uses poly(p-phenylene
terephthalamide)-supported ZnO nanowires (ZnO NWs) as the
sensing surface.”” The sensor consists of hydrothermally grown
ZnO NWs from an initial sputtered seed layer of ZnO on poly(p-
phenylene terephthalamide) threads. The ZnO NWs radially
cover the thread surface and a subsequent partial overcoat of
PDMS enhances the durability of the overall structure. Repeat
dosing of the sensor with UV light of varying intensity (0.2—1
mW cm™?) and monitoring the corresponding conductivity
changes validates device performance for detecting ambient UV
exposure. Interestingly, the conductivity of the UV sensor
decreases linearly with increasing light intensity. The report
attributes this behavior to the screening/neutralization of the
piezoelectric charges on ZnO by the UV light-generated carriers,
resulting in a decrease in conductivity.
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To reduce fabrication cost and necessity for cleanroom
processing, other embodiments leverage established printing
and solution processing techniques”"*”*~>"° to develop flexible,
skin-integrated ZnO-based UV sensors.””” For example,
deposition of a ZnO microparticle ink onto flexible PI sheets
by inkjet printing results in a highly flexible, yet inexpensive UV
sensing device. The sensor performance exhibits negligible
performance degradation in response to either the degree
(bending radius: 3—10 mm) or number of bends (>500) and
offers both a fast response time (~0.3 s) and high ON/OFF
ratio (~3525).

As with sensing platforms described in other sections, thin,
stretchable construction is important for irritation-free integra-
tion with the human body."”"%*' =% Recent work describes a
ZnO UV sensor based on a highly stretchable PU textile (Figure
17A).>%° Infiltration of the textile with a precursor solution
enables in situ, hydrothermal growth of ZnO NWs. As with the
NW-based sensors described above, UV light modulates the
conductivity of the ZnO (Figure 17B) to enable a reversible
response (Figure 17C) with a speed that varies from ~30 to ~40
ms upon stretching to ~125% tensile strain, possibly due to
decreasing rate of oxygen diffusion rate in the stretched state.

Colorimetric alternatives to these and related electronic
approaches are attractive due to their lightweight, low cost
designs and sizes that can be easily miniaturized due to their
battery-free operation. One strategy exploits the plasmonic
modulation of AgNPs in the presence of UV radiation (Figure
17D).>”® AgNPs undergo photolysis when exposed to UV
light,***#°® thereby changing the nanoparticle size which results
in a visible color change with exposure dose. Varying the length
of reaction (15—120 min) and volume of AgNO; (0.1 v/v%; S—
8.75 mL) added to a heated (65 °C) 2 M NaOH solution (15
mL) enables control of AgNP size. A library of 16 different sized
AgNPs enables tailoring of device response to UV exposure
(Figure 17D,E) in which a single size corresponds to a specific
skin pigmentation. Devices have response times of ~15 min,
with color changes optimized to provide rapid, high contrast,
visual quantification of UV exposure for high and moderate
cancer-prone skin types (skin types I, II, III, and IV) (Figure
17E).

UV-sensitive organic dyes represent other options in
colorimetric sensing. One example combines this approach
with screen printing and soft lithography to obtain a soft,
stretchable, skin-like UV sensing platform for the fast (within 20
s), simultaneous colorimetric measurement of UVA and UVB
exposure (Figure 17G).>®”” The active material combines
photosensitive activators (photoacid generators or photoradical
initiators) and a color changeable dye (photochromic dyes)
dispersed within a PDMS matrix. This activator/dye combina-
tion yields a distinct color change under UV light exposure
(Figure 17H) such that quantitative measurement is possible via
image analysis with the inclusion of color reference markers and
UV filters for differentiation between UVA (0—300 KJ m~2) and
UVB (4 KJ m™2) components. This capability is distinct from
the preceding examples that only quantify broadband UV
exposure. Color analysis of a photo captured by a smartphone
provides rapid, accurate measurement of ambient UV radiation
with performance rivaling that of commercial UV meters (Figure
171). Advanced processing algorithms can further improve the
accuracy and precision of such a platform.®*®

Electronic sensors offer an alternative option to monitoring
UV exposure. A recent noteworthy embodiment®” utilizes a
fully electronic approach in a wireless, battery-free, millimeter-
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scale form factor for both the instantaneous, real-time
measurement or long-term continuous monitoring of exposure
to UVA, UVB, visible, and IR light (Figure 17]). The platform
records exposure using photodiodes with narrowband responses
in the spectral ranges of interest (e.g., UVA, UVB) to generate
photocurrents proportional to the instantaneous exposure
intensity and wavelength-dependent quantum efliciencies.
Each photodiode continuously charges a supercapacitor during
exposure. The integration of a system-on-a-chip (SoC) with
NEC capabilities enables the conversion of the supercapacitor
voltage to the cumulative exposure dose (via a conversion
factor) for subsequent wireless transmission to a smartphone.
Full device encapsulation with PDMS provides a waterproof seal
(Figure 17K) to support long-term durability as demonstrated
by 10 devices, mounted on fabric swatches, remaining functional
after washing in a washing machine for 35 min (rotating at 400
rpm with 40 °C water).

This UV sensor, unlike traditional wrist-mounted counter-
parts, can integrate anywhere on the body for localized sensing
of UV-exposure in a way that does not impose any device burden
on the user. Such capabilities are important not only for user
compliance but also for monitoring exposure in sun-damaged or
sensitized areas of the skin in the context of skin cancer and
general skin health. Field trials on human volunteers validate
superior device performance in recording continuous UV
exposure in comparison to a wrist-worn commercial UV sensors
(Figure 17L).

Monitoring exposure to visible radiation, specifically blue light
(450—49S5 nm), is of growing scientific and clinical interest. A
recent study®”” suggests high intensity blue light exposure (e.g,,
from electronic devices) accelerates damage to the photo-
receptors in the retina; other studies®”*™°'* indicate blue light
exposure affects the human circadian rhythm, influencing sleep
quality and alertness. Blue light exposure is also critical in
therapeutic :?]I:)lications such as in treatment of hyper-
bilirubinemia,®'" seasonal affective disorder,’’* or potentially
as a means for decreasing systolic blood pressure and arterial
stiffness.’’® Few skin-interfaced platforms monitor blue light
exposure, with eyeéglass—mounted color sensors being the
primary form factor.”'#°'* The preceding mm-NFC dosimeter
platform®” represents the only truly epidermal device for
monitoring exposure to blue light. A clinical study demonstrates
device efficacy by monitoring the exposure of jaundiced infants
in the neo-natal intensive care unit (NICU) undergoing bili light
therapy for treating hyperbilirubinemia.

3.3.2. Gases. The rapid increase in toxic gas emissions due to
expanding industrialization can lead to negative im6pacts on the
global biosphere and the local environment.®'°”%*° As such,
toxic gas sensors are of interest both to the general public®*' and
to those working in settings that are susceptible to high levels of
such gases.”””%*® Portable gas sensors use conducting
polymers,(’24 carbonaceous nanomaterials,®>° metal oxides,®
and composites of all three®” for detection of toxic gases, even at
parts per trillion (ppt) levels.””***” As in other contexts, skin-
interfaced gas sensors for real-time, personalized monitoring of
exposure across the body can be important.

Recent advances in polymer chemistry, ceramics, and
nanotechnology serve as the foundations of gas sensing that
can occur in wearable formats.”*” Most such sensors leverage
carbon nanomaterials to transduce the presence of gas via the
modulation of the resistivity due to gas adsorption. For example,
a strap-based flexible device with a GO transducing layer can
rapidly detect hydrogen sulfide, ethanol, and hydrogen in the 5—
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20 ppm range (Figure 18A).°' Here, a transparent, colorless PI

membrane functionalized with RGO formed by irradiation of
GO (via drop casting) with intense pulsed light (1.15 J cm™%;
ON/OFF, 15/30 ms) offers enhanced selectivity toward the
gaseous targets (Figure 18B). The adsorption of gas molecules
(either of the three gases) dramatically changes the resistivity of
the RGO (Figure 18C). Principal component analysis of the
measurement signals enable differentiation between the three
gas targets (Figure 18D). Incorporating RGO within stretchable
elastic yarns enables a soft, skin compliant gas sensor
embodiment.*> Using a similar basis of operation, skin-
interfaced gas sensors can also exploit conducting polymers to
detect target gases.633’634

The sensitivity, selectivity, and stability of gas sensors based
on carbonaceous nanomaterials and conducting polymers
depending on environmental factors such as humidity and on
their strong interactions with volatile organic compounds.
Although metal oxides offer enhanced sensing characteristics,
where gases can induce changes in oxygen stoichiometry and
electrically active surface charges, their high operating temper-
atures (300—400 °C) preclude use in skin-interfaced
applications. Metal oxide composites with conducting polymers
or carbon nanomaterials, however, combine the high perform-
ance of metal oxides with room temperature operation of
conducting polymers and carbon nanomaterials.’*”

Similarly, composites of MoS, and carbon nanomaterials®*”
or conducting polymers®*® offer additional options. For
example, integrating a CNT and ZnO-based flexible fiberglass
gas sensor into a face mask enables detection of ethanol,
ammonia, and formaldehyde (Figure 18E).”** The device
utilizes three separate sensing receptors: MWCNTs, SWCNTs,
and ZnO/SWCNTs (Figure 18F). Benchtop analysis reveal an
immediate response to target gas exposure (Figure 18G).
MWCNTs exhibit the highest response for ammonia; SWCNT's
respond well to ammonia and formaldehyde, but not to ethanol,
and ZnO/SWCNTs detect all the three gases (Figure 18H).
Monitoring each sensor response enables selective detection of
the three target gases. In a similar manner, polymer—carbon
nanomaterial composites offer superior gas sensing 6performance
as compared to the individual components.”**~**' A fabric-
based body-integrated ethanol sensor uses PVA coated CNTs
(PVA/CNTs) for selectively sensing ethanol among other
interfering vapors such as ammonia, acetone, benzene, cyclo-
hexane, methanol, toluene, and xylene. The PVA/CNT
composite exhibits a nearly 13-fold higher response than pristine
CNTs, with a response time of ~25 5.°*°

Metal organic frameworks comprise an additional class of
materials in wearable gas sensors.”****> Their high porosity,
tunable functionality, and wide availability of ligands and nodes
make metal organic frameworks ideal candidates for a wide
variety of gas sensors.”*”*** Recent work leverages these
attributes to develop a fabric-based system for gas sensing,
capture, and filtration.”® Direct synthesis of nickel-based
conductive metal organic frameworks on textile surfaces through
direct solution-phase self-assembly from simple molecular
building blocks forms the sensor (Figure 18I). Two variants of
the nickel-based metal organic frameworks, each with nickel as
the metallic node and a different organic ligand (2,3,6,7,10,11-
hexahydroxytriphenylene or 2,3,6,7,10,11-hexaaminotripheny-
lene), selectively detect either nitric oxide (limit of detection,
0.16 ppm) or hydrogen sulfide (limit of detection, 0.23 ppm)
(Figure 18J). The system operates even under humid conditions
(18% relative humidity, S000 ppm) (Figure 18K) and is suitable
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being stretched while powering a red LED. (C) Plot of the charging/discharging characteristics. (A—C) Adapted with permission from ref 662.
Copyright 2013 Springer Nature. (D) Exploded schematic illustration of the different layers of a stretchable lithium—air battery and (E) its charging/
discharging properties (F) when embedded in fabric to power an LED. (D—F) Adapted with permission from ref 675. Copyright 2016 Royal Society of
Chemistry. (G) Schematic illustration of a sodium—Prussian Blue battery. (H) A plot showing its characteristics and (I) image of the battery powering
an LED. (G-I) Adapted with permission from ref 670. Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA. (J) Exploded view illustration of
different components of a zinc—MnO, battery. (K) Plot of the charging/discharging properties and (L) performance under repeated punching,
washing, hammering, and exposing to fire. (J—L) Adapted with permission from ref 676. Copyright 2018 Royal Society of Chemistry. (M) A schematic
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Figure 19. continued

illustration of a fructose-based biobattery. (N) Image of the biobattery being twisted while powering an LED. (O) Plot illustrating characteristics of the
biobattery. (M—O) Adapted with permission from ref 673. Copyright 2015 Elsevier.

for gas capture and filtration (Figure 18L); however, the
response time is on the order of minutes (~10—20 min). Metal
organic framework/CNT-fiber composites offer an alternative
where the CNT-based fibers serve as a highly flexible,
conductive substrate and the metal organic frameworks impart
gas selectivity.**

3.3.3. Miscellaneous Environmental Signals. Skin-
interfaced sensors for forensic applications represent another
area of active research interest. Gloves are the primary form
factor, as many chemical species of interest are either toxic or
easily contaminated by skin debris during the sample collection
process. Recent demonstrations include sensors for gunshot
residue,®** explosives,ﬂs’646 drugs of abuse,®”’” and nerve
agents.”**%**%* Typically, the fabrication utilizes a screen
printing process to form sensor electrodes onto the fingertips of
gloves. Abrasive electro-analytical techniques®*® enable sample
collection and analysis. For the detection of gunshot residue,
explosives, and drugs, the sample capture involves rolling a
fingertip-based sensor on a surface that supports the sample.
Subsequent analysis using voltammetric techniques detects the
presence or absence of the species of interest. Field tests
demonstrate the capability to detect the presence of gunshot
residues®®’ and drugs.””’” Wearable sensors for nerve agent
detection follow similar protocols with the working electrode
functionalized with enzymes for specific nerve agents.**>**

Food analysis is of increasing interest for detecting the
presence of allergens or contamination by drugs of abuse, yet a
nascent area of research for epidermal sensors. The targets of
interest are, however, readily adaptable to form factors similar to
those employed for forensic applications. A recent demon-
stration highlights integration of a colorimetric pH sensor onto
artificial fingernails for rapid pH analysis of beverages.””' The
sensor utilizes various pH sensitive dyes (bromothymol blue,
bromocresol green, and cresol red) encapsulated in a PVC
membrane to encompass a working pH range of 3-—10.
Application of the pH cocktail solution to artificial fingernails
enables analysis of the entire range of pH values. Benchtop
analysis with standard solutions and common items, such as
lemon juice (pH 2.5), tap water (pH 6.5), and baking soda (pH
9), illustrate the use of this platform for rapid pH analysis in a
wide pH range.

For both forensic and food analysis applications, bio-
integration enables precise, highly localized quantification of
targets of interest with respect to various body locations in a
manner not possible with conventional “wearable” devices. This
type of use represents an underdeveloped area of bio-integrated
systems with many opportunities for additional research.
Integrating intimate, localized environmental monitoring with
the precision physiological monitoring platforms detailed in
sections 3.1 and 3.2 offers the potential for unparalleled insight
into the overall human health state.

4. POWER

The demanding requirements for thin, soft, lightweight
construction in the types of skin-interfaced wearable systems
described here create challenges, and associated research
opportunities, in power supply and in designs for power efficient
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operation. The following sections introduce some recent
concepts in energy storage and energy harvesting. A subsequent
section discusses considerations in system efficiency.

4.1. Energy Storage Technologies

Energy storage systems, in the form of batteries and super-
capacitors, comprise the majority of integrated power sources in
epidermal applications. This section provides a brief overview of
both technologies and highlights key device embodiments
representing the current state-of-the-art for integrating energy
storage in bio-integrated platforms.

4.1.1. Batteries. The latest in battery-based energy storage
systems possess high specific energy densities, fast recharging
capabilities, and excellent cycle stabilities, suitable for
applications ranging from powering homes®>* and ve-
hicles***** to miniaturized electronics”*® and medical im-
plants.”*® These developments stem primarily from rapid
progress in battery materials,*”%>® yet most systems are rigid
and bulky, rendering them poorly suited for skin-interfaced
devices.”> The simplest examples use commercial coin cell
batteries,**>****? but such components typically dominate the
device weight and form factor. Batteries tailored to the
requirements of bio-interfaced applications exploit develop-
ments in soft materials, active battery chemistries, nano-
technolo§y, biocompatible electrolytes, and design optimiza-
tion.>>%%%! The nascent field of stretchable, skin-interfaced
batteries primarily includes examples of lithium,%®*~°%
zinc,*” % sodium,”’°7%"* and enzymeém’674 based systems,
as highlighted in the following.

An early example of a stretchable lithium-ion (Li-ion) battery
for epidermal applications exploits optimized microstructures
and the materials engineering approaches of section 2.1.2 in
serpentine-based stretchable current collector architectures.
Doctor blade coating delivers slurries of active anodic (Li, TiO;)
and cathodic (LiCoO,) materials (Figure 19A)%* with carbon
black (as conductive support), PVDF (as a polymeric binder),
and N-methyl-2-pyrrolidone (slurry vehicle) to a collection of
active regions. Encapsulating the entire system into a silicone
elastomer defines the overall soft mechanics of the battery.
Reversible deformations to strains of nearly 300% are possible
before mechanical failure (Figure 19B) while maintaining
capacities of ~1.1 mAh cm™ (>20 cycles, cutoff voltage of
2.5—1.6 V) (Figure 19C).

Fabric-type designs represent an interesting additional class of
substrate for bio-integrated energy storage.éﬁo’677 Fabrics
possess high specific surface areas, and they can be function-
alized to support high loading of active materials per surface
area. The fabrication of such textile-based energy storage
systems typically begins with the transformation of non-
conductive fabrics into conductive formats by coating with
carbon-based conductors®’®®”? or metals,®®” followed by
functionalization with anodic and cathodic active materials.
One example®® involves electroplating of nonconductive
commercial polyester fibers with nickel and subsequent coating
with anodic and cathodic slurries prepared by mixing carbon
black, active materials (Li,TiO; or LiCoO,), and polymeric
binder in N-methyl-2-pyrrolidone. The binder is a special
formulation of PU in which oligomers of polytetramethylene
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glycol and polyethylene glycol cross-link with 4,4-diphenyl-
methane diisocyanate to yield a material that is stretchable (for
wearability) and can support hydrogen bonding to enhance
battery material adhesion. An ethylene carbonate and dimethyl
carbonate mixture serves as the electrolyte. The battery retains
~91.8% of the original capacity (85 mA g™") after S500 cycles of
folding/unfolding.

Other fabric embodiments utilize conductive yarns directly
spun from either neat CNT forests or CN'T composites.”®' One
example exploits this route in a highly stretchable yarn-based Li-
ion battery.”** Here, conductive MWCNT-based yarns formed
from MWCNT forests serve as the substrate material. Coating
individual yarns with active battery material slurry forms the
anode (Li,TiO;) and cathode (LiMn,0,). The battery
comprises a sealed, shrinkable, flexible tube of twisted threads
of yarn-based electrodes (a belt separator between electrodes
eliminates shorting) and an electrolyte mixture of ethylene
carbonate, diethyl carbonate, and dimethyl carbonate. The
battery exhibits a volumetric power density of ~0.56 W ¢cm™
and maintains ~84% of its capacity after 200 stretching cycles at
100% strain. As an alternative to these assembly methods, a
recent report presents the use of additive manufacturing
methods (3D printing) to form yarn-based batteries directly.*®
Custom 3D printers extrude three printable inks, consisting of
anodic nanoparticles (Li,TiO;, < 200 nm), cathodic nano-
particles (LiFePO,, 50—100 nm), and SWCNTs within a PVDF
gel (prepared in N-methyl-2-pyrrolidone) to form CNT yarn-
based anodes and cathodes. Assembling the battery in a manner
similar to the previous example®®* completes the fabrication
process. Batteries of this type exhibit high specific capacities
(110 mAh g™") at current densities of S0 mA g™

Efforts to further increase the energy densities of wearable
batteries involve materials beyond those in Li-ion systems.
Lithium—air batteries, in particular, are attractive due to
theoretical energy densities that can reach ~5—10 times those
of conventional Li-ion batteries.”**"** A recent report of a
stretchable lithium—air battery (Figure 1919D—F) suggests
significant enhancements in performance relative to previously
explored slurry-based Li-ion systems.””> The device uses a
bonded array of millimeter-wide, thin, flexible lithium sheets as
the anode, laminated to a copper spring-based current collector
affixed to a soft, stretchable silicone substrate. The cathode is a
wrinkled elastomeric composite of a MWCNT thin film on a
silicone sheet bonded to a perforated silicone substrate to
facilitate access to oxygen from air. A two-part solution, prepared
under an argon atmosphere, serves as a gel electrolyte. Solution
A is a mixture of lithium bis(trifluoromethane)sulfonamide,
succinonitrile, and poly(ethylene oxide) in a solvent mixture of
methylene chloride and acetone. Solution B is dissolved
poly(vinylidene-fluoride-co-hexafluoropropylene) in N-methyl-
2-pyrrolidinone. The thorough mixing of the two solutions
yields the gel electrolyte. The battery energy density (based on
the total weight) is ~2540 Wh kg™, which represents a ~22
times increase over previously reported stretchable Li-ion
batteries and a ~110 times increase over stretchable super-
capacitors.685’686

Although lithium-based batteries are of widespread interest,
reliance on toxic components represents a drawback for bio-
integrated applications. Less toxic battery systems, such as those
based on sodium®®”*® and zinc,*”°*° are, therefore, important
to consider. A representative example of a textile-based sodium
battery®” utilizes an anode formed by wrapping a thin copper
wire over a Teflon tube and subsequently rolling a sodium foil
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over the assembly. A two-step process of electroless nickel
plating and subsequent dip coating to form an iron(III)
ferrocyanide/graphene oxide layer on a fabric support yields a
flexible, low-cost cathodic material. The battery structure
consists of the cathode, soaked in an electrolyte (sodium
hexafluorophosphate in a mixture of ethylene carbonate and
dimethyl carbonate), wrapped over the anode and polypropy-
lene separator, and sealed with heat shrink tubing (Figure 19G).
This type of environmentally friendly battery exhibits high
flexibility, good rate capability (30 C), and cyclic stability (up to
1800 cycles before performance degradation) (Figure 19H).
Integration can occur on necklaces or wrist-bands (Figure 191)
for skin-interfaced applications.

Spontaneous ignition or battery detonation due to either
thermal runaway®”' or physical damage®” represents an
additional concern for applications considered here. Recent
work to address this issue focuses on a damage-proof, highly safe
zinc—manganese oxide-based skin-integrated battery design
(Figure 19])°7® that relies upon a tough electrolyte gel that
consists of a polyacrylamide-grafted gelatin hydrogel infiltrated
within a polyacrylonitrile membrane. The grafting process
significantly enhances the mechanical strength and ionic
conductivity of the gel, while the polyacrylonitrile fibers improve
the mechanical resiliency and reduce the probability for forming
electrical shorts. The anode consists of an electroplated zinc/
CNT paper composite, and the cathode uses a manganese oxide
nanorod/CNT composite printed onto CNT paper. The battery
offers impressive charging—discharging characteristics (~2772
mAg ") (Figure 19K) that marginally decrease under extreme
conditions such as repeated hammering, washing, hole
punching, and even exposure to fire (Figure 19L).

By comparison to these inorganic materials systems,
biobatteries, as defined by systems that rely on enzymatic
reactions to generate electricitg, offer another option in
biocompatible  power sources.”’>*"*%%* Figure 19M exemplifies
this approach.®’? This fructose fuel-based platform uses highly
stretchable textiles (PI/PU cofibers) coated with SWCNT ink as
support substrates. Functionalizing the anode-designated textile
with D-fructose dehydrogenase (to selectively oxidize fructose)
and immobilizing the cathode-designated textile with bilirubin
oxidase (to catalyze oxygen reduction) forms active electrodes.
An acrylamide-based polymer gel containing 200 mM fructose
acts as a solid-state electrolyte and provides the fuel (fructose) to
the biobattery for spontaneous production of electricity. The
stretchable underlying fabric architecture is highly durable to
axial strain (Figure 19N) and maintains power generation
capability of ~0.2 mW cm™? across a 1.2 kQ load (Figure 190).
Although such biobatteries comprise an interesting class of
power source, additional materials research is necessary to
overcome their relatively low power densities and open circuit
voltages, together with their short shelf life.

4.1.2. Supercapacitors. Supercapacitors exhibit several key
advantages over batteries including fast charging/discharging,
high power density, and enhanced operational durability for
large numbers of charging/discharging cycles.***** These
features are of particular interest to skin-interfaced platforms,
particularly for their ability in rapid charging, delivering quick
bursts of energy and supporting pathways for device
miniaturization.>"°*>%°® As with batteries, much research on
skin-interfaced supercapacitors focus on fabric-based systems
due to their high surface areas and favorable mechan-
ics,*¥%777% with particular emphasis on symmetric carbon-
based nanomaterial electrodes.””'~"*° Figure 20A—C highlights
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Figure 20. Supercapacitors. (A) Ilustration of a CNT/RGO-based textile supercapacitor. (B) Image of the capacitor embedded within a coat for
powering an LED. (C) Capacity retention of the supercapacitor when submerged in water. (A—C) Adapted with permission from ref 703. Copyright
2017 Wiley-VCH Verlag GmbH & Co. KGaA. (D) Schematic illustration of an asymmetric textile-based supercapacitor. (E) TEM images of the N-C/
Fe,0; nanostructure. (F) Cycling properties of the supercapacitor. (D—F) Adapted with permission from ref 707. Copyright 2018 Wiley-VCH Verlag
GmbH & Co. KGaA. (G) Illustration of a supercapacitor that uses a self-branched bimetallic, layered double hydroxide coaxial nanostructure. (H)
Image of the device powering an LED. (G,H) Adapted with permission from ref 708. Copyright 2017 American Chemical Society. (I) Illustration of an
Ag/Au core—shell NW-based transparent supercapacitor. (J) Image of the transparent power source illuminating an LED. (K) Plots highlighting the
charging/discharging properties of the supercapacitor. (I-K) Adapted with permission from ref 709. Copyright 2017 Springer Nature.

a representative example of a waterproof, epidermal carbon-
based supercapacitor system with an ultrahigh areal capaci-
tance.””® The devices uses a nickel-plated, highly porous cotton
fabric, coated with alternating layers of RGO and CNTs by a
filtration process, as the symmetric electrodes separated by a
PVA-based hydrogel layer. A water repellant (polyterafluor-
ethlene agent) overcoat renders the supercapacitor waterproof.
The supercapacitor maintains a capacity of 3.2 F cm™ after

10000 charge/discharge cycles, zero capacitive decay after
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10000 bending tests, and continuous operation while sub-
merged in water (test spanned a 10 h time period).
Asymmetric supercapacitors can support improved cell
voltages as well as energy and power densities.”'” Such systems
utilize either a pseudocapacitive or an electrochemical double-
layer-based capacitive electrode configuration formed from
metal oxides’”””""~7"* or metal oxide/conducting polymer
composites.”'* Figure 20D,E exemplifies a typical skin-
interfaced asymmetric supercapacitor.””” This platform uses
polypyrrole nanowires electrochemically grown on carbon fibers
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for electrodes. After carbonization, the electrochemical growth
of manganese oxide and iron oxide particles (on two separate
substrates) completes the fabrication. Two such electrodes,
separated by a PVA gel-based electrolyte, form the final
asymmetric supercapacitor structure. Benchtop system charac-
terization (Figure 20F) shows an operation voltage of 1.6 V,
delivery of over 60 mF cm™ during an approximate SO s
charging/discharging time, and 30 mF cm™2 over an
approximate 5 s discharge.

Metal hydroxide-based skin-interfaced asymmetric super-
capacitors offer even higher energy densities.””®”"> A recent
example incorporates a self-branched bimetallic-layered double
hydroxide coaxial nanostructure-based supercapacitor into
fabric (Figure 20G,H).”®® The supercapacitor uses an activated
carbon cathode and a hierarchically structured anode. The
anode consists of a nickel-plated fabric surface coated with arrays
of nickel cobalt-layered double hydroxide nanoflakes. A
subsequent synthesis step forms nickel cobalt-layered double
hydroxide nanosheets on the nanoflake coating. This type of
supercapacitor exhibits a large areal capacitance of 1147.23 mF
cm™ at 3 mA cm™” and a high energy density of 0.392 mWh
cm™? at a power density of 2.353 mW cm™.

In addition to increasing performance, some research efforts
focus on the development of transparent epidermal super-
capacitors for improved visual/optical interfaces to the under-
lying skin.””” One noteworthy embodiment”*” uses a Ag/Au/
polypyrrole core—shell nanowire-based mesh (Figure 20I) on a
silicone substrate as the supercapacitor electrode. The chemical
reduction of auric ions onto AgNWs with polyvinylpyrrolidone
as a capping agent produces Ag/Au core—shell NWs. Vacuum
filtration of the Ag/Au NW solution forms mesh electrodes that
can be subsequently transferred onto a silicone substrate.
Electropolymerization of pyrrole forms a conductive layer of
polypyrrole around these NWs. The resulting system offers good
transparency across the visible range (73% at 550 nm for 2 layers
of the Ag/Au/polypyrrole core—shell NW-based mesh) (Figure
20]) and good charging/discharging cycling properties (580 uF
cm™ at current density 5.8 yA cm™?) (Figure 20K).

4.2. Energy Harvesting Technologies

Capabilities in energy harvesting can, in ideal scenarios, allow for
operation without the need for batteries or supercapacitors for
energy storage; in others, harvesting can reduce storage capacity
requirements.”'® Several recent reviews provide excellent
summaries of the various technology options.*””'”~"** This
section presents a focused overview of approaches specifically
tailored for use in skin-interfaced platforms.

4.2.1. Radio Frequency. Harvesting power from RF
transmission represents one of the most versatile and scalable
means to operate skin-integrated, battery-free sensors.””> NFC
technologies involve RF at 13.56 MHz, originally designed for
RF identification tags, authentication, and wireless payments but
also capable of use in a mode that provides power transfer to a
matched receiving antenna. Recent work demonstrates the
ability to use NFC approaches to meet operational power
requirements for skin-interfaced devices that have skin-like form
factors. An attractive feature is that NFC infrastructure is a
ubiquitous and almost universal feature in consumer gadgetry
such as smartphones and tablets, thereby enabling wireless links
to cloud-based databases and computing power.””* The
magnetic resonant coupling utilized in NFC technology enables
not only high-efficiency power transfer’>*’*° but also data
communication,”*’ resulting in passive device architectures
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capable of moderate data throughput (up to 424 Kbps, ISO
18000-3 standard). With low component count and readily
available, integrated commercial solutions, typical implementa-
tion strategies require only a connection to an NFC
antenna.”””’*® Furthermore, RF in the NFC operating
frequency range undergoes negligible absorption in biological
tissues, and its transmission is relatively insensitive to the
dielectric properties of the surroundings. The main disadvantage
is that the near field nature of the technology prevents operation
over distances larger than ~1 m, without additional passive
hardware, even with high power transmission systems.

Figure 21 highlights recent examples of NFC-enabled skin-
interfaced devices. These systems exploit the materials and

A.

Figure 21. Skin-interfaced wireless devices based on NFC technology.
(A) Optical image of an epidermal NFC-based device (left, top) and
optical microscope image of the region indicated in red (left, bottom).
(Right, top) Optical image of the device conformally interfaced with the
skin and (right, bottom) washed with soap/water. Reproduced with
permission from ref 728. Copyright 2014 Wiley-VCH Verlag GmbH &
Co. KGaA. (B) Representative examples of ultraminiaturized NFC-
enabled devices for integration onto the fingernail. (top) Reproduced
with permission from ref 222. Copyright 2016 Wiley-VCH Verlag
GmbH & Co. KGaA). (bottom) Reproduced with permission from ref
729. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.

engineering design strategies introduced in section 2 to yield
skin-like mechanical properties suitable for intimate integration
with the human body.'”>”** The devices most typically use thin
filamentary metal traces as antennas, patterned by laser ablation
: 220,440,521,599,724,730 o
or photolithography or Galn-based liquid
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metals’” in PDMS microchannels. Such designs support high

levels of mechanical durability and stretchability for robust on-
body performance (Figure 21A).”** These platforms can
incorporate optoelectronic components and silicon-based
digital, analogue, and mixed-mode technologies as demon-
strated in a recently reported epidermal system for PPG (Figure
11N—Q).**® Other, related NFC-enabled devices exist for
sensing a range of biophysical (pressure,”** temperature’*"),
biochemical (sweat-based electrolytes**>**"), and environ-
mental (UV*77%%) signals. Figure 21B highlights examples of
ultraminiaturized designs, where overall device diameters are as
small as 5.8 mm, suitable for integration onto a ﬁngernail.729 A
wireless device for PPG and pulse oximetry monitoring leverages
this form factor for long-term use and overall superior device
performance.”*”

Far-field energy harvesting at frequencies of several hundred
MHz or several GHz offers an RF option that can support
operating ranges of several or many meters (Figure 22).732 By
comparison to NFC, such far-field approaches typically require
directional antennas, they can be affected by reflection and
absorption from the surroundings, including biological tissues,
and they typically demand proper orientation between the
transmission and receiving antennas.””* Current research
focuses on purpose-built electronics’> for far-field skin-
interfaced sensors. One example utilizes contact printing
assembly processes to fabricate modular devices capable of
activating an LED using RF powers within established safety
limits (Figure 22A).”*" Other cases use small rigid circuit boards
and simple dipole antennas in epidermal form factors (Figure
22B) to harvest power sufficient for transmission of sensor data
in a fully passive mode.”*” As Figure 22C shows, the
miniaturization offered by far-field systems enables fully
stretchable devices with small sizes (~6 cm X 3 cm) and
capabilities for powering LEDs.”*’

4.2.2. Photovoltaics. Photovoltaic (PV) harvesting offers
another promising strategy. Although requirements for con-
sistent light exposure limit broad utilization in wearable
applications, PV approaches can be used synergistically with
batteries and other forms of harvesting and storage.736 This
section highlights some recent results in PV harvesting systems,
classified as inorganic, organic, and inorganic/organic hy-
brids,”>”~7*® in skin-integrated devices.

PV systems based on Si (monocrystalline, polycrystalline, and
amorphous), GaAs, cadmium telluride (CdTe), and copper
indium gallium selenide (CIGS) dominate industrial scale
power generation.736’747 The materials engineering approaches
introduced in section 2.1.2, in particular the island-bridge
configuration, enable flexible/stretchable PV harvesters to be
constructed from these same materials.”**”*’ For example,
arrays of dual-junction GaInP/GaAs microscale solar cells with
buckled Ti/Au metallic interconnects can form PV systems with
ability to biaxially stretch up to 60% and with energy conversion
efficiencies and areal fill factors of 19% and 0.85, respectively.”**
More recent work exploits a similar concept in a skin-compatible
form factor with a collection of chip-scale, rechargeable lithium-
ion batteries, to yield a sustainable power supply for wireless skin
thermography (Figure 23A,B).”*" Here, a 2 X 2 array of cells
harvests a maximum power of 12.5 mW (areal fill factor of 0.84)
with a negligible decrease in performance under biaxial
stretching up to 30%.

Organic photovoltaic harvesters (OPVs) are of increasing
interest as lightweight, flexible alternatives to inorganic
devices.”*” The comparatively poor energy conversion efficien-
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Figure 22. Skin-interfaced devices based on far-field radio frequency
technology. (A) Optical image of epidermal far-field RF-based device
(top, left), schematic illustration of the device (bottom, right), and
SEM micrographs of a silicon nanomembrane RF diode (bottom,
center) and a FS parallel plate capacitor on a skin replica (bottom,
right). Model of the human body shows the simulated specific
absorption rate of an RF source 1.5 m away. Reproduced with
permission from ref 731. Copyright 2016 Springer Nature. (B) (left)
Optical image of a Wireless Identification and Sensing Platform and
(right) demonstration of measurement capabilities in detecting
temperature changes. Reproduced with permission from ref 732.
Copyright 2008 Institute of Electrical and Electronics Engineers. (C)
Demonstration of the miniaturization capabilities of far-field systems
through a schematic illustration (left) and optical image (right) of a
small, fully stretchable device capable of powering LEDs. Reproduced
with permission from ref 733. Copyright 2015 Springer Nature.

cies and the limited environmental stability remain as challenges
for use in epidermal applications. Progress includes reports of
advanced materials, such as benzodithiophene- and difluor-
obenzothiadiazol-based polymers, which when combined with
fullerene acceptors, offer conversion efficiencies as high as
11.7%.7°377%% Additionally, certain air-stable polymers and
encapsulation strategies improve long-term environmental
stability. For example, a recent report”*® highlights a stretchable,
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Figure 23. Photovoltaic cells. (A) Schematic illustration of a soft, thin
skin-mounted power management system with photovoltaic power
supply. (B) Photographs of the device bent around a cylindrical tube
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from ref 730. Copyright 2016 National Academy of Sciences. (C)
Schematic illustration of a washable and stretchable organic photo-
voltaic device. (D) Photographs of the device conforming to the hand
and a dress shirt. (C,D) Adapted with permission from ref 750.
Copyright 2017 Springer Nature. (E) Schematic illustration of a
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Figure 23. continued

wearable perovskite photovoltaic device. (F) SEM cross-sectional
image of the device and photograph of assembled device on the coat
charging an electronic watch. (E,F) Adapted with permission from ref
751. Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA.

waterproof elastomer-coated OPV (Figure 23C) in which a
composite film of a donor—acceptor polymer with quaterthio-
phene and naphtho[1,2-c:5,6-c']bis[ 1,2,5]thiadiazole and [6,6]-
phenyl C,-butyric acid methyl ester serves as high efficiency,
air-stable active layer. This type of OPV is “washable”, and
exhibits an energy conversion efficiency of 7.9% and
stretchability of 52% (Figure 23D). The efficiency drops,
however, by 46% after 30 days of exposure to the ambient
environment.

Organic—inorganic perovskites exhibit remarkable photo-
physical properties and are a promising class of materials for
skin-interfaced PV harvesting.”””~®" Typical perovskites in PV
applications include RAX (RA: MA, FA; X: I, Br) or BX, (B: Pb,
Sn; X: I, Br, Cl) as described in detail in a recent review. %*
Flexible perovskite PV cells exhibit power conversion
efficiencies in excess of 20% > with the potential to reach the
Shockley—Queisser limit for a single-junction PV cell
(33.5%).”°77% A recent paper reports a flexible, large-scale
(>1 cm?) perovskite PV harvester for use as a skin-interfaced
power source with a conversion efficiency of 12.3%.”*" This
embodiment utilizes a nanocellular PEDOT:PSS scaffold as an
interfacial layer for the perovskite film (Pbl,/MAI1/[6,6]-
phenyl-C61-butyric acid methyl ester) to mitigate bending-
induced mechanical stresses (Figure 23E,F). Infiltration of the
perovskite into the scaffold during fabrication (before drying)
inhibits crack propagation. The flexible, PV harvester maintains
93% of the pristine conversion efficiency after 1000 bending
cycles (2 mm radius of curvature). As with OPVs, the
environmental and mechanical stability of perovskite films
remain as critical challenges for use in epidermal platforms.”®*

4.2.3. Thermoelectrics. Thermoelectric generators in bio-
integrated wearable systems exploit the Seebeck effect to harvest
energy from the temperature difference between the skin and the
ambient environment. Although the overall power density is
relatively low due to modest temperature gradients (typically
~10 yW cm?), particularly for thin device geometries, this
harvesting approach yields a continuous and stable source of
power. Such performance is ideal for epidermal sensor platforms
designed for long-term continuous monitoring. The detailed
performance attributes depend on both the material selections
and the structural designs of the ge:nerator.766_768

The active materials in thermoelectric generators span a large
range of both inorganic (primarily Bi, Te, Sb, and Se
composites) and organic (conducting polymers, CNTs, and
transition metal dichalcogenides) compounds.””~"”® The key
performance metric for both classes of devices is the thermo-
electric figure of merit, ZT = a*cT/k, where a is the Seebeck
coeficient, 0, k are the electrical conductivity and thermal
conductivity, respectively, and T is absolute temperature. The
power factor, a’c, enables comparison of materials with similar
thermal conductivities. In the case of inorganic thermoelectric
materials, bismuth telluride (Bi,Te;) and antimony telluride
(Sb,Te;) based alloys are most common due to their high
conversion efficiency at room temperature (e.g., power factor of
~4000 4W m™" K2 for a nanostructured p-type BiySb; sTes
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ﬁlm:::) and facile integration with standard thin-film process-
ing.

By comparison, organic semiconductors exhibit relatively low
power factors, but they are lightweight, intrinsically flexible,
solution;processable, low cost, and potentially abun-
dant.””*””*"7? Conducting polymers (polyaniline, polypyrrole,
polythiophene, polyacetylene, polycarbazoles, polyphenylenevi-
nylene, and PEDOT:PSS”’%7*~7%2) are of primary interest,
where the power factors can range from 10™* to 10° yWm ™' K
(dependent on doging and molecular conformation of the
polymer chains).””””*~7%> Although less common, recent
SWCNT-based composites show promise, with a comparable
thermoelectric power factor to commercial-grade bismuth
telluride.”**”®” For example, composites, comprised of polyani-
line, PEDOT:PSS stabilized graphene, and PEDOT:PSS
stabilized double-walled CNTSs, show a high thermoelectric
power factor of 2710 yW m™! K275 however, the absence of
thermal conductivity characterization prevents calculation of the
ZT value necessary for comparison with inorganic thermo-
electric materials.

The conversion efficiency also strongly depends on the
structural design of the generator (in-plane or cross-plane),
independent of material selection. A device consists of
alternating sets of semiconducting elements (n- and p-type),
known as legs, connected in series. The most common approach
to thin, flexible devices involves legs oriented in an in-plane
configuration, even though such an arrangement results in
relatively low power generation.”*®”*” In a cross-plane structure,
the legs lie perpendicular to the substrate. This configuration
aligns with heat flow from the skin to the surroundings, resulting
in improved voltage and power output, although at the expense
of overall thickness. Consideration of the contact area of the
generator to the skin is particularly important in epidermal
devices as a conformal interface improves performance by
minimizing thermal contact resistance.

The most widely reported thermoelectric generators for
epidermal applications utilize inorganic materials and a flexible,
cross-plane configuration.”””*® Design guidelines from exper-
imental and computational studies offer insight into ogptimizing
the performance. A quasi-3D computational model’”* defines
the interrelationships between the fill factor, leg dimensions,
thermal conductivity (both substrate and composite filler),
substrate thickness, and dimensions of external heat spreaders
for body-worn generators. For epidermal applications, the
model suggests that the thermal conductivity of the semi-
conductor material (rather than the ZT) is a key factor, along
with the device fill factor. Complementary work experimentally
defines the effects of structure (leg height, fill factor) on output
power.””””* Both parameters influence the overall power
density. Increasing the leg height (from 0.8 to 2.5 mm) yields
an approximate 4-fold improvement in power density,
decreasing the fill factor (from ~25% to 15%) results in an
increase in power density as the optimum fill factor depends on
the surrounding thermal resistance. A demonstration of a skin-
interfaced thermoelectric generator with 2.5 mm legs
(commercially available), and 15.1% fill factor exhibits a
power density of 2.28 yW cm™*, currently the highest reported
value for an epidermal generator without an integrated heatsink
(Figure 24A).”°

Using a similar design strategy, a recent report describes liquid
metal (EGaln) channels to connect commercial thermoelectric
legs (BiysSb,sTe; P-type and Bi,Sey;Te,, N-type) encapsu-
lated in PDMS to obtain a stretchable generator with an output
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Figure 24. Thermoelectric generators. (A) Schematic diagram and
photograph of an inorganic flexible thermoelectric power generator.
Adapted with permission from ref 790. Copyright 2018 Elsevier. (B)
Optical images of a thermoelectric generator with liquid metal
interconnects. Adapted with permission from ref 791. Copyright
2018 Elsevier. (C) Schematic picture and photograph of a wearable
thermoelectric generator, powering an ECG sensor. Adapted with
permission from ref 792. Copyright 2018 American Chemical Society.

power of 1.48 uyW at AT = 0.4 K (Figure 24B).””"
Computational modeling predicts that with appropriate
optimized designs (increasing the thermal conductivity of the
PDMS, and extending the lengths of the legs) could enable
power outputs of 29 W and 7.3 uW cm™?, respectively, at AT =
1.6 K, without the use of a heatsink.

By comparison, epidermal embodiments with heatsinks offer
significantly higher power densities. A recent report details a
flexible, wrist-mounted thermoelectric generator, consisting of
52 pairs of rectangular-shaped P-type (Bi; sSb; sTe;) and N-type
(Bi,SegsTe,s) thermoelectric legs and an evanescent polymer-
based heat sink, capable of powering a miniaturized accel-
erometer to monitor body movements (Figure 24C).”°? The
flexible heat sink consists of a water-saturated superabsorbent
polymer (sodium polyacrylate) encapsulated by xylitol-impreg-
nated fabric such that evaporative water loss induces an
enhanced thermal gradient from the endothermic water/xylitol
reaction. The device generates a voltage of 6.6 mV at AT = 5.8 K
with a calculated output power and power density of 192.6 yW
and 16.7 yW cm™? at AT = 50 K, respectively.

4.2.4. Piezoelectrics. Piezoelectric generators harvest
mechanical energy from human motion via the piezoelectric
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effect described in section 3.1.2. These generators can
continuously power epidermal platforms when coupled with
energy storage devices or they can serve as the basis of self-
powered sensors (e.g., kinematic or vascular dynamic
signals).795 Such devices use either organic (PVDF, P(VDF-
TrFe))***”® or, more commonly, inorganic (PZT, BaTiOs,
Zn0)"?"7*® piezoelectric materials. As the high performance
inorganic materials are rigid and brittle, most embodiments
exploit materials engineering approaches described previously to
achieve the flexible and stretchable form factors necessary for
interfaces to the skin.

Early device designs involve fiber-type generators that convert
low-frequency (<1 Hz) mechanical movements into electrical
power. Figure 25A highlights a representative system of
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Figure 25. Piezoelectric generators. (A) Schematic illustration and
photograph of hybrid-fiber piezoelectric nanogenerator and open-
circuit voltage output of the device attached on the elbow. Adapted with
permission from ref 797. Copyright 2012 Wiley-VCH Verlag GmbH &
Co. KGaA. (B) Schematic picture and photographs of the fabric
piezoelectric nanogenerator attached on the elbow. Adapted with
permission from ref 799. Copyright 2015 Elsevier.

conductive fibers with a ZnO nanowire/PVDF polymer
coating.””” This hybrid device attaches to the arm and under
the folding-release bending cycle of the elbow (to ~90°)
produces an output voltage, current density, and volumetric
power density of 0.1 V, 10 nA cm™2, 16 W cm >, respectively.
Figure 25B showcases another hybrid fiber system that consists
of aligned BaTiO; nanowires and PVC polymer.””” This
platform generates an output voltage of 1.9 V and output
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current of 24 nA, sufficient to power a LED. More advanced
designs exploit planar processing techniques for stretchable
generators. For example, one demonstration””" uses a three-
layer stack of composite films of highly ordered piezoelectric
hemispheres (PZT or ZnO) in a soft PDMS matrix (40% strain).
Under an applied normal bending force, a generator of this type
can produce an output voltage and current density up to 6 V and
0.2 uA cm™?, respectively. Other work reports highly stretchable
(200% strain) piezoelectric generators based on a rubber-based
composite with lead magnesium niobate—lead titanate (PMN—
PT) and CNTs as piezoelectric fillers and AgNWs (~150 ym in
length) as stretchable electrodes.*”’ Such a device can generate
an output voltage and current up to 4 Vand 500 nA, respectively.

The electrical power generated from piezoelectric devices is
sufficient for driving small epidermal components with low
power consumption, such as LEDs and liquid crystal displays. A
key consideration for integrating piezoelectric harvesting into
such platforms is the pulsatile, intermittent nature of the
generated power. Power management is therefore critical to
efficiently utilize piezoelectric generators in epidermal applica-
tions.

4.2.5. Triboelectrics. Triboelectric generators offer an
alternative approach to piezoelectrics for harvesting mechanical
kinetic energy in formats compatible with skin-mounted
systems.”" Such devices produce electrical charges by contact
electrification and electrostatic induction during the frictional
contact of two surfaces with different polarity of charge
separation.””” The separation of the electrical charges between
the two surfaces produces a voltage difference. Triboelectric
generators operate primarily in one of two fundamental working
modes: contact-mode and sliding-mode.*”> The efficiency
largely depends on differences in the electron-attracting ability
of the constituent materials and the morphology of the contact
surfaces. By comparison to piezoelectric generators, triboelectric
devices can exploit a wider array of materials, and they can, in
some cases, enable higher output power densities and energy
conversion efficiencies. Materials include both organic (PTFE,
PET, P], PDMS, PMMA, CNT, graphene) and inorganic (ITO,
Al, Cu, Au, Ti, TiO,, and Si) compounds.gm_805 Rational design
of the contact surfaces, coupled with careful selection of the
materials, are important to realizing high conversion efficiencies
and energy outputs.””*°® Arch-shaped macrostructures are
common in epidermal contact-mode triboelectric generators
due to their easy of fabrication and their relatively high
performance.807’808 Utilization of microstructured surfaces,
typically pyramidal shapes, increases the contact area in
stretchable epidermal formats, thereby increasing the energy
output, 20410

One of the earliest experimental demonstrations of an
epidermal triboelectric generator uses PDMS and a SWCNT
thin film as the active surfaces (Figure 26A—C).*"" Under
repeated application of a 2 kPa normal pressure, the system
generates an output voltage and current density of 25 Vand 8 yA
cm™?, respectively, with an estimated power conversion
efficiency of 8%. Contact-mode harvesters, on account of the
physically separated surfaces, harvest cyclic motion or
intermittent impacts. Other designs exploit sliding modes of
operation whereby planar motion induces in-plane charge
separation. Such sensors exhibit improved performance due to
the full constant contact of the active surfaces. For example, one
skin-interfaced device uses a sliding-mode triboelectric gen-
erator based on two multilayer thin films (AgNWs/
PEDOT:PSS/PU) on a PDMS and a poly(ether sulfone)
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Figure 26. Triboelectric generators. (A) Schematic illustration of a triboelectric energy harvesting e-skin. (B) SEM image of the porous PDMS surface
of the device. (C) Open-circuit voltage output. (A—C) Adapted with permission from ref 811. Copyright 2014 Wiley-VCH Verlag GmbH & Co.
KGaA. (D) Schematic picture of a transparent stretchable triboelectric generator. (E) Peak voltage and (F) peak power of the device as a function of
load resistance. (D—F) Adapted with permission from ref 134. Copyright 2015 American Chemical Society. (G) Schematic diagram of a soft skin-like
triboelectric nanogenerator. (H) Voltage output of the device before and after one-month storage. (I) Photograph of the device laminated on the hand,
while charging an electronic watch. (G—I) Adapted with permission from ref 812. Copyright 2017 American Association for the Advancement of

Science.

(PES) substrate as contact surfaces (Figure 26D—F). The
generator output, which when rectified and stored in a
supercapacitor, provides sufficient power to an ultralow-power
strain sensor for the continuous monitoring of esophageal
muscle movements.'**

A recent noteworthy advance uses a hybrid structure to obtain
a highly stretchable (1160%) soft, skin-like triboelectric
generator (Figure 26G,H).*"* This device uses an ionic hydrogel
(polyacrylamide with LiCl) as the electrode, elastomeric
materials (PDMS and conductive adhesives) as electrification
layers, and PI as the contact dielectric. The use of the ionic
hydrogel enables two harvesting modes: single-electrode and
two-electrode. In single-electrode mode, out-of-plane move-
ment of the electrification layers induces movement of ions in
the ionic hydrogel. The result is the formation of a layer of excess
ions at the interface to balance the static charge. A polarized
EDL forms at the interface between the ionic hydrogel and the
electrode inducing a current. In single-electrode mode, the
generator exhibits an instantaneous output power density of
~3.5 uW cm™>. Replacing the contact dielectric with a second
electrode (Al thin film) results in an output power density of
32.8 uW cm™>. A skin-interfaced triboelectric generator of this
type (3 cm X 4 cm in size), when integrated with a rectifying

capacitor, can power multiple (20) LEDs in series, an LCD
display, or an electronic watch (Figure 261).*"

4.2.6. Biofuel Cells. Biofuel cells convert biochemical
energy present in biofluids to electrical power through redox
reactions that use enzymes and/or noble metal-based catalysts.
The power density largely depends on the availability of
chemical sources in biofluids and the electron transfer efficiency
between the enzyme active sites and electrodes. In contrast to
other harvesting technologies, epidermal biofuel cells possess a
limited power generation rate, low open circuit voltage, and low
power density. A key challenge is the stability of operation,
which depends on the diffusion rate of biofuels to the enzyme
active sites and the overall stability of the enzyme. Additionally,
the redox mediators, which facilitate electron transfer, require
special consideration not only in stability but also in
biocompatibility for skin-interfaced devices.

Biofuel cells require intimate and conformal contact with the
human body in order to realize continuous and efficient power
extraction from biofluids such as sweat. Stretchability and
flexibility can be realized via approaches, such as those
introduced in section 2, to accommodate natural movements
of the body. Figure 27A,B highlights an example of a highly
stretchable (500%) biofuel cell fabricated by a screen printing
process.”® The device uses specially formulated CNT-based
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Figure 27. Biofuel cells. (A) Schematic illustration and (B) photo-
graphs of stretchable biofuel cells (scale bar, 1 cm). (A,B) Adapted with
permission from ref 483. Copyright 2016 American Chemical Society.
(C) Photographs of soft, electronic-skin-based biofuel cell before
carbon coating, (D,E) after carbon coating, and (F,G) after complete
fabrication. (H) Schematic picture of stretchable biofuel cells. (I)
Biofuel cells laminated on the forearm to power potential electronics.
(C—1) Scale bars, S mm. (C—I) Adapted with permission from ref 813.
Copyright 2017 The Royal Society of Chemistry. (J) Schematic
illustration and (K) photograph of contact lens biofuel cells. (J,K)
Adapted with permission from ref 814. Copyright 2015 Elsevier.

stretchable inks and free-standing serpentine interconnects. The
ink involves a mixture of CNTs (as the conductive component),
mineral oil (as a dispersant), and PU (as the stretchable binder)
in tetrahydrofuran. The resulting cell exhibits a maximum power
density of ~50 4W cm ™2 at a voltage of 0.25 V in the presence of
20 mM glucose.

An alternative architecture exploits an island—bridge
configuration to further improve the power density. An example,
also fabricated by screen printing, bridges islands of densely
packed 3D CNT-based electrodes with FS interconnects
(Figure 27C—1).*" In this case, the 3D CNT-based anodes
(500 um in thickness) are a mixture of CNTs (conductive
component) and naphthoquinone (redox mediator) in a
chitosan (binder) suspension. Bonding the FS-based current
collector and functionalizing the 3D electrodes with lactate
oxidase completes the anode fabrication process. Cathode
fabrication follows in a similar manner using a mixture of CNTs
and silver oxide (cathode active material, 30:70 wt/wt ratio) in a
tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesul-
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fonic acid copolymer solution (2 wt %). The resulting system
exhibits an open circuit voltage of 0.5 V, a power density of ~1.2
mW cm™?at 0.2V, and a stable operating performance of 2 days.
The biofuel cell, when worn by a human volunteer during
exercise, produces ~1 mW power, sufficient for simple
electronic components such as power efficient radios and LEDs.

Other notable examples of biofuel cells include ocular-based
devices that harvest energy from tears rather than sweat.”'* One
device of this type utilizes buckypaper electrodes formed on a
silicone elastomer soft contact lens (Figure 27],K). Operation in
synthetic tears yields open circuit voltages of ~0.41 V and
maximum power densities of ~8.0 yW cm™2 Additional work
will be needed to address the limited operational stability of this
system.

4.3. System Efficiency

The power requirements for system operation span a wide range,
from relatively high and low levels for active sensors (e.g.,
optoelectronic methods with high optical output, thermal-
actuation recording methods) and passive sensors (e.g.,
temperature readouts, biopotential electrical recording),
respectively. Wireless communication often represents the
most significant draw of power. Wireless options that are
compatible with existing infrastructures (e.g., WIFL, BLE) have
particularly demanding power requirements, especially for
operation over a long distances and at high data rates.*’
Although nonstandard low power protocols and application
specific system on a chip designs exist,”"> the large scale
deployment of such devices requires external, specialized
infrastructure that is unlikely to be broadly available in the
foreseeable future.®’® The recent standardization of low power
protocols may nucleate progress in this direction.”**

The successful operation of wireless skin-interfaced devices
requires consideration of the platform as a complete system from
the standpoint of power efficiency, as outlined in Figure 28.
Intermittent power sources such as those produced by
triboelectric, piezoelectric, and photovoltaic (in the case of on-
body interfacing) generators require a buffer to provide constant
and sustained power to a device. The addition of supercapacitors
or batteries for this purpose requires additional components
such as charge controllers and battery management circuits.
Furthermore, the finite operational voltage range of most
electronic and sensor components necessitates active regulation
circuits tailored to application-dependent requirements (e.g.,
wireless electronics, sensors, power sources). Predicting overall
system efficiency in a realistic scenario can be difficult, given the
many variables. Each system requires device engineering
specifically for the body location, sensor type, and communi-
cation method.®'” In aggregate, understanding and accounting
for losses throughout the system are essential for effective long-
term device operation.

5. SYSTEM LEVEL EMBODIMENTS

The foundational technologies that underpin the skin-like
platforms described in this review rely critically on advanced
materials, integration/assembly approaches, and unusual device
designs to yield a full collection of active and passive
components, each with remarkable form factors and mechanical
properties. Strategies in combining these building blocks into

fully functional, self-contained systems represent an active area
171,196,220,275,488,494,495,504,505,606,818,819
of research. "/ 77T Y o
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Figure 28. System efficiency. Schematic illustration of the main components that define considerations in system efficiency for bio-integrated wearable
devices, delineated according to power sources, harvesting electronics, regulators, and device components.

5.1. Fully Integrated Bio-Integrated Wearable Prototypes

Recent work highlights various options in the assembly of fully
integrated skin-interfaced prototypes that incorporate bio-
sensors, elastomeric materials, flexible hybrid electronics
(FHEs), and power supply systems to yield impressive levels
of functionality. The complexity of these platforms grows with
the number of assembly operations, the diversity and spatial
distribution of multimodal sensors, and the requirements in
wireless connectivity and operating life. Recent demonstrations
of soft, skin-interfaced devices range from commercialized
wireless systems for multifunctional biophysical measurements
of physiological health®*"*°>*'® to research prototypes for
biochemical analysis of sweat (Figure 29).>2%?7>#%4%

Figure 29A features, as an example of the latter, an epifluidic
system that integrates colorimetric assays and sweat rate sensing
capabilities with an NFC electronics module with a smartphone
app for image capture and analysis.”*’ The electrolyte and
metabolite assays exploit existing chemical and enzymatic
chemistries for event-based analysis of hydration, electrolyte
balance, and recovery. Applications range from real-time
analysis of sweat biomarkers and sweat rate to capture/storage
of sweat samples for ex situ laboratory evaluation. In both
instances, the devices are sufficiently low in cost to allow
deployment at high volumes as disposable items. In addition to
the colorimetric analysis and sweat microfluidics, routes now
exist for integrating on-board electrochemical sensors. A
recently described prototype device combines an NFC wireless
module with electrochemical sensors.””" This system supports
wireless data transfer and power harvesting from the smartphone
(Figure 29B). A separate example combines flexible PCB and
soft electrochemical sensors,””* where the former supports
electronic components and sufficient battery capacity for BLE
communication, memory, and continuous data transfer (Figure
29C). This hybrid integration approach can also enable
actuation and drug delivery. Figure 29D highlights a concept
device that senses glucose levels in sweat and, in turn, releases
small amounts of drugs transcutaneously in direct response to
the glucose read out as part of a closed-loop system.*”

Taken together, the system level examples in Figure 29
illustrate the overall state of the technology, where soft materials,

collections of biosensors, wireless communication modules,
electronic processing units, and on-board power supply yield
devices that exist in early stage commercial platforms as well as
advanced prototypes capable of use in the field.*”° The end
applications span across many markets, from consumer to
medical applications, where verification testing, validation
studies, and cost-effective manufacturing could lead to wide-
scale adoption in the relatively near future.

5.2. Fully Integrated Bio-Integrated Wearable Systems in
the Market

Several recent bio-integrated wearable systems have transitioned
to full scale manufacturing and commercial deployment. These
devices incorporate many of the foundational biosensors,
wireless connectivity modules, and encapsulation strategies
described in earlier sections of this review. Progress relies on
integration of elastomer molding techniques, hybrid roll-to-roll
and lamination processes, pick and place assembly procedures,
and biocompatible skin adhesive interfaces into complete
assembly sequences by the most advanced manufacturers in
flexible hybrid electronics.

The My Skin Track UV system uses a millimeter-scale,
wireless and battery-free device technology that measures
multiwavelength electromagnetic radiation in body-integrated
forms, including those capable of mounting on the fingernail.**’
Figure 30A shows a UV Sense device in this location (left) and
an exploded view schematic illustration of the subcomponents
(right), including the encapsulating layer, flexible PCB layer,
antenna, LED, super capacitor, and photodetector. The onboard
NFC module allows wireless relay of UVA and UVB dosage
information, collected in a continuous accumulation mode
without external power supply, to a smartphone and
recommendations from an engine in the cloud, thereby
establishing a system capable of providing actionable feedback
to the user to encourage safe exposure to the sun. Similar in
overall functionality to the My Skin Track UV system, the My
UV Patch is a skin-interfaced device that provides feedback
about UV radiation exposure via images taken with a
smartphone camera.’””®*® Photochemical dyes patterned
along the surface of the device change color in response to
UV exposure, thereby providing a visual response that can be
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Figure 29. Fully integrated skin-interfaced prototype systems. (A) Optical image of a soft wearable microfluidic device on the skin (left). Magnified
view of channels and wells prefilled with colorimetric assays for metabolites and electrolytes (right). Adapted with permission from ref 220. Copyright
2016 American Association for the Advancement of Science. (B) Optical images of smartphone and NFC-enabled electrochemical sensors on the skin
(left). Image of an NFC-enabled device highlighting the key electronics components. Adapted with permission from ref 521. Copyright 2015 Institute
of Electrical and Electronics Engineers. (C) Optical image of a Bluetooth-enabled wearable device with electrochemical sensors connected to a flexible
PCB module on the wrist (left). Image of flexible PCB module electrically coupled to an array of electrochemical sensors for bioanalytes found in sweat
(right). Adapted with permission from ref 494. Copyright 2016 Springer Nature. (D) Optical image of smartphone and Bluetooth-enabled wearable
devices with electrochemical sensors and actuators used to deliver transdermal drugs and nanoparticles (left). Schematic drawing of stretchable sensing
and actuating elements (right). Adapted with permission from ref 495. Copyright 2016 Springer Nature.

captured with a smartphone camera and analyzed in the cloud.
Figure 30B shows this type of skin-interfaced device laminated
on the back of the hand (left). The exploded view schematic
(right) illustrates the subcomponents, including the NFC
module and photosensitive dye layers embedded in an ultrathin

606
k.

multilayer stac The ultrathin form factor and the

stretchable/flexible mechanics allow for extreme bending and
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twisting with normal motions of the human skin, much like a
temporary skin tattoo.

While these two devices exploit NFC wireless connectivity
and highlight unique battery-free capabilities, other examples of
skin-mounted systems exploit miniaturized batteries and BLE
connectivity to capture and wirelessly transmit large amounts of
physiological data, continuously and without requiring external
RF power. The Novii Wireless Patch & Pod System®*’ (Figure
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Figure 30. Fully integrated body interfaced commercial systems. (A) Optical image of My Skin Track UV device (Wearifi and L'Oréal) on the
fingernail (left). Exploded view of My Skin Track UV’s battery-free electronics module, optical sensor, and protective encapsulating silicone layer
(right). Adapted with permission from ref 821. Copyright 2018 L’Oréal. (B) Optical image of My UV Patch®** (L’Oréal and mc10 Inc.) adhered to the
back surface of the hand. Exploded view of My UV Patch highlighting photosensitive active dyes, epidermal electronics, and hypoallergenic adhesives
(right). Adapted with permission from ref 606. Copyright 2018 PLOS. (C) Optical image of Novii pod module instrumented on the abdomen of a
pregnant woman (left). The Novii Wireless Patch & Pod System consists of disposable flexible electrodes and a reusable pod contamlng control
circuitry (right). Adapted with permission from ref 823. Copyright 2018 GE Healthcare. (D) Optical image of the Biostamp device,*** which consists
of stretchable electronics, interconnects, and biosensors (left). Schematic drawing of the stretchable electronics and structured elastomeric substrate of
this system (right). Adapted with permission from ref 819. Copyright 2018 Springer Nature. (E) Optical image of the Prevent Mouth Guard for
monitoring head impacts (left). Schematic drawing of the device showing the flexible electronics and encapsulating layers (right). Adapted with
permission from ref 825. Copyright 2018 Prevent Biometrics Inc..
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30C) consists of flexible disposable electrodes that magnetically
connect to a reusable Novii Pod module, which aquires and
processes ECG and EMG signals from the abdomen. The Novii
Pod module transmits data in real-time via Bluetooth to an
external data acquisition system (The Novii Interface). The
Novii System demonstrates the impact of skin-interfaced
wearable devices in fetal monitoring. There are several other
examples of fully integrated skin-mounted devices that have
gained significant traction in related clinical areas including in-
hospital patient monitoring (VitalPatch by Vital Connect,
Inc.**) and remote cardiac rhythm management (Zio Patch by
iRhythm, Inc.**").

The BioStamp wearable sensing patch (BioStamp nPoint
System by mc10 Inc.,*** Figure 30D) expands on the soft flexible
designs and wireless connectivity of these wearable continuous
monitoring platforms by utilizing stretchable electronics and
elastic interconnect technologies. The Biostamp’s stretchable
system-level architecture creates a highly conformal interface
with several body locations, beyond the torso and abdomen
regions, offering continuous clinical grade biometrics to care
providers in the clinic and home setting.”*"*°® Taken together,
the Novii, Zio Patch, VitalPatch, and BioStamp wearable
systems represent novel classes of FDA 510(k) cleared wearable
medical devices that exploit novel packaging techniques, soft
materials, multimodal data streams, wireless connectivity, and
conformal electromechanical architectures.

These representative examples of commercially deployed
skin-interfaced wearable systems have important design features
that have been applied across various other bio-integrated device
platforms. For example, the Prevent Mouth Guard®'®**®
measures head impacts with high accuracy from inside the oral
cavity, in real-time, during contact sports like American football
(Figure 30E). Much like the BioStamp, the Prevent Mouth
Guard is a fully integrated device, containing multiple
accelerometers, wireless charging/data transmission, and
associated control circuitry that registers hard impacts and
activates visual alerts (via LEDs). However, the dynamic forces
exerted during hits, teeth clenching, and repeated swallowing
require robust moisture-resistant encapsulating layers to prevent
hardware failure modes. These examples of commercially
deployed wearable systems highlight the far reaching transla-
tional impact of bioelectronics research, from sports perform-
ance and patient health monitoring to at-home care, all of which
are critical in helping to realize the promise of personalized
medicine.

6. CHALLENGES AND FUTURE OUTLOOK

Advances in soft materials, assembly techniques, sensing
modalities, power supplies, and system integration strategies
summarized in this review provide powerful foundations for new
classes of skin-like multifunctional wearable systems, with wide-
ranging potential applications across clinical, consumer, and
research domains. Recent regulatory approvals and commercial
launches of initial generations of devices of this type support
important levels of functionality in clinical medicine, cosmetics,
and digital health that lie outside the capabilities of traditional
electronic systems. While these milestones in translating basic
and applied research results out of the laboratory and into the
real world are encouraging, many important and interesting
challenges remain. Specifically, the materials and the chemistry
aspects of devices, such as those highlighted in section S, will be
essential to continued progress in this area of science and

technology.
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Broadly, the technical challenges'”®******% in bio-inte-

grated devices span many engineering and materials science
disciplines, with an emphasis that depends strongly on the
specific requirements, use cases, and user profiles. Most of the
recent advances in bio-integrated sensors follow from develop-
ments in materials chemistry for detection schemes and form
factors that meet needs in bio-interfaced systems. As such,
significant attention is on the continued expansion of the
existing library of soft, stretchable materials for active
electronics, biochemical transduction, passive matrices/encap-
sulation layers, and power supply. An important aspect of the
most impactful work in these areas is a focus on requirements to
support a robust, functional biotic/abiotic interface. Establishing
materials for linear, stable operation across curvatures and
strains that are physiologically relevant, but perhaps not
significantly beyond these values, is essential. Because of the
intrinsic, time-dynamic nature of biological systems, the devices
must operate in rapidly evolving environments where motion-
induced artifacts and/or changes the biochemistry of the
surrounding environment, pose significant challenges in realiz-
ing clinical-grade measurements outside of the clinic or the lab.
Development of platforms and materials systems that decouple
biophysical/biochemical phenomena from the target signals
(e.g, temperature effects from strain effects) in ways that
passively or actively suppress noise represents an important
direction for continued research.

Some of the most interesting opportunities are in bio-
integrated sensors of biochemical signals and the chemistry of
the surrounding environment, partly due to difficulties that
follow from time dependent effects mentioned above and from
requirements in biocompatible form factors.'”**”* Such sensors
rely heavily on complex (bio)chemical reactions and/or
interactions that are susceptible to varying conditions in the
ambient. Moreover, certain sensors require sample preconcen-
tration and/or processes to remove/add certain chemical
species and/or adjust pH to maintain optimal perform-
ance.”®®**® In conventional devices, such pretreatment
procedures and associated calibration steps occur via trained
personnel and/or complex automated systems that are largely
incompatible with wearable systems. In addition, biofluids, such
as sweat, contain a rich, complex array of analytes of interest,
with concentrations that can vary significantly across popula-
tions and across time, even for a single individual. Developing a
comprehensive profile of biochemical and environmental signals
of physiological relevance requires highly multiplexed sensor
modalities, all with the requirement for biochemical and
biomechanical compatibility with the body. Enormous oppor-
tunities exist in the creation of materials and chemistries that can
serve as the basis for such sensors, where issues in cross-talk,
noise from interfering chemical species, and high density
integration into arrays are critical considerations. Many
applications of skin-interfaced biochemical sensors require
detection of exceptionally low concentrations of analytes against
this challenging chemical and physical background. Examples
include metabolites,*”>**' hormones,”>* vitamins,*** amino
acids,***and minerals®** in sweat and environmental targets
such as pollutants,*>® forensic/warfare targets,*****” and
contraband drugs.”*® The types of expensive, benchtop
systems”*” and complex multistep detection processes”*’ must
be fundamentally transformed to address these challenges and
associated opportunities.

Other areas for future work focus mainly on the mechanical
properties, from the physical robustness and durability of the
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platforms to their ability to support long-duration wear times
and extensive cycles of application/removal, to the capacity to
operate in highly dynamic environments and under nonidealized
conditions (e.g, presence of hair follicles). Typically, skin-
mounted sensing platforms utilize soft, low modulus, skin-safe
elastomeric materials to achieve conformal interfaces to the
epidermis. Achieving such properties in materials systems that
are simultaneously physically strong and mechanically tough
represent interesting topics in research in chemistry and
composite design. The safe integration of such new materials
into skin-interfaced platforms also demands an understanding of
the biological interactions at the surface of the skin. Optimizing
designs to enable breathable interfaces remains an important,
but often overlooked, consideration in enabling long-term
utilization. Depending on the use case, such devices can be
subjected to mechanical stresses from the environment due to
damage-inducing impacts and abrasion. Self-healing materials
based on polymers,"***'~**® composites,**”** or liquid metal
impregnated elastomers'® represent some ideas that are
important in this context.”>"*** Bio-inspired materials engineer-
ing approaches that integrate a stretchable reactive or protective
layer similar to the flexible dermal armor found in nature (e.g.,
fish scales, armadillo armor)>>*%*7%% are also of interest.

Limitations in power supply are often dominating concerns,
especially in the context of requirements in form factor, size, and
weight. Although the advances in energy storage and energy
harvesting technologies highlighted in section 4 are important,
continued progress, and perhaps new directions will be needed
to support increasing demands for sampling frequencies,
communication bandwidth, operating distances, and lifetimes.
Batteries will likely continue to represent the most versatile
option, but further reductions in sizes and increases in capacities
are needed, and existing materials systems (e.g., Li-ion) may not
be sufficient.”>> Supercapacitors are interesting and valuable
alternatives to batteries, but their low volumetric energy
densities may make them best suited for transient supplies
and/or systems to eliminate intermittency associated with
energy harvesting approaches.”” Both technologies will benefit
from improvements in mechanical deformability and long-term
stable operation, where advanced materials for encapsulation
will be particularly important. Energy harvesting offers the
potential for self-powered operation to eliminate storage
capabilities. RF harvesting can already address many applica-
tions, where continuous supply of ~mW levels of power is
adequate and proximity to an RF source is feasible. Harvesting
based on mechanical motions, thermal gradients, ambient light,
and others are promising, but reliable, uninterrupted supply of
energy from such sources is typically not possible. Combinations
of these types of devices, together with some limited level of on-
board storage, may provide an attractive solution. In all cases,
advances in materials and chemistry will serve as a primary
means for continued progress. Materials will also be essential in
ensuring safe, biocompatible construction by eliminating the use
of toxic materials in the devices (e.g,, As, Cd, Li).

Increasingly key to progress in the field are system-level
concerns associated with seamless integration of sensors, power
sources, and communications components. The challenges are
in heterogeneous materials integration and in fabrication/
assembly schemes. For example, robust encapsulation materials
are necessary to protect electronic components and battery
materials from exposure to the environment. These materials
must, at the same time, offer soft, elastic mechanics, thin
geometries, biocompatible chemistries, and other properties
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needed for operation of the overall system. Moreover, human
factors related to device attachment, removal, placement,
recharging, and disposal add further constraints on materials
choices and system designs. Although considerations can be
important in research prototypes, they become paramount in
systems that must be manufactured efficiently, tested at high
throughput for reliability and calibration, designed with
appropriate electromechanical properties and in low power
architectures, and encapsulated in water-proof constructs that
simultaneously allow passage of water vapor and biofluids
through selected regions of the platforms. Other considerations,
sometimes overlooked, are in the pleasing visual appearances of
the devices, to encourage adoption and compliance in usage.**®
Recent work in this direction span a wide range, from rendering
the devices into transparent forms (graphene,”’ hydrogel,”
polymers®**°®) and transforming them in to fashionable
accessories.”” %%

Skin-interfaced sensors represent a class of technology with
powerful potential in personalized medicine and continuous
monitoring of the human physiological health state. Successful
efforts in this area will address grand challenges for the 21st
century, including those in “...the acquisition, management, and
use of information in health...” as identified by the National
Academy of Engineering, with direct relevance to enhancing the
quality and efficiency of medical care and the ability to respond
to public health emergencies. Research efforts in the hardware
aspects of this area involve an appealing, multidisciplinary mix of
chemistry and materials science, along with electrical,
mechanical, and biomedical engineering, at the direct interface
with medical science. The rich range of topics in fundamental
science in the broader context of technologies designed to
address urgent societal needs, forms the basis for a vibrant and
fruitful area for applied and basic research.
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