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ABSTRACT: The human body continuously emits physiological and psychological
information from head to toe. Wearable electronics capable of noninvasively and accurately
digitizing this information without compromising user comfort or mobility have the
potential to revolutionize telemedicine, mobile health, and both human—machine or
human—metaverse interactions. However, state-of-the-art wearable electronics face
limitations regarding wearability and functionality due to the mechanical incompatibility
between conventional rigid, planar electronics and soft, curvy human skin surfaces. E-
Tattoos, a unique type of wearable electronics, are defined by their ultrathin and skin-soft
characteristics, which enable noninvasive and comfortable lamination on human skin
surfaces without causing obstruction or even mechanical perception. This review article
offers an exhaustive exploration of e-tattoos, accounting for their materials, structures,
manufacturing processes, properties, functionalities, applications, and remaining challenges.
We begin by summarizing the properties of human skin and their effects on signal
transmission across the e-tattoo-skin interface. Following this is a discussion of the materials,
structural designs, manufacturing, and skin attachment processes of e-tattoos. We classify e-tattoo functionalities into electrical,
mechanical, optical, thermal, and chemical sensing, as well as wound healing and other treatments. After discussing energy harvesting
and storage capabilities, we outline strategies for the system integration of wireless e-tattoos. In the end, we offer personal
perspectives on the remaining challenges and future opportunities in the field.
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1. INTRODUCTION

The human body continuously emits electrical,' mechanical,”
thermal,® optical,4 and chemical information® through the skin.
Some unique properties of the skin, such as electrical
conductivity and sweat secretion, facilitate the transmission of
certain signals, e.g., electrical and chemical signals, respectively,
while other properties of the skin pose challenges that must be
overcome.” For example, the roughness, hairiness, and
stretchiness of the skin are obstructive to the establishment of
stable interfaces between devices and the skin. This barrier must
be overcome for noninvasive yet accurate collection of signals
from various internal systems of the human body, including the
brain, heart,” muscles,® blood vessels,” and tissues under the
skin.'” Many of these signals are already measurable by state-of-
the-art wearable devices, which are also capable of signal
processing and wireless transmission.' "' The digitization of the
human body through wearable technologies can potentially
revolutionize many different fields."> In healthcare, disease
management, prediction, and prevention have reached new
heights by leveraging wearables."”'> In fitness tracking and
physical training, wearables are widely used for movement
quantification'® and injury mitigation.'” In human-machine
interface, digitized human motions or intentions can be used to
control prosthetics or robots.'®'” In addition, wearable
technologies are also transforming the fashion” and beauty
industries.”’

Traditional skin-interfaced medical devices typically require
expert operation and are bulky and expensive, and thus they are
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incompatible with at-home or ambulatory monitoring. Com-
mercial wearable electronics such as smart watches, smart
glasses, and headbands have been developed for monitoring
human motion, heart rate, blood oxygen saturation, temper-
ature, and brain activity in everyday life. 2 However, as they rely
on rigid hardware, motion artifacts and skin chafing are
prominent challenges due to the mechanical mismatch with
the soft human skin.”’ Additionally, the bulkiness, discomfort,
and lack of self-adhesiveness of current commercial products
limit their application to specific anatomical locations such as
the wrist and forehead. This limitation severely restricts the
types of acquired signals and prevents the comprehensive
digitization of the human body. To overcome these obstacles,
wearable electronics with thin film sensors and circuits
fabricated on thin and flexible polymer substrates have been
developed. These devices exhibit a significantly improved
device—skin interface and signal quality when compared to
conventional wearables, as summarized in several recent review
papers.' "' #**72° However, there are still some gaps to fill when
interfacing these devices with human skin. Specifically, the
epidermis is microscopically rough and hairy and therefore,
moderately thin and soft wearable electronics have limited
conformability to human skin at the microscale.”” In addition,
the mechanical mismatch between these polymer substrates and
soft skin can prevent these polymer substrates from perfectly
matching the deformation of the skin. As a result, the skin—
device interface can be easily disturbed by motion, resulting in
unreliable signals, particularly in ambulatory settings. Generally,
these devices require medical tapes or additional adhesives to
attach to the skin, limiting the breathability and deformability of
the skin.

Electronic tattoos (e-tattoos), also known as epidermal
electronics, present a class of ultrathin and ultrasoft wearable
electronics that can conform well to the skin surface without
obstructing skin deformation (Figure 1).® The conformable

Figure 1. First e-tattoo ever created can conform to the microscale
surface textures of human skin. This innovative device features
multimodal sensing, wireless charging, and light-emitting diode
(LED) signaling capabilities. Copyright attribution is due to Prof.
John A. Rogers.

interface with human skin is a unique feature that differentiates
e-tattoos from other forms of wearable electronics.”* % It
enables better electrical, thermal, optical, deformation, and mass
transfer across the skin—tattoo interface; it suppresses detach-
ment and minimizes relative motion between the skin and the e-
tattoo, reducing motion artifacts during skin deformation; it
does not affect natural skin functionalities such as deformation
or touch sensation. Since Rogers group reported the first e-
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Figure 2. A variety of e-tattoos displayed on different anatomical locations of human skin, each showcasing its unique functionality.

tattoo in 2011,>* a range of e-tattoos with diverse functionalities
have been developed and applied to various anatomical
locations, with representative examples depicted in Figure 2.
Over the past 13 years, the field of e-tattoos has witnessed
significant advancements in materials and properties, thereby
enabling a broad spectrum of applications (Figure 3). The first
generation of e-tattoos mainly utilizes noble metals as electrical
materials.”® While being highly conductive and chemically inert,
these noble metals have high cost and poor intrinsic
stretchability. Consequently, various soft conductive materials
have emerged. Carbon-based nanomaterials and nanocomposite
particles’ have been extensively explored. Similarly, silver
nanoparticles and nanowires have been widely used in e-
tattoos.” Conducting polymers, represented by poly(3,4-
ethylenedioxythiophene) polystyrenesulfonate (PE-
DOT:PSS),” and semiconducting rubbery electronic compo-
sites’® have been successfully integrated on e-tattoos. Hydrogels
have also emerged as a promising material for e-tattoos owing to
their combined conductivity, softness, and adhesion to human
skin.”” Two-dimensional (2D) semiconductors, such as MoS,,
have been successfully used for submicrometer-thick e-tattoos.”®
Liquid metal have also been utilized for e-tattoos with proper
encapsulation.” These new materials have enabled e-tattoos to
achieve more skin-synergistic or skin-mimetic properties than
just conformability,”® such as imperceptibility,** breathability, "'
self—adhesivity,42 self-healing,43 noninterference with touch,*
and even living.* Moreover, advanced properties that surpass
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the natural functionalities of skin, such as antibacterial
capability,”® have been incorporated into e-tattoos. These
enhanced characteristics have enabled new unique applications
for e-tattoos. Initial e-tattoos served as an integrated platform for
biopotential recording, temperature monitoring, strain sensing,
and skin heating.”**” Chemical sensing of different biomarkers
and energy harvesting with chemical reactions with sweat** were
introduced with the advent of carbon-based e-tattoos with large
surface area. Wound sensors*” were implemented by monitoring
changes in the thermal properties of the skin with e-tattoos. E-
Tattoos have since advanced from just sensing to also providing
theraspeutics through drug delivery’® and electrical stimula-
tion.”' With advancements in optical materials and device
structures, e-tattoo-based display platforms have been real-
ized.” From the first e-tattoo strain sensor introduced in 2011 to
the first e-tattoo pressure sensor introduced in 2018, e-tattoos
can provide mechanical sensation just like the skin. A
breakthrough e-tattoo ultrasonic device was developed for
wearable imaging of central blood pressure waveforms.>* A chip-
less surface acoustic wave (SAW) sensor array was also
developed to monitor human glucose concentrations, blood
pressure, heart rate, and activities, and transmit signals
wirelessly.’® As the development of new materials and properties
continues, the range of applications uniquely achievable with e-
tattoos continues to expand.

In this article, we provide a comprehensive review of e-tattoos,
covering materials, structures, manufacturing, skin interfacing,
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Figure 3. A chronological overview of the evolution of e-tattoos, highlighting advancements in materials, properties, and applications. Materials:
Reproduced with permission from refs 28, 33—39. Copyright 2011, 2021 AAAS; 2015, 2016, John Wiley and Sons; 2018, MDPI; 2012, 2019 Royal
Society of Chemistry; 2013 The Public Library of Science. Properties: Reproduced with permission from refs 28, 40—46. Copyright 2011, 2020, 2023
AAAS; 2017, 2022 Springer Nature; 2015, 2018, 2019 John Wiley and Sons. Applications: Reproduced with permission from refs 28, 33, 47—S55.
Copyright 2011,2016 AAAS; 2012 Royal Society of Chemistry; 2013,2016, 2018, Springer Nature; 2013,2014, 2016, 2018 John Wiley and Sons. The
copyright for the chip-less, wireless, surface acoustic sensor is attributed to Professor Jeehwan Kim.

functionalities, and system integration. We first discuss how the processes used in e-tattoos that provide the requisite
diverse properties of human skin can act as either obstacles or stretchability, functionality, breathability, and adhesiveness to
facilitators for sensing and stimulation. Subsequently, we overcome this barrier. Following this, we discuss the applications
summarize the materials, structures, manufacturing, and transfer of e-tattoos in different sensing and therapeutic modalities, as
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Figure 4. Summary of basic properties of human skin. (a) Schematic of human skin structure, showing its rough surface, layers (epidermis, dermis, and
hypodermis), sweat glands, and hairs. Created with BioRender.com. (b) Mechanical properties: (i) stress—strain curve; (ii) root-mean-square (RMS)
roughness at different body anatomlcal locations; (iii) comglled data of the adhesion energy between skin and various materials (metal, 63
polydimethylsiloxane (PDMS),*® electrical bioadhesive (EBA),” and slug-inspired tough adhesive (TA)). 79 (i) and (ii) Reproduced with permission
from refs 61 and 64. Copyright 2001 Elsevier and 2010 IntechOpen. (c) Physiological properties: (i) typical sweat rate at rest and during exercise; (ii)
gripping force versus object weight for bare finger and finger attached with nanomesh, and parylene thin films with various thicknesses; (iii) cross-
sectional structure of stratum corneum illustrating its limited water permeability; (iv) schematic of epidermal cell turnover. (i) and (ii) Reproduced
with permission from refs 44 and 74. Copyright 2020 AAAS and 1988 The American Physiological Society. (d) Electrical properties: (i,ii) equivalent
circuit for impedance measurement and its simplified model; (iii) frequency-dependent skin impedance. Reproduced with permission from ref 84.
Copyright 2020 John Wiley and Sons. (e) Thermal conductivity as a function of moisture level. Reproduced with permission from ref 47. Copyright
2013 Springer Nature. (f) Optical properties: (i) light absorption coefficient; (ii) scattering coefficient at different wavelengths of light. Reproduced
with permission from ref 85. Copyright 2013 Institute of Physics and Engineering in Medicine and 2012 SPIE. (g) Acoustic properties: (i) acoustic
impedance and its effect on acoustic wave reflection and transmission; (ii) schematic of ultrasound probing subcutaneous tissue. Reproduced with
permission from ref 89. Copyright 2022 Springer Nature.

well as their use in displays and energy harvesting or storage. We
then discuss how e-tattoos can be integrated into wireless and
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long-term systems. Finally, we summarize the current challenges
and prospects of e-tattoos for imperceptible, smart, and
comprehensive digitization of the human body.

2. PROPERTIES OF HUMAN SKIN AND DESIRABLE
PROPERTIES OF E-TATTOOS

2.1. Skin Structure

Human skin consists of three layers from the outermost to the
innermost: the epidermis, dermis, and hypodermis (Figure
4a).”® This unique structure defines a multitude of properties
and functions of human skin, necessitating meticulous
consideration in the design of e-tattoos. For example, the
outermost epidermis, which is in direct contact with e-tattoos,
has a microscopically rough surface and is often covered by hair.
Therefore, e-tattoos should be designed to conform to the
microscale surface textures of the skin to maximize the skin—
tattoo contact area. The dermis has various structures and cells,
including blood vessels, nerves, and sweat glands, which can be
interrogated mechanically, thermally, optically, electrically, and
chemically by e-tattoos. The hypodermis, also known as the
subcutaneous layer, contributes to the mechanical and
physiological properties of the skin.

2.2. Mechanical Properties

The Young’s modulus of human skin, indicative of its stiffness,
varies greatly from 1 kPa to 1.12 MPa, de_}aending on the
anatomical location and the individual’s age.””® Additionally,
the skin is stretchable, as characterized by a three-stage stress—
strain curve (Figure 4b-i).>77¢! During daily activities, the skin
can undergo strains up to 50%.%" Therefore, two primary
mechanical requirements for the e-tattoo upon adhesion to the
skin are as follows: it should be capable of enduring skin
deformation without any fractures or delamination to ensure its
functionality, and it should impose minimal mechanical
constraints on the skin to ensure comfort during daily wear.
When no delamination is considered, naively, the e-tattoo
should match the modulus and stretchability of the skin.
However, when an e-tattoo is comprised of stiff devices placed
over a soft substrate, the soft substrate could limit the strain
transfer from the skin to the device due to so-called shear lag
effects. In this case, the stretchability of the device does not
necessarily need to reach 50%, nor does its modulus have to be
as low as that of the skin.””®® To avoid delamination, a simple
energy-based argument is that the total elastic energy of the e-
tattoo and the skin cannot exceed the work of separation of the
tattoo—skin interface. The elastic energy of an e-tattoo consists
of both bending energy and membrane energy. The bending
energy of an e-tattoo is proportional to its flexural rigidity which
scales with Eh®, whereas the membrane energy of an e-tattoo is
proportional to its tensile rigidity, Eh, where E is the Young’s
modulus of the e-tattoo and h is the thickness of the e-tattoo. As
a result, e-tattoos should be sufficiently soft and thin to avoid
delamination under skin deformation. At the microscale, skin
surfaces are not smooth, with the valleys and ridges varying
between 10 and 100 ym. Similar to skin modulus, the roughness
of the skin depends on the anatomical location and age of the
individual (Figure 4b-ii).** To achieve accurate sensing or
efficient stimulation, e-tattoos must establish intimate contact
with the rough texture of the skin, a characteristic known as
conformability. Several factors govern this conformability,
including skin modulus and roughness, the adhesion between
the e-tattoo and skin, and the stiffness of the e-tattoo. The
adhesion energy between abiotic materials and skin can range
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from 0.1 J/m2 for a skin—metal interface to 1000 J/m2 for a
skin—bioadhesive interface (Figure 4b-iii).>~7° 2D plain strain
elasticity models have revealed that Ecoflex, with a modulus of
70 kPa, must be less than 7.5 ym in thickness to achieve full
conformability with the skin without adhesives. Once Ecoflex
exceeds a thickness of 7.5 pm, its conformability can drastically
decrease to below 25% due to mechanical instabilities.”" For a
graphene e-tattoo, whose mechanical property is dominated by
poly(methyl methacrylate) (PMMA) with a Young’s modulus of
2.9 GPa, the critical thickness for full conformability reduces to
510 nm.”* When skin deforms, conformability tends to enhance
under-skin stretch and reduce under-skin compression.”” While
the elasticity models are well established, there is no closed-form
solution. In the most simplified view that only the bending
energy is considered, the conformability is dictated by e-tattoo
flexural rigidity. When the flexural rigidity is high (>107'° N-m),
the device needs additional adhesives to attach to the skin. When
the flexural rigidity is low (107'*~107'° N-m), the device can
adhere to the skin without additional adhesive but may not be
able to fully conform to the microscale texture of the skin. When
the flexural rigidity of the device is ultralow (<10™'* N'm), it can
effortlessly conform to the skin’s microscale texture.”"”?
Achieving full conformity to the microscopic roughness of the
skin requires e-tattoos to be submicrometer in thickness, which
poses a great challenge in e-tattoo fabrication and skin transfer.
In this review, e-tattoos refer to those that can either perfectly or
partly conform to the skin surface.

2.3. Physiological Properties

The skin has diverse physiological functions, including thermo-
regulation, sensation, protection, self-healing, and self-renewal.
This provides opportunities for e-tattoos to digitize the human
body while also posing challenges in forming a long-term stable
e-tattoo—skin interface for reliable signal recording. For
example, the skin regulates body temperature through sweating
(Figure 4c-i),”* which provides a rich source of chemical
biomarkers.”"”> However, sweat accumulation can disrupt the
device—skin interface, leading to reading failures and irritation
during prolonged wear. Therefore, e-tattoos should be designed
with breathability to ensure stable signal quality and comfort
during long-term wear.”*™7? Moreover, e-tattoos should be
designed not to interfere with the skin’s tactile sensing ability
enabled by receptors and nerves (Figure 4c-ii).**** E-Tattoos
must also withstand the same environmental conditions that the
human body encounters, such as extreme temperature
variations, water, and electromagnetic interference. This can
be achieved through encapsulation, which will be discussed in
detail in section 7.2. The outermost layer of the epidermis is a
dense and insulated stratum corneum, serves as a mechanical
skin barrier that protects the underlying skin layers and tissues.
However, it also poses a significant challenge for transdermal
drug delivery (Figure 4c-iii).*"** At last, the epidermis and
dermis undergo a renewal process known as turnover every 40—
56 days (Figure 4c-iv),”* which limits the duration of e-tattoo
use.

2.4, Electrical Properties

The skin is electrically conductive, allowing for the noninvasive
and passive recording of various electrophysiological signals,
including electroencephalogram (EEG), electrocardiogram
(ECG), and electromyography (EMG)." Additionally, the
bioimpedance of the skin can be actively measured with
bioimpedance sensors, providing insights into skin hydration,
perspiration, and even blood flow. Parts d-i and d-ii of Figure 4

https://doi.org/10.1021/acs.chemrev.3c00626
Chem. Rev. 2024, 124, 3220—3283


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR

(a) Noble Metal

i)

(b) 2D Material ’ (c) Liquid Metal ——M ——
(i) i (i)

(iv) ) Strain (%)
CMP.

Intrinsic canductivity

0 10 20 30 40 50 &0
Strain (%)

—— (e) Semiconducting Polymer = - (f) Hydrogel
() (ii) (i) (i

X ' JNAgf
A 4 i

Figure 5. Materials used for e-tattoos. (a) Noble metals: (i) epidermal electronic system with filamentary serpentine-shaped gold nanomembranes for
electrophysiological sensing; (ii) the system on human skin under stretching; (iii) schematic of gold nanomesh; (iv) scanning electron microscope
(SEM) image showing the stretchability of the gold nanomesh; (v) schematic of the teeth-embedded-in-gum structure of silver nanowires; (vi) SEM
image of the silver nanowire film under 500% strain; scale bar: 100 nm. Reproduced with permission from refs 28, 41, 99. Copyright 2011, 2021 AAAS,
2017 Springer Nature. (b) 2D materials: (i) graphene e-tattoo stretched on a skin; (ii) comparison of the stretchability between graphene e-tattoos
with straight and serpentine designs; (iii) MoS, e-tattoo conforming to the fingerprint ridges. Reproduced with permission from refs 72 and 38.
Copyright 2017 American Chemical Society and 2016 John Wiley and Sons. (c) Liquid metal: (i) SEM image of liquid metal particles with a printed e-
tattoo on human skin (inset); (ii) electrical resistance changes from 0% to 800% tensile strain; (iii) SEM image of liquid metal particles with platinum-
decorated CNTs; (iv) liquid metal e-tattoo lighting up an LED. Reproduced with permission from refs 130 and 132. Copyright 2022 American
Chemical Society and 2022 John Wiley and Sons. (d) Conducting polymer: (i) transparent, stretchable PEDOT:PSS e-tattoo on a fingertip; (ii)
atomic force microscope (AFM) phase image of the TopoE film post acid treatment. Reproduced with permission from ref 133. Copyright 2022 AAAS.
(e) Semiconducting polymer: (i) optical image of bicontinuous P3HT/SEBS film; (ii) stretched P3HT/SEBS transistor array. Reproduced with
permission from ref 143. Copyright 2022 Springer Nature. (f) Hydrogel: (i) 3D-printed living hydrogel e-tattoo under stretching; (ii) detection of
smeared isopropyl f-p-1-thiogalactopyranoside (IPTG) with the living e-tattoo. Reproduced with permission from ref 151. Copyright 2018 John
Wiley and Sons.

depict a typical equivalent circuit and its simplified model for conductivity. In addition, the conformal contact of e-tattoos and
measuring skin impedance with two electrodes placed on the the skin is essential for efficient heat transfer from the skin to the
skin.** The skin impedance measured can vary by several orders recording units.

of magnitude, depending on the frequency at which it is 2.6. Optical Properties

measured (Figure 4d-iii).”* The key components include the
interface impedance (R,,, C,,), the impedance of the stratum
corneum (R, C,), and the resistance of the deeper tissues
(Rgeep)- To achieve a high signal-to-noise ratio, a lower interface
impedance, that is, a higher C;; and a lower R, is preferred.
Therefore, an e-tattoo electrode with low resistance and high
conformability to the skin is crucial for reducing contact
impedance and enhancing signal quality.

The unique optical properties of skin and tissue allow for
sensitive detection of various molecules inside the body.”* The
absorption coefficient of different tissues is wavelength depend-
ent (Figure 4£-),%" and different molecules can be characterized
by their optical absorption spectrometry. A notable example is
oxyhemoéglobin and deoxyhemoglobin characterization in pulse
oximetry"* and near-infrared spectroscopy (NIRS).*” While
most optical e-tattoos are concerned with absorption changes in
2.5. Thermal Properties tissue, scattering is the dominating optical interaction in tissue

(Figure 4f-ii).® Scattering-based methods, including tissue
contrast for tumor characterization, have been employed in
traditional biomedical devices and hold potential for future
incorporation into e-tattoos.*®

2.7. Acoustic Properties

Skin temperature reflects information associated with blood flow
and infection. Additionally, the thermal conductivity of the skin
changes with skin conditions (Figure 4e).*” Therefore,
measurement of the thermal conductivity of the skin allows
for monitoring of wound-healing process. To achieve an

accurate measurement of temperature and thermal conductivity, Traditionally, electrical, thermal, and optical methods are only
the sensing materials of e-tattoos should possess high thermal able to interrogate relatively superficial tissues, with some
3226 https://doi.org/10.1021/acs.chemrev.3c00626
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notable exceptions like EEG and NIRS. In contrast, ultra-
sonography offers a direct imaging modality for deep tissues and
anatomical structures.”” Acoustic impedance is a critical
property in ultrasound imaging. Mismatches in acoustic
impedances result in the reflection of acoustic waves (Figure
4g-i),” thus enabling the characterization of the anatomical and
mechanical properties of deep tissues by detecting the time-of-
flight of the reflected waves (Figure 4g—ii).89 The skin has an
acoustic impedance of approximately 1.53 MRayls.”’ To
maximize the transmission of acoustic energy at the device—
skin interface, the acoustic impedance mismatch between the e-
tattoo transducers and the tissue should be minimized.
Additionally, given that the acoustic impedance of air is nearly
4 orders of magnitude lower than that of tissue, e-tattoos that
conform well to the skin can facilitate efficient transmission of
the ultrasonic signal.

3. MATERIALS, DESIGN, MANUFACTURE, AND
TRANSFERRING TECHNOLOGIES OF E-TATTOOS

To achieve a long-term, imperceptible interface with the skin, e-
tattoos must be flexible, stretchable, and breathable. This
necessitates a careful material selection and structural design.
The ultrathinness of e-tattoos also calls for specialized
manufacturing and transfer-on-skin technologies. This section
discusses the optimization of e-tattoo characteristics through
material and structural choices, as well as the technologies for
skin interfacing.

3.1. Materials for E-Tattoos

Materials are essential for e-tattoos to seamlessly integrate onto
the human body’s soft, curved surfaces and to collect signals.”"”*
Due to their ultrathin nature, e-tattoos undergo more
mechanical deformation during manufacturing and application
compared to other wearable electronics. This makes the
selection of functional materials crucial. Noble metals, such as
gold, are commonly used in e-tattoos due to their high electrical
conductivity (4.11 X 10’ S/m), corrosion resistance, and
biocompatibility.28 Yet, gold is intrinsically stiff and brittle,
losing conductivity under strains below 5% due to crack
propagation.” Specific structural designs, such as serpentine
structures (Figure Sa-ia-ii),”® are employed to improve the
stretchability of gold films. Noble metal films compromised of
nanoribbons (Figure Sa-iii,a-iv)*’ and nanowires’* offer
increased stretchability, as the microstructures can rotate and
align under mechanical strain. These porous structures, coupled
with a porous substrate, make e-tattoos permeable to sweat,
ensuring stable device—skin interfaces even under sweaty
conditions.”> Nanocomposites with noble metal fillers embed-
ded in elastomers are also popular in e-tattoos. The elastomers in
these nanocomposites help dissipate strain while maintaining
the conductivity of the metal fillers.”*™"" For example,
embedding compact-assembled silver nanowires in elastomers
creates a teeth-embedded-in-gum structure (Figure Sa-v) that
maintains conductivity even under large strains (Figure Sa-vi).”
These films exhibit conductivities of 1.03 X 10’ S/m along and
3.29 X 10° S/m across the direction of nanowire alignment.
Additionally, these films remain highly conductive at strains of
200% in the parallel direction and over 1000% in the vertical
direction. This approach presents a promising method for
fabricating metal conductors with combined high conductivity
and stretchability.

Carbon materials, including carbon micro/nanoparticles,
carbon nanotubes (CNTs), and graphene, are highly attractive
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for e-tattoos due to their excellent electrical conductivity and
mechanical strength.loo’101 Printed conductive carbon e-tattoos,
for instance, are extensively used in detecting biochemicals in
sweat.'”> When carbon particles are dispersed in elastomers like
PDMS, they can measure strains up to 150%.'>> CNTs, known
for their high conductivity, mechanical strength, chemical
stability, and large surface area, are another popular choice. A
single-walled CNT (SWCNT) network grown by chemical
vapor deposition (CVD) exhibits a conductivity of 2.64 X 10* S/
m."** Ink-sprayed CNT films show reduced conductivity due to
CNT cleavage in preprocessing steps like ultrasonication, which
leads to shorter CNTs and more junctions, thereby impeding
electron transport.'”® Nevertheless, ink-sprayed CNT films are
more popular due to their cost-effectiveness and scalability of
fabrication. Graphene, a 2D carbon nanomaterial with atomic
thinness and good conductivity, is particularly interesting for
submicrometer-thick e-tattoos.'**”'%® Monolayer graphene,
with conductivity up to 3 X 10° S/m and transmittance of
97.6%,'*" is ideal for ultrathin, imperceptible e-tattoos.””
Graphene has an intrinsic stretchability of up to 25%.""" With
a filamentary serpentine design, graphene e-tattoos can remain
conductive up to 50% strain (Figure Sb-i,b-ii).”* Other 2D
materials, such as transitional metal dichalcogenides
(TMDs).""" and MXenes,'">~"'* have also been explored for
e-tattoos.''* For example, monolayer MoS$, films can conform to
fingertip ridges, enabling the mapping of pressure distribution
(Figure 5b-iii).”® TMDs like multilayer PtSe, and PtTe, exhibit
metallic behavior, with 6 nm thick PtTe, showing a low sheet
resistance of only ~31 €/sq, making it suitable for biopotential
recording electrodes.''® However, 2D materials grown by CVD
are often expensive and complex to transfer to the skin,
potentially affecting electrical properties due to contamination
and cracking during the release process.IU’118 In contrast,
liquid-exfoliated 2D materials offer low-cost, scalable fabrica-
tion,""? making them suitable for printed electronics in various
applications like strain sensing,'*’ bioIpotential recording,
chemical sensing,so’121 drug delivery, %2 and energy stor-

e.'”"** However, they typically exhibit lower electrical and
thermal conductivities than CVD-grown 2D materials due to
smaller grain or flake size and defects induced by exfoliation,'*®
limiting their performance in optoelectronics, integrated
circuits, and printed circuit boards.

Both noble metals and 2D materials have high Young’s
moduli, limiting their use in highly stretchable electronics.”’ In
contrast, liquid-phase metals, like gallium and its alloys are
intrinsically stretchable due to their fluidity.'*® EGaln, the most
commonly used liquid metal, exhibits over 500% stretchability
and high conductivity of ~10° S/m,"””'** along with good
biocompatibility and self-healing ability.*”*® Liquid metal-based
electronics are typically fabricated by injecting and encapsulat-
ing the liquid metal into microfluidic channels, 1eadin§ to a
thickness ranging from submillimeter to millimeter.' ’ To
fabricate ultrathin printed e-tattoos, liquid metal is sonicated in
solvents to form micro/nanoparticles (Figure Sc-i,c-ii)." 20
However, the surfaces of the particles are typically covered
with an insulating Ga,O; layer, which impedes electron
transmission between particles. Therefore, mechanical activa-
tion processes like scrubbing, tensile straining, or chemical
etching are required to rupture or remove this oxide layer to
enhance the electrical conductivity.'”" A recent study achieved
intrinsically conductive liquid metal tattoo circuits by coating
liquid metal particles with platinum-decorated CNTs (Figure
Sc-iii),"** where the platinum nanoparticles induce gallium to
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extrude from the insulated Ga,0Oj; layer, forming a continuous
conductive layer (Figure Sc-iv). Leakage, a common issue in
these e-tattoos due to the fluidity of liquid metals, has been
addressed by Xu et al. by incorporating liquid metal micro/
nanoparticles into porous polyurethane, significantly reducing
leakage through minimizing mechanical deformation.*®
Conducting polymers, such as PEDOT:PSS, are extensively
used in e-tattoos for their good electrical conductivity, solution
processability, and biocompatibility.'** Notably, PEDOT:PSS
exhibits unique electronic-ionic conductivity, which reduces the
contact impedance with the skin compared to metals,'** making
it an ideal choice for biopotential recording electrodes.
However, pristine PEDOT:PSS has a conductivity of less than
100 S/m."*® This conductivity can be significantly enhanced by
introducing dopants such as ethylene glycol (EG), dimethyl
sulfoxide (DMSO), polyethylene glycol (PEG), polyethyleni-
mine (PEI), ionic liquids, and deep eutectic solvents.*°~"** In
addition, the stretchability of PEDOT:PSS can be improved by
introducing additives like Triton X-100, xylitol, glycerol, and
ionic liquids.'"*” For example, an ionic liquid-doped PE-
DOT:PSS exhibited a conductivity of approximately 3.1 X 10°
S/m and maintained a conductivity of above 1 X 10* S/m at
600% strain.'*” However, these additives may wash away in
aqueous environments, posing limitations for implantable
applications. To address this issue, Jiang et al. developed a
photo-cross-linkable dopant termed TopoE, composed ofa PEG
backbone and PEG methacrylate (PEGMA) functionalized
cyclodextrins (Figure 5d-i)."> When blended with PE-
DOT:PSS and subjected to cross-linking and acid treatment,
the resulting film formed interconnected nanofibers (Figure Sd-
ii), exhibiting a conductivity of 2.7 X 10° S/m and a stretchability
of 150%. The stretching process induced chain alignment,
increasing conductivity to 6 X 10° S/m at 100% strain. This
development enhances the potential of PEDOT:PSS to possess
both mechanical robustness and high conductivity, making it
well-suited for use in dynamic biological environments.
Semiconducting polymers, such as poly(3-hexylthiophene-
2,5-diyl) (P3HT), are used in various electronic applications,
including transistors and photodetectors.'*"'** P3HT has a
Young’s modulus of approximately 1 GPa. When it is dispersed
in an elastomer matrix with a low Young’s modulus, such as
polystyrene-block-poly(ethylene-ran-butylene)-block-polystyr-
ene (SEBS), and subsequently spin-coated onto a substrate, a
phase separation occurred. This results in the formation of a
bicontinuous P3HT/SEBS film (Figure Se-i) with high
mechanical stretchability and carrier mobility (Figure Se-ii)."**
Hydrogels are attractive materials for e-tattoos, offering tissue-
like compliance (with a Young’s modulus in the range of 1—100
kPa), ionic conductivity, and good biocompatibility. **'** They
can also be self-adhesive and self-healable, owing to reversible
hydrogen bonding and interactions like z—x stackjng.146
However, a significant challenge for the long-term application
of hydrogels is their tendency to dehydrate and consequently
lose performance over time."*” To address this issue, various
strategies have been explored, such as coating hydrogels with an
elastomer layer to serve as a barrier'** and introducing alcohols
or salts to create interpenetrating polymer networks that retain
water.'* For example, a poly(acrylamide-co-maleic anhydride)
(P(AM-co-MAH)) hydrogel treated with glycerol—water
solution can retain 70% of its liquid content and maintain
mechanical properties after being heated at 60 °C for 24 h.">°
The high mechanical compliance and biocompatibility of
hydrogels also render them suitable as scaffolds for cells, leading
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to the development of living tattoo devices capable of detecting
smeared chemicals on the skin (Figure 5f-if-ii)."”" Another
approach to preserving the mechanical and electrical properties
of hydrogels over time involves reducing their water content. In
a recent work, Niu et al. developed a poly(vinyl alcohol) (PVA)
encapsulated inositol hexakisphosphate (IP6) ionic-conductive
elastomer, known as an ionic-tattoo (i-tattoo), which contains
only 2.6 wt % water content at a room humidity of 30%."** This
elastomer maintains its conductivity and stretchability for up to
150 days.

A summary of the electrical and mechanical properties of the
materials discussed above can be found in several review
papers.”'®*"!%3 The selection of materials for e-tattoos depends
on their intended applications. Gold, with its high conductivity
and chemical stability, is well-suited for biopotential recordiq%
electrodes,zg’zg’41 temperature sensors,154 and strain sensors.">*
However, gold films produced via conventional thermal
deposition or electron beam deposition methods typically
have limited surface areas, leading to low sensitivities in
biochemical sensing due to few available functional bonding
groups for the target biochemicals. Therefore, an additional
coating with high-surface-area materials is required for gold-
based e-tattoos in biochemical applications. Carbon nanoma-
terials, known for their good conductivity and large surface area,
are ideal for chemical sensing,102 biopotential recording,43”l32
and energy storage in e-tattoos.'>® PEDOT:PSS, notable for its
low skin contact impedance, is particularly attractive for
biopotential recording e-tattoos'>’ and is also suitable for
temperature sensing due to its stable response to temper-
ature.”>® Additionally, both carbon nanomaterials and PE-
DOT:PSS, with their high charge capacity, are suitable for
electrical stimulation. Liquid metal, characterized by its high
conductivity and intrinsically stretchability, is appropriate for
connectors and biopotential electrodes in e-tattoo.'*”'**">?
Hydrogels, known for their softness, self-healing properties, and
water retention, hold promise for Iivin§ e-tattoos and electronics
in aqueous biological environments.'**

3.2. Design Strategies of E-Tattoos

Besides rational material selection, achieving skin-mimic
properties in e-tattoos relies heavily on their structural
design.*"'" As discussed in section 2, the softness, stretch-
ability, and breathability of the skin are crucial considerations.
The establishment of a conformal and stable interface between
the skin and e-tattoos necessitates a high adhesion force, which is
achieved through structural engineering, and optimal breath-
ability for long-term wear comfort. The following subsections
discuss the design strategies employed to impart stretchability,
adhesion, and breathability to e-tattoos.

3.2.1. Stretchability. One common design strategy to
enhance e-tattoo stretchability involves introducing wrinkles
into functional materials.'®" This approach is based on the
concept that wrinkles function as mechanical “folds,” enabling
materials to accommodate more strain before failure. Several
mechanics models predict the stretchability of wrinkled e-
tattoos based on wrinkle geometry (e.g., amplitude and
wavelength) and material properties of the film and
substrate.'®> ™' Various methods have been employed to
introduce wrinkles, including transferring prestrained thin films
onto an elastomeric substrate, depositing conductive material
onto a prestretched elastomer,'®” or inducing surface tension-
driven wrinkling through heating.lﬁ8 For instance, a gold film on
a plasticized silk layer can form microsized wrinkles after
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Figure 6. Strategies for achieving stretchability (a—f), adhesiveness (g—j), and breathability (k—m) in e-tattoos. (a) Wrinkled thin films: (i) cross-
sectional illustration and (ii) top-down optical image of the wrinkled gold film on plasticized silk under 40% tensile strain. Reproduced with permission
from ref 169. Copyright 2018 John Wiley and Sons. (b) Filamentary serpentine design: (i) optical image of a filamentary serpentine inductor
connected to a capacitor for radio frequency operation; (ii) optical image of a filamentary serpentine silicon solar cell. Reproduced with permission
from ref 28. Copyright 2011 AAAS. (c) Fractal design: (i) optical and (ii) SEM images of Peano-based wires on a skin replica. Reproduced with
permission from ref 93. Copyright 2014 Springer Nature. (d) Kirigami design: (i) Kirigami membrane with integrated multifunctional electronics,
including LED, bioelectrodes, and temperature sensors, scale bar: 10 mm; (ii) stretched kirigami e-tattoo. Reproduced with permission from ref 182.
Copyright 2022 John Wiley and Sons. (e) Engineered cracks: (i) schematic and (ii) optical image of venation-mimicking crack patterns in a stretched
gold film. Re 1produced with permission from ref 189. Copyright 2023 John Wiley and Sons. (f) An Ashby plot of areal coverage versus stretchability for
wavy,'*"1971% serpentine, 717! 717 fractal,' " kirigami,'®* "% and cracking'®'*" designs. (g) vdW interactions: SEM images of e-tattoo
membranes (blue) with the thickness of (i) 36 ym and (ii) 5 #m placed on a skin replica without added adhesives. Reproduced with permission from
ref 191. Copyright 2013 John Wiley and Sons. (h) Micropillared surfaces: (i) schematic of micropillared e-tattoo on the human’s neck to detect a pulse;
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Figure 6. continued

(ii) cross-sectional images of the micropillared e-tattoos with different aspect ratios attaching to a pig skin, scale bar: 1 mm. Reproduced with
permission from ref 193. Copyright 2015 John Wiley and Sons. (i) Microcratered surfaces: (i) 3D AFM image of a miniaturized suction cup; (ii)
confocal microscope images showing the cross-section and 3D structure of the contacting interface between a patch with surface miniaturized suction
cup array and a skin replica. Reproduced with permission from ref 199. Copyright 2016 John Wiley and Sons. (j) Chemical bonding: (i) schematic of
the hydrogen bonding between PVA-functionalized liquid metal and stratum corneum; (ii) comparison of the SEM images between adhesive liquid
metal particles on a skin replica and a film-based liquid metal electrode on a skin replica; (iii) molecular interaction simulation depicting the bonding
between an adhesive Alg-PAAm hydrogel and the stratum corneum; (iv) comparison between Alg-PAAm—skin interface and commercial electrode—
skin interface. Reproduced with permission from refs 130 and 203. Copyright 2022 American Chemical Society and 2020 John Wiley and Sons. (k)
Substrate-free design: (i) filamentary serpentine-shaped e-tattoo without substrate; (ii) ECG signals measured under sweating. Reproduced with
permission from ref 212. Copyright 2018 Springer Nature. (1) Ultrathin e-tattoos: (i) ultrathin silver nanowire—thermoplastic elastomer e-tattoo
applied to human skin and (ii) cross-sectional SEM image of the ultrathin e-tattoo. Reproduced with permission from ref 214. Copyright 2020 John
Wiley and Sons. (m) Porous structures: (i) schematic of a nanofiber-reinforced silver nanowire network as a breathable electrode; (ii) breathable and
porous liquid-metal elastomer composite; (iii) porous leaf skeleton loaded with silver nanowires. Reproduced with permission from refs 218, 46 and

225. Copyright 2023 AAAS; 2019, 2020 John Wiley and Sons.

hydrating the silk substrate (Figure Ga-i,a-ii),"®” maintaining
good electrical conductivity under 100% strain. Other wrinkled
films, including graphene,170 CNT,"”" and silver nanowires,®’
also exhibit improved stretchability compared to their planar
counterparts. However, it is worth noting that the wrinkled
structure may reduce film conductivity due to stress-induced
cracks.

Filamentary serpentine designs are more popular for e-tattoos,
offering maintained conductivity but greater stretchability
compared to linear designs.”®”"'*”'7>'”*> According to Zhang
et al, a nonbonded serpentine copper ribbon can achieve elastic
stretchability of up to 50%, facilitated by in-plane rigid rotation
and minor out-of-plane buckling.'”* To further enhance
stretchability, various mechanics models have been developed
to optimize geometric parameters, including aspect ratio,
distance between adjacent turns, and crest angle."’>'’® This
design approach has been successfully applied to various e-
tattoos, such as interconnected filamentary serpentine inductors
and capacitors for efficient radio frequency (RF) operation
(Figure 6b-i) and silicon solar cells (Figure 6b-ii).”® Despite
these improvements, filamentary serpentine designs still face
challenges such as limited areal coverage and difficulties in
applications involving miniature devices' '’ or a large number of
channels.'””

In contrast to serpentine structures, fractal designs have the
potential to enhance both the areal coverage and stretchability of
e-tattoos, thanks to their intricate self-similar pattern.”>'”*'”
Parts c-i and c-ii of Figure 6 illustrate a fractal-based structure
with repeating Peano layouts that can be scaled to desired
dimensions and patterns.” These fractal designs can withstand
strains up to 300% without significant changes in resistance,
maintaining structural integrity through multiple stretching and
releasing cycles.'® They distribute stress over a large area,
mitigating stress concentration, and enhancing adhesion and
signal transport efficiency by increasing the interface area.'"’
Additionally, fractal designs are scalable, offering high
conformability to human skin even at the microscale. However,
they come with certain limitations, including a more complex
fabrication process, potential challenges in achieving consistent
geometries, and nonreusability due to large areas, which may
hinder widespread adoption.'*’

Kirigami designs, which involve periodic cuts in thin sheets,
offer a simpler fabrication process compared to other structural
design strategies (Figure 6d-i).'*” Similar to the serpentine
design, the kirigami design also enhances stretchability through
in-plane rotation and out-of-plane deformation (Figure 6d-ii).
Devices with kirigami designs can withstand over 100% strain
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without mechanical failure and provide the largest areal coverage
among structural design strategies, gaining popularity in
stretchable tattoo devices for conductors,'®* sensors, > "%
energy storage devices,*” and displays.'*> However, the cuts in
kirigami designs may weaken the material, reducing overall
strength and durability.

Cracks have been strategically incorporated into continuous
films to enhance their stretchability."**~""° For instance, Feng et
al. recently developed an ultrastretchable conductor by
introducing venation-mimicking cracks into metal films (Figure
Ge-ije-ii),'™ achieving a remarkable stretchability up to 200%
through control of defect density and crack patterns. However,
several challenges remain, including the precise control of crack
patterns during fabrication, structural instability due to cracks,
and the suitability of this approach for nonmetal conductive
materials such as conducting polymers and hydrogels.

The Ashby plot in Figure 6f provides a comprehensive
comparison of different design strategies in terms of areal
coverage versus stretchability. While the wavy design provides
nearly complete areal coverage within a 100% stretchability
range,169 it requires substrates that increase e-tattoo thickness,
potentially compromising adhesion, breathability, and signal
transfer. The serpentine design achieves superior stretchability
(~185%) but restricts areal coverage to 20%." 7 Despite efforts
to enhance coverage to approximately 80% through the
adoption of an island-serpentine bridge design, stress concen-
tration at connection points hampers the overall durability.'”*
The fractal design provides an average areal coverage of 50—70%
with stretchability reaching up to 300% through a complex
hierarchical pattern.'®’ Kirigami and cracking designs, on the
other hand, exhibit the hiéghest areal coverage (~100%) and
stretchability (~470%).'*° However, ensuring durability in
these designs requires precise control of crack propagation.
These trade-offs underscore the need for advanced design
strategies to concurrently achieve high areal coverage and
stretchability.

3.2.2. Adhesiveness. Ultraconformable e-tattoos achieve
full adherence to the human body solely through van der Waals
(vdW) interactions.”****" However, the strength of these
interactions reduces rapidly with an increase in device thickness
or stiffness due to reduced contact area between the film and the
skin.'*® Figure 6g illustrates this effect, showing that a 5 ym thick
e-tattoo fully conforms to a skin replica (Figure 6g-i), while the
same material with a thickness of 36 ym only achieves partial
conformation (Figure 6g-ii)."”" Despite the capability of the
ultrathin e-tattoos for full conformal contact, the vdW
interactions are relatively weak. For instance, the adhesion
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strength of a PDMS/skin interface is 3—9 kPa,'*? and this value
may degrade over time.””

To address this issue, researchers have developed surface
textures, such as micropillars, to enhance vdW interactions
between the e-tattoo and the skin (Figure 6h-i)."”* Micropillars,
which are small hairy structures that conform to the curved
surface of the skin, increase contact area, and enhance adhesion
compared to a flat geometry (Figure 6h-ii). The adhesion force
of mig? 9ilglars is based on vdW interactions and can be scaled
using ~ 7"

Eq~ NA/C

where A is the actual contact area and C is the system
compliance in the loading direction. For example, the micro-
pillar structure in a PDMS tattoo can increase its skin contact
area to 3.3 times higher than that of a planar device, resulting in
an adhesion strength of approximately 10 kPa.'”> Optimal
designs of micropillar tips, such as mushroom-shaped tips, can
further increase the contact area, improving adhesion strength to
18 kPa."”® However, the high aspect ratio of micropillars can
lead to buckling, entanglements, and fracture during mechanical
deformation.'”” Additionally, the practical limit on achievable
adhesion is influenced by manufacturing difficulties and costs
when scaling the pillar size down to nanometer level.
Furthermore, the interaction between e-tattoos and the skin
with vdW force can be easily destroyed by water, posing a
challenge for e-tattoos to maintain adhesiveness on wet skin.'”®
Microcraters present a promising strategy for enhancing e-
tattoo adhesion to the skin in both dry and wet environments
(Figure 6i-i,i-ii)."”” In dry environments, microcraters create a
robust suction force exceeding that of vdW interactions,
preventing e-tattoos from detaching due to mechanical stress.
The adhesion strength of microcraters is determined by***"!

v A
6c=1__1 2
v, )0 A

which considers the initial projected area (A,), volume under
preload (V)), inner pressure (p,), projected area (A,), and
volume preload release (V). Studies have shown that the
maximum adhesion strength between microcratered surfaces
and dry skin can reach 20 kPa.’' In wet environments,
microcraters enhance e-tattoo adhesion through increased
surface tension and wettability, resulting in more effective
adhesion compared to flat pads. Specifically, microcraters with
protuberances have demonstrated adhesion strengths up to 12
kPa underwater.”””

In addition to vdW interactions, chemical bonding mecha-
nisms like hydrogen bonding and covalent bonding provide
stronger adhesion between e-tattoos and human skin due to
their higher energy and specificity. E-Tattoos can incorporate
compatible functional groups to form hydrogen bonds with the
skin, which is abundant in hydroxyl (—OH), carboxyl
(—COOH), amine (—NH,), amide (—CO-NH-), and epoxy
(—O-CH,—CH,—0-) groups in the epidermis.””> For
instance, the hydroxyl groups on PVA-functionalized liquid
metal particles form stable hydrogen bonding with the amide
groups on the stratum corneum of the skin (Figure 6j-i),"*
enabling direct and intimate attachment to the skin even under
sweaty conditions (Figure 6j-ii). Elastomers rich in functional
groups, such as polydiacetylene-coated PDMS, exhibit signifi-
cantly higher adhesion energy with the skin (up to 0.5 J/m?*)
compared to pristine PDMS (up to 0.1 J/m?), making them
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promise in adhesive e-tattoos.'>” These adhesive e-tattoos offer
advantages over traditional tapes, including improved breath-
ability, flexibility, reduced irritation upon removal, and extended
wear time (over 1 month). However, hydrogen bonding is
susceptible to water, posing challenges for e-tattoos to maintain
stable adhesion underwater. In contrast, covalent bonding
provides a stable connection in both dry and wet environments.
Dopamine, for instance, can form chemical bonds with tissue
proteins (e.g., amino groups), offering a promising adhesive
layer for e-tattoos to maintain their performance underwater.”**
For example, Ji et al. developed an ionic-conductive dopamine-
containing polymer (pDMA), which serves as an adhesive layer
for an Au/PDMS electrode, maintaining high adhesion strength
(around 1 kPa) underwater and enabling stable ECG recording
during swimming.zo‘

Unlike polymeric adhesives with higher Young’s modulus,
hydrogel adhesives exhibit tissue-like Young’s modulus, making
them preferable for unobstructive e-tattoos."***°**°” Hydrogel
adhesives, with their permeability to water, are suitable for wet
environments like wet skin, 2;)roviding breathability and reducing
the risk of skin irritation.””” The multimaterial characteristic of
hydrogel adhesives allows for multiple interfacial integration
mechanisms, including diffusion—cross—linking70 with an adhe-
sion energy up to 1000 J/m? and dry-cross-linking™ with an
adhesion energy up to 450 J/m’ Particularly, the dry-cross-
linking interface exhibits an instantly tough bioadhesive with a
triggerable benign detachment mechanism. Figure 6j-iii
illustrates near instant (150 ns) attachment between an
alginate-polyacrylamide (Alg-PAAm) hydrogel adhesive and
the stratum corneum, achieving an adhesion force of up to 90 N/
m.”” Therefore, the hydrogel forms a seamless interface with
the skin replica (Figure 6j-iv). However, the adhesion strength of
the hydrogel may rapidly decrease with the dehydration process,
necessitating the use of low-evaporation solvents or operation in
a wet environment (e.g., underwater). Additionally, encapsulat-
ing the hydrogel surface with other materials, such as elastomers,
can reduce water evaporation.

3.2.3. Breathability. The vdW interactions between e-
tattoos and the skin can be compromised by sweat secretion,
thereby impacting their stable long-term operation. To mitigate
this, e-tattoos should prioritize breathability to facilitate
moisture evaporation.””” A breathable device typically requires
a water vapor transmission rate (WVTR) higher than the
perspiration rate of human skin, which is approximately 20 g-
m > h7! at rest and exceeds 1000 g-m™>h™" during moderate
exercise.”'’

One approach to enhance breathability is adopting a
substrate-free design with minimal coverage of e-tattoos on
the skin (Figure 6k-i).>'*'2 A substrate-free gold electrode, for
instance, enables stable ECG recording without sweat artifacts
(Figure 6k-ii).>'* However, ultrathin e-tattoos often lack
mechanical strength, posing challenges for direct skin transfer
without a supporting substrate. Another strategy involves
reducing the thickness of supporting substrates in e-tattoos,
potentially to a submicrometer scale (Figure 61-i,l-ii).”"* 7' Yet,
the WVTR achieved with nanoscale polymer membranes
remains below the perspiration rate of human skin during
exercise.

Porous materials, including nanofiber mats and nanomeshes,
offer a widely used solution for fabricating breathable
electronics.””” Nanofiber mats, produced by electrospinning a
polymer solution, can incorporate conductive materials like
metal nanowires,”'*~*"? graphene,zzo_222 CNT,**® and liquid
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Figure 7. Manufacturing technologies of e-tattoos. (a) Standard microfabrication process for e-tattoos. Reproduced with permission from ref 227.
Copyright 2020 American Chemical Society. (b) Schematics illustrating the cut-and-paste manufacturing of e-tattoos. Reproduced with permission
from ref 234. Copyright 2015 John Wiley and Sons. (c) Printing e-tattoos: (i) screen printing; (ii) inkjet printing; (iii) 3D printing; (iv) aerosol jet
printing. Reproduced with permission from refs 239, 35, 258, and 34. Copyright 2015, 2021, and 2018 John Wiley and Sons; 2019 Royal Society of
Chemistry. (d) Drawn-on-Skin (DoS) e-tattoos. Reproduced with permission from 141. Copyright 2020 Springer Nature. (e) Laser engraving e-
tattoos: (i) schematic of the laser engraving process; (ii) a multiplexed graphene sensor fabricated by laser engraving. Reproduced with permission
from ref 274. Copyright 2020 Springer Nature. (f) Electrospinning process for fabricating porous e-tattoo substrates: (i) schematic of the
electrospinning process; (ii) SEM image of an electrospun polymer nanofiber mat. Reproduced with permission from ref 282. Copyright 2016

American Chemical Society.

metal”** during or after the spinning process. A 125 nm thick
epidermal electrode fabricated by simultaneously electrospin-
ning polyamide nanofibers and electrospraying silver nanowires
(Figure 6m-i) exhibits minimal hindrance to water vapor
transmission due to the large void area in the network.”"®
Another method involves sintering or postetching a
composite precursor to create a porous structure. For instance,
a porous liquid metal—elastomer composite can be fabricated
through mechanical sintering, utilizing phase separation during
mixing and curing (Figure 6m-ii). " Alternatively, selective
removal of thermoplastic polyurethane (TPU) by water droplets
can create a pore array on the substrate, which enhances
breathability.”® Biomass-derived skeletons, such as leaves and

rose petals, can also work as substrates for loading conductive
materials to fabricate breathable e-tattoos (Figure 6m-iii).”*®
Innovative design strategies are emerging to develop highly
stretchable, adhesive, and breathable e-tattoos for full
conformity to the human body. Designers face competing
requirements, such as balancing stretchability, conductivity,
adhesiveness, and breathability. Wrinkled e-tattoos offer high
stretchability but may reduce conductivity due to strain-induced
cracks. Chemical bonding enhances adhesiveness, but pain-free
detachment is essential. Substrate-free strategies enhance
breathability but present potential limitations in fabrication,
mechanical durability, and component selection. In conclusion,
designers must navigate these trade-offs, balancing thickness for
conformability and rupture resistance, size for comfort and
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function integration, and adhesiveness for device stability and
pain-free removal. The optimal design of an e-tattoo will
ultimately depend on the intended use case and desired user
experience.

3.3. Manufacturing Technologies of E-Tattoos

Offering unobtrusive, ultraconformal, and comfortable long-
term wear on the skin, e-tattoos necessitate unique fabrication
strategies that integrate distinctive functional materials and
structural designs. These manufacturing methods can be broadly
classified into subtractive manufacturing and additive manu-
facturing. Subtractive manufacturing includes microfabrication
and cut-and-paste methods. Additive manufacturing encom-
passes various printing technologies, Drawn-on-Skin methods,
laser engraving, and electrospinning, all of which will be
discussed in this section.

3.3.1. Microfabrication. Thanks to decades of develop-
ment in the semiconductor industry, microfabrication techni-
ques have enabled the design and production of high-resolution
electronics (down to sub-10 nm) on silicon wafers with high-
throughput mass production.””® Typical steps in this method
include deposition, photolithographic patterning, and etching
(Figure 7a).”*” Submicrometer-thick, disposable e-tattoos have
been developed using this manufacturing paradigm through
precise and intricate patterning and layering of materials. The
resulting highly complex tattoo-like devices can be seamlessly
integrated with the skin for diverse a%plications such as health
monitoring and drug delivery.”””~>*" Besides silicon, other
substrate materials like polyimide (PI), polyethylene tereph-
thalate (PET), and PDMS have also been utilized in the
microfabrication of e-tattoos, employing standard metal and
metal nanoparticle-based materials, including gold,227 silver,”**
copper,”” and gold nanowires.”*”**" Microfabrication has also
proven effective in microfluidics, allowing for precise control of
fluid flow for drug delivery and biofluid analysis.**>***> However,
microfabrication is associated with high costs and necessitates
specific electrode materials that are chemically stable under high
temperatures, posing challenges in fabricating devices with
thermally sensitive and organic solvent-soluble electrode
materials.

3.3.2. Cut-and-Paste. In contrast to expensive and time-
consuming microfabrication approaches, the cut-and-paste
method allows for rapid and low-cost prototyping of large-area
e-tattoos. A benchtop programmable cutting machine patterns a
planar conductive film with circuit layouts or electrodes. Excess
material is then removed, resultin% in a stretchable, structurally
engineered e-tattoo (Figure 7b).>** The entire fabrication can
be completed in approximately 10 min and is repeatable for
integrating multiple layers and materials onto a single substrate.
A series of studies have detailed cut-and-paste-based e-tattoos
utilizing versatile conductive materials such as graphene and
gold on diverse substrates like Tegaderm medical dressing, PVA,
PET, and temporary tattoo paper.””'*”***7*** The cut-and-
paste method holds promise in realizing distinct e-tattoo
platforms by incorporating various materials, including
carbon-based nanomaterials and fibers, metals, and conductive
polymer thin films. As a rapid, cost-effective, and roll-to-roll
manufacturing approach, it has the potential to be scalable for
future e-tattoo commercialization. However, the cut-and-paste
method is challenged by waste generation due to the subtractive
fabrication process.

3.3.3. Printing Methods. Solution-processable materials
allow the fabrication of tattoo-like electronics through various
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printing-based additive manufacturing technologies. The
selection of printing methods is based on design complexity,
resolution, film thickness, and ink rheological properties. Screen
printing, inkjet printing, 3D printing, and aerosol jet printing are
conducive to e-tattoo fabrication and will be discussed in the
following sections.

3.3.3.1. Screen Printing. Screen printing is a popular contact-
based printing method for fabricating e-tattoos by transferring
ink through a screen mesh onto the substrate. A squeegee is then
used to push the ink through the mesh, creating a predetermined
pattern on the substrate (Figure 7c-i).23’9 Screen printing
typically achieves a resolution of 20—100 ym, depending on ink
properties, mesh characteristics, and squeegee specifica-
tions.”*>**" It has been employed for various e-tattoos utilizing
materials such as PEDOT:PSS,** carbon pzlrticles,?’}’“z’24
graphene,™ silver nanoparticles,”** silver nanowires,”*’
liquid metal."**

3.3.3.2. Inkjet Printing. Inkjet printing is a digital, mask-free,
noncontact method to release droplets of liquid ink from a
printhead onto a substrate to form a specific pattern (Figure 7c-
ii).>* It achieves features down to 20 um resolution. Inkjet
printing includes continuous inkjet and drop-on-demand inkjet,
each with unique mechanisms. In continuous inject, droplets
(typically with a size in the range of 150 ym) are continuously
ejected from all nozzles of the printer. A piezoelectric transducer
attached to the printhead provides periodic excitation. Once the
droplets exit the nozzle, their trajectory is determined and
controlled by an electrostatic field, ensuring precise landing on
the substrate. In drop-on-demand inkjet printing, a single
droplet (with a size as small as 20 ym) is ejected from the
printhead only when activated. This printer consists of several
injector nozzles in the printhead, and droplets are ejected in
parallel to each other with each pulse. Subcategories of drop-on-
demand inkjet are defined by the mode used to generate pulses,
including acoustic, electrostatic, thermal, and piezoelectric
methods.”**”*” The success of inject printing depends on the
rheological properties of the ink, assessed by the ink’s Z
parameter, defined as the inverse of the Ohnesorge number
(Oh), further expressed in terms of the Weber number (We)
and Reynolds number (Re). Numerical computations widely
accept the optimum range for printing a stable droplet to be 1 <
Z <102 Jetting voltage, drop spacing, stand-off distance, and
substrate topography are additional parameters affecting
printing success and resolution. Several studies have demon-
strated the potential of inkjet printable ultrathin e-tattoos using
versatile functional inks comprising PEDOT:PSS,*>>****% silver
nanowires, > silver nanoparticles, 52 graphene,zss’254 CNTs, >
and MXene.”*

3.3.3.3. 3D Printing. 3D printing technology has transformed
personalized wearable manufacturing, enabling on-demand
fabrication of tattoo-like sensors tailored to patient-specific
geometries. The process begins by creating the printing
geometry through computer-assisted design (CAD), followed
by 3D scanning of the target substrate. This information is then
fed into the printer to generate the resulting e-tattoo
structure.”” This process can further be extended to “adaptive
3D printing”, integrating sampled geometric data of the e-tattoo
with real-time estimation of the target surface’s rigid-body
motion. The entire information is fed back to the motion
controller to enable printing (Figure 7c-iii).”>® For biosensor
fabrication, common techniques include material jetting and
material extrusion, including direct ink writing on the skin.**®
Typical horizontal resolution of 3D printing ranges from 20 to
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250 pm and vertical resolution ranges from 1 to 100 um,
influenced by factors such as printer type and mechanism,
material, thermal conditions, ink viscosity, and nozzle
diameter.”>” 3D printing has been applied in wearable
biosensing e-tattoos usin§ soft, biocompatible functional inks
based on silver flakes,”" graphene oxide,”*” and CNTs.*%’
Biological tissues, which are sensitive to heat, solvent,
mechanical forces, and compliance, require a fast curing process
for the printed ink. Wan et al. recently developed a flexible 3D
printing system with an elastic injection chamber containing
embedded LEDs.”®" These LEDS emit light that penetrates
through the ink for fast curing, reducing the curing time to a
rapid period of 5 min.

3.3.3.4. Aerosol Jet Printing. Aerosol jet printing for e-tattoo
fabrication is an emerging technology known for its compati-
bility with inks featuring a broader viscosity range (1—1000 cP)
compared to other printing paradigms. This method avoids
nozzle clogging and excels in printing on nonplanar surfaces.***
Additionally, aerosol jet printing is relatively simple and
nontoxic. In this process, ink is atomized through a pneumatic
or ultrasonic mechanism and directed to the substrate by a
sheath gas flow.”* Aerosol jet printing has shown the capability
of printing silver nanowires on various curved surfaces, such as
an apple, and directly onto the uneven inset surface of the finger
(Figure 7c-iv).”* Subsequently, aerosol jet printing has been
used to fabricate related epidermal electronics, such as carbon
lactate sensor”®® and graphene histamine sensor.***

Highly eflicient printing technologies have paved the way fora
new generation of epidermal electronics applications. In
summary, screen printing, inkjet printing, 3D printing, and
aerosol jet printing each have distinct advantages and limitations
in e-tattoo fabrication. Screen printing is a cost-effective and
scalable process suitable for high-volume production, while
inkjet printing excels in producing thinner, higher-resolution
patterns with precise features and generates no waste. 3D
printing enables the creation of complex and customized
structures with high accuracy, while aerosol jet printing is a
versatile and flexible process capable of printing on a wide range
of substrates and geometries. The choice of the printing
technique depends on the specific application and requirements
of the e-tattoos.

3.3.4. On-Skin Fabrication. On-skin fabrication primarily
involves the direct application of conductive inks onto the skin.
The inks solidify on the skin, allowing for exceptional microscale
conformability and potential compatibility with hairs. A well-
known on-skin fabrication technique is the Drawn-on-Skin
method, which uses a modified ballpoint pen or brush to apply
functional ink within a stencil that is attached to the skin.'*'
Once the ink solvent evaporates at room temperature, the stencil
is removed, leaving the final e-tattoo on the skin (Figure 7d).1*!
Defects and device thickness can be corrected by reapplying ink
to the same area, and the ultimate resolution is influenced by the
stencil design, pen/brush dimensions, and functional inks.
Drawn-on-skin e-tattoos have been fabricated using various
materials like PEDOT:PSS,"*"**>*%° liquid metal particles and
composites,*”'** and semiliquid-metal.”*” Stencil-guided on-
skin fabrication allows for the drawing of well-patterned e-
tattoos. However, the stencil is not fully compatible with thick or
dense hairs. As a result, stencil-free ink painting technique was
developed to directly apply e-tattoos to a hairy scalp, ensuring
that the e-tattoos form conformal contact with the skin despite
the hairs.”®~>”! However, the resolution of these painted e-
tattoos is generally limited. Furthermore, the selection of
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conducting materials for on-skin fabrication requires careful
consideration due to the limitations of on-skin postprocessing.

3.3.5. Laser Engraving. Laser engraving, also known as
laser scribing or laser direct writing, plays a unique role in
realizing functional devices due to its distinct ability to tune
material properties (e.g., carbonization or reduction) in a rapid
and mask-free manner. Porous graphene can be directly
engraved on various synthetic and natural carbon precursor
substrates under ambient conditions, either through laser-
induced direct carbonization of polymeric substrates (including
PI, polyethylenimine, Kevlar, and some natural carbon
precursors like wood, bread, and potatoes) or laser-induced
reduction of graphene oxide.'”**”*~*"* Different laser param-
eters, such as wavelength, power, pulse width, and scanning
speed, influence the final graphene structure formation and
resolution. Adjusting these parameters allows obtaining
graphene with different structures on the same patch for
multiplexing applications (Figure 7e-ie-ii).””* Laser engraving
has recently extended to other materials, such as silicon
carbide’”>*’® and transition metal oxide.””” Thanks to its
speed and high resolution, laser engraving holds great promise
for future in situ fabricated e-tattoos.

3.3.6. Electrospinning. Electrospinning is a cost-effective
and efficient method for fabricating porous nanofiber mats. To
transform these nonwoven fiber mats into breathable,
conductive e-tattoos, various methods can be employed. This
includes stabilizing and carbonizing polymer nanofibers,
electrospinning a blend solution of conductive polymers and
metal salts into composite fibers, or depositing conductive
materials through sputtering or spraying them over the fiber mat
substrate. The resulting conductive porous membranes are ideal
for on-skin biosensing due to their thinness, shape conform-
ability, and breathability.””**”* A typical electrospinning setup
consists of a high-voltage power supply, a polymer solution
reservoir connected to a spinneret, and a grounded metal
collector.”® The applied electrical field forms the Taylor
cone,”®" causing the polymeric fluid to eject from the cone edge,
resulting in the formation of micro/nanofibers (Figure 7f-if-
ii).”** Key parameters influencing the process include solution
parameters (polymer type, concentration, viscosity), process
parameters (flow rate, collecting distance, voltage), and ambient
parameters (temperature, humidity). Studies have demonstra-
ted electrospinning-based e-tattoos utilizing nanofiber mat of
poly(vinylidenefluoride-co-trifluoroethylene),”® porous silk
nanofiber (SNF),'”> PVA nanomesh,”" electrospun thermo-
plastic elastomers,”** as well as MXene reinforced nanofibers.”**
To enhance yield and address intermittent nozzle clogging in
electrospinning, multineedle spinnerets, and needleless electro-
spinning”®’ hold significant promises, encouraging further
exploration of this technology in e-tattoo manufacturing.

The field of innovative electronic tattoo fabrication is rapidly
evolving with promising prospects. Table 1 summarizes state-of-
the-art fabrication techniques for e-tattoos, highlighting their
functional materials, typical resolution, and notable advantages
and disadvantages. Ongoing research is exploring new materials
and techniques for highly precise and scalable fabrication
processes, enabling the creation of e-tattoos with a wide range of
features and functionalities.

3.4. Transfer-on-Skin Technologies of E-Tattoos

Following fabrication, e-tattoos must be transferred to human
skin, demanding precision to avoid folding, wrinkles, or tears.
This task becomes more intricate with thinner and softer e-
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Figure 8. Transfer-on-skin technologies of e-tattoos. (a) Transfer printing: (i) releasing and picking up an epidermal electronic system from its
handling wafer and printing it onto human skin via an elastomeric stamp; (ii) large-area tattoo-like electrodes laminated on the neck through rolling
contacts, named Cartan Transfer Printing. Reproduced with permission from refs 29 and 287. Copyright 2013 John Wiley and Sons and 2020 AAAS.
(b) Temporary tattoo-paper-assisted transfer: attaching temporary tattoo paper with electronics and releasing the liner with e-tattoos on the skin.
Reproduced with permission from ref 288. Copyright 2021 MDPI. (c) Medical patch-assisted transfer: attachment of Au/TPU fiber electrode to a
transparent adhesive dermal patch and attachment of a wearable pH sensor to the human’s arm. Reproduced with permission from ref 291. Copyright
2021 American Chemical Society. (d) Substrate-free transfer: (i) direct transfer, schematic of directly transferring an adhesive PEDOT:PSS film to
human skin; (ii) frame-assisted transfer, frame-held ultrathin PDMS-Au conductor (left), and optical image of the electrode on human skin (right);
(iii) cryo-assisted transfer, the ultrathin film detached from the substrate when immersed in liquid nitrogen (left) for transfer, and photos of the
transferred e-tattoo conformably attached to a finger knuckle at different bending angles (right); (iv) pipette-assisted transfer, a water drop containing
the freestanding 230 nm thick PEDOT:PSS/silver nanowire/PEDOT:PSS hybrid electrode delivered on human skin by a pipet, and the electrode self-
deployed on the skin due to water surface tension. Reproduced with permission from refs 294, 190, 296, and 297. Copyright 2020, 2022 Springer
Nature; 2020 John Wiley and Sons; 2020 American Chemical Society.

then self-deployed on the skin due to water surface tension

directly transferred onto the skin for biopotential recordings
(Figure 8d-iv).””’

(Figure 8d-i).>”**> To transfer ultrathin and substrate-free e-
tattoos, frame-assisted transfer minimizes mechanical stresses
’ ’ 4, E-TATTOO SENSORS

With the described material, structural design, manufacturing,
and transfer-on-skin technologies, e-tattoos can seamlessly
adhere to the skin, enabling long-term, unobstructive monitor-
ing of biosignals. Various sensing modalities have been
incorporated into e-tattoos for a wide range of health monitoring

allowing precise alignment and manipulation during the transfer
process (Figure 8d-ii)."”” Additionally, the cryo-assisted transfer
method can temporarily maintain a high elastic state when
immersed in liquid nitrogen. The resulting gripping force
promotes the delamination of the tattoo-like electrode from the

substrate for on-skin transfer (Figure 8d-iii).””® Water surface
tension can also be leveraged for e-tattoo transfer. For example, a
230 nm thick PEDOT:PSS/silver nanowire/PEDOT:PSS film
can be delivered to the skin with a pipet containing water and
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and human—machine interface applications. In this section, we
discuss how the intended function of the e-tattoo shapes critical
design considerations for both biophysical and biochemical
Sensors.
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Figure 9. E-Tattoos for electrophysiological recording. (a) E-Tattoos for ECG: (i) photograph of the chest laminated electro-mechano-acoustic e-
tattoo; (i) synchronous ECG and SCG signals acquired by the e-tattoo; (iii) illustration of ECG and PPG e-tattoo for neonatal care; (iv) neonatal care
e-tattoo applied onto the baby’s chest and foot. Reproduced with permission from refs 236 and 325. Copyright 2019 John Wiley and Sons and 2019
AAAS. (b) E-Tattoos for EMG: (i) photos of the e-tattoo directly printed onto the skin that remained on the skin for a week; (ii) EMG recorded on day
1 and day 7 after continuous wear; (iii,iv) EMG signals recorded from a fully organic, self-adhesive dry electrode while gripping balls with different
moduli; (v) photos of a large-area, multichannel, and breathable e-tattoo placed on the skin through Cartan Transfer Printing; (vi) a robotic hand
controlled through the e-tattoo in (v); (vii) photos of a wearable e-tattoo with the transparent copolymer substrate and electrode; (viii) the EMG
acquired by the e-tattoo in (vii) (blue) and commercial electrodes on wet skin. Reproduced with permission from refs 29, 294, 287, and 327. Copyright
2013, 2019 John Wiley and Sons; 2020 AAAS; 2020 Springer Nature. (c) E-Tattoos for EEG: (i) photograph of the large-area MRI-compatible e-
tattoo electrodes (E1 and E2) vs conventional EEG cup electrodes (Pz) on the scalp of a bold subject; (ii) P3 event-related potentials recorded using
the e-tattoo and the cup electrodes for comparison; (iii) E1 event-related potentials recorded with the e-tattoo electrodes for S days of continuous
wear; (iv) photograph of a human wearing an earbud-like wireless EEG device and zoomed-in images showing the recording (top), ground (middle),
and reference (bottom) e-tattoo electrodes mounted on the mastoid, temple, and forehead of the volunteer, respectively; (v) error-related potentials
captured by (iv) with characteristic peaks under different error rates. Reproduced with permission from refs 286 and 329. Copyright 2019 and 2022
Springer Nature. (d) E-Tattoos for EOG: (i) photograph of the transparent graphene e-tattoo applied to human skin; (ii) EOG acquired by the e-
tattoo during vertical eye movements; (iii) control of a drone by the EOG signals collected in (ii). Reproduced with permission from ref 211. Copyright
2018 Springer Nature.
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4.1. Biophysical Sensors

Biophysical sensors utilize nonreactive processes to interrogate
the body, encompassing categories like biopotential, bioimpe-
dance, strain, pressure, optical, and others. E-Tattoos that utilize
these modalities have demonstrated the extraction of vital health
parameters, including blood pressure, ECG, EMG, EEG, blood
oxygenation, and respiration, as discussed in the following
sections.

4.1.1. Biopotential Recording Electrodes. Innately
flexible and conformable e-tattoos can record bioelectric signals
at various anatomical locations, providing valuable information
about cardiac, muscular, and neural activities."”>®*>® The
evolution of e-tattoos has been primarily motivated by the
imperative to reduce the electrode—skin contact impedance and
artifacts from movements and environmental changes, while
simultaneously improving comfort during long-term wear.
Lowering the electrode—skin contact impedance can improve
the signal-to-noise ratio.”*”* 7% Metals with a high innate
conductivity (e.g, noble metals),**'***°'73%° conducting
polymers with a high ionic mobility and a high charge transfer
rate (e.g, PEDOT:PSS),"****~*'% and carbon nanomaterials
with both good conductivity and large surface area (e.g,
graphene,43’ 1312 CNTs*"?), and 2D dichalcogenides with
ultrathin thickness''® have been used to reduce the contact
impedance of the electrodes on the skin. Minimizing artifacts is
crucial for accurate diagnostic monitoring because these artifacts
can be falsely interpreted as signals or even mask the actual
bioelectric signal. These artifacts are caused by motion, sweat,
and electromagnetic interference (EMI).>1*7316 Fully skin-
conformal electrodes,” 21! 7313317518 galf adhesive electro-
des,t>197203,29%5307319 qyeat-resistive designs,””*'> and proper
electromagnetic shielding for circuitry components of e-
tattoos’*~>** can reduce these artifacts by improving skin
conformability, ensuring secure adhesion under dynamic
motion, preventing excessive sweating-induced skin-electrode
sliding, and blocking EMI, respectively. Additionally, adopting a
more breathable*"?**%"3>* and even substrate-free de-
sign* V1 HAIL2T292% can further enhance the comfort of e-
tattoos, encouraging their long-term use. Although fundamental
requirements are met, the development of biopotential record-
ing e-tattoos is still in the early stages, especially in design
optimization for specific sensing modalities.

Cardiac activity measurement with e-tattoos holds significant
value in intensive care monitoring and cardiovascular health
assessment. For instance, arrhythmias can be easily detected by
observing the timing of the ECG waveform. Additionally,
coupling ECG with other modalities like seismocardiography
(SCG) allows for a more comprehensive diagnosis of underlying
cardiac abnormalities. Ha et al. introduced an electro-mechano-
acoustic (EMAC) e-tattoo capable of capturing both the
electrical signal and mechanical vibrations from the heart
(Figure 9a-i).”*® The ECG electrodes consist of a 13 um thick
gold-deposited PET film (Au/PET film), while the SCG sensor
was made of 28 um thick metalized polyvinylidene fluoride
(PVDF). Valve-induced vibrations caused strain in the PVDF,
generating voltages used to construct the SCG waveform
(Figure 9a-ii). Extracting features from both ECG and SCG
waveforms allows for the estimation of various cardiac time
intervals, subsequently used for beat-to-beat blood pressure
estimation. Another example of synergy between ECG and other
modalities is a binodal, wireless e-tattoo developed for neonatal
intensive care (Figure 9a-iii).”>> The tattoo-like sensors were
directly laminated onto the chest and foot of a neonate to
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measure ECG and photoplethysmography (PPG), respectively
(Figure 9a-iv). Noninvasive estimation of blood pressure
variations was achieved by measuring the time the pulse takes
to travel from the heart to the periphery. Additionally, the PPG
sensor and a digital thermometer were used to estimate
peripheral perfusion and hypothermia risks. Heart and
respiratory rates extracted from e-tattoo measurements were
comparable to those from a gold standard reference. In
summary, future cardiac monitoring e-tattoos will deliver more
compact multimodal sensing capabilities for comprehensive
information. Beyond cardiovascular disease detection, their
applications will extend to various human state estimations, such
as stress monitoring and polysomnography.

Continuous and mobile muscle activity tracking through
EMG is used in enhancing sports performance, aiding
rehabilitation, enabling motion tracking, and facilitating control
of robotic exoskeletons. Yeo et al. introduced a multifunctional
e-tattoo directly printed on the skin.”” The e-tattoo incorporates
gold electrodes for EMG, silicon nanomembranes for strain, and
a platinum layer for temperature sensing (Figure 9b-i).”” With a
thickness of only 800 nm and high conformality to the skin
topography, the device demonstrated mechanical robustness
without delamination, enabling high-quality and stable EMG
signal acquisition for 1 week (Figure 9b-ii). In recent years,
several EMG sensors with unique properties, such as self-
adhesiveness,””* large-area conformable designs,287 gas-perme-
ability,""*'#*%° and sweat tolerance'*”**” have been developed.
Self-adhesive electrodes can enhance device—skin interface
stability and prevent skin irritations associated with chemical
adhesives. For instance, an EMG electrode consisting of
PEDOT:PSS, water-borne PU (WPU), and p-sorbitol can
adhere to the skin without additional chemical adhesives (Figure
9b-iii).””* p-Sorbitol enhances electrode adhesiveness due to its
strong interaction with the stratum corneum. The electrode
enables clear differentiation of EMG signals when gripping balls
with different moduli (Figure 9b-iv). Moreover, its self-
adhesiveness reduced motion artifacts, improving reliability for
long-term use with daily activities. In another example, Wang et
al. proposed a large-area, soft, breathable, substrate- and
encapsulation-free e-tattoo for EMG-based human-machine
interface (Figure 9b-v).”® EMG signals of different hand
gestures were collected by the entire forearm covering e-tattoo
and decoded to successfully control a robotic hand (Figure 9b-
vi). Miyamoto et al. presented an inflammation-free and gas-
permeable e-tattoo electrode with gold nanomeshes."' The
electrode, which is less than 100 nm thick, exhibited excellent
conformability with the skin, enabling clear EMG signal
acquisition. As discussed in section 2.3, human sweat poses a
challenge for e-tattoos, particularly during vigorous physical
exercise. Sweat accumulation can reduce device adhesion to the
skin, resulting in reduced performance. To address this issue,
Zhang et al. introduced a silver nanowire-based e-tattoo with a
genetically engineered plasticized copolymer (GEPC) as the
substrate (Figure 9b-vii).>*” The copolymer, comprising silk
fibroin as the framework, genetically engineered resilin protein
as the modifier, and glycerol as the plasticizer, was designed for
high sweat tolerance by controlling glycerol molecular
replacement under wet conditions without significantly altering
electrical and adhesion properties. The e-tattoo maintained a
higher signal-to-noise ratio compared to commercial EMG
patches under both clean and sweat-infused states (Figure 9b-
viid).
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Table 2. Summary of E-Tattoo Electrodes for Biopotential Recordings®
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conductivity/ skin contact
application materials resistance impedance
ECG Cu, silicone elastomer — —
ECG Au—P]J, polyurethane - -
ECG PEDOT:PSS + DMSO + PVA, 16,000 S/m 65.3kQat 10 Hz
substrate-free (dry), 46 S/cm (dry)
(ge)
ECG Au, PU-PDMS nanofilm - 500 k€2 at 10 Hz
EMG gold nanomesh, substrate-free 53 %107 Q:m 140 kQ at
100 Hz
EMG copper, polyurethane - -
EMG carbon/ppEDOT, double-sided - 20 kQ at 100 Hz
adhesive layer
EMG alginate-polyacrylamide/LiCl, — 20kQ at 1 Hz
substrate-free
EMG Au, plasticized silk 7 Q/sq 200 kQ at 1 Hz
EEG Au/PI, elastomeric film — —
EEG Au/PI, tattoo paper - 40 kQ at 10 Hz
EEG PEDOT:PSS, polyurethane/allyl - 1.6 MQ at 10 Hz
resin-based decal transfer film
EOG graphene, substrate-free —
ECG,EMG  Au, spray-on-bandage - 35 kQ at 37 Hz
ECG, EMG  Au, parylene 44 kQ at
1000 Hz
ECG, EMG  Cr/Au, substrate-free - -
ECG, EMG  PEDOT:PSS, ethylcellulose 50 Q/sq 294 kQ at 60 Hz
ECG,EMG  AgNW/TPU, spray-on-bandage 7.3 Q/sq 2 MQ at 10 Hz
ECG,EMG  PEDOT:PSS + Ag nanowires, 70 Q/sq 20kQ at 1 Hz
substrates
ECG, EMG, porous graphene, gas-permeable 10.96 Q/sq 17 kQ at 100 Hz
EEG elastomer composite
ECG, EMG, Ag/Ti, Ecoflex, hydrogel, or PU - 120 kQ at 20 Hz
EEG film
ECG, EMG, Cr/Au, adhesivesilicone + Ecoflex — 30 kQ at 30 Hz
EEG
ECG, EMG, MoCls-intercalated bilayer gra- 40 Q/sq —
EEG phene, SEBS + Tegaderm
ECG, EMG, PEDOT:PSS/WPU/p-sorbitol 40000 S/m 13 kQ at 10 Hz
EEG
ECG, EMG, porous carbon nanofibers, bio- 4 Q/sq 23.59 kQ-cm? at
EEG medical tape + gas-permeable 10 Hz
PDMS
ECG, EMG, PEDOT:PSS + SDS + LiTESI + 45 Q/sq 32 kQ at 100 Hz
EEG graphene, SEBS or tattoo paper
ECG, EMG, Ag nanowire/genetically engi- 9.66 Q/sq -
EOG neered plasticized copolymer
ECG, EMG, PI/Au/PI (capacitive), silicone - —
EOG elastomer
ECG, EMG, Pt-TMDC/PMMA or PJ, polyur- 31 Q/sq 4 kQ at 10 kHz
EEG, ethane
EOG
“Note: “—” means not available.

wireless
stretchability thickness recordingperiod  system ref
16% (below skin 100—150 ym - yes 325
sensation)
100% 122 pym - no 236
25% 3-S5 um (dry), - no 324
18—30 ym (gel)
34% 195 nm 1 week no 213
40% 70—100 nm - no 41
20% 8.64 ym - no 305
102 pm - no 310
50% (without per- - - no 203
formance degrada-
tion)
100% ~200 ym - no 169
50% 1.5-3 ym 2 weeks no 303
- 900 nm - yes 329
- 2.5 um - no 309
50% 2.35 ym - no 211
30% 800 nm 1 week no 29
60% 300 nm 10h no 42
18% 1.2 ym - no 287
5% 0.6—1.2 ym - no 249
45% 4.6 pm - no 96
30% 1.2 ym + substrate - no 318
500% 520 ym 1 day no 323
40% S pm + substrate - yes 304
18% (26% with gel) 198 yum S days no 286
80% 247 pm - no 311
30% 22 ym 1 week no 294
5% S0 ym + substrate 24h no 284
40% 80 nm + substrate 12h no 312
(SEBS SO um)
50% 30 ym - no 327
~30% 5.8 um - no 314
- 0.2—2S5 ym - no 116

Long-term EEG monitoring offers valuable insights for
diagnosing and treating neurological disorders, as well as
enabling imperceptible brain—computer interfaces.””® The
high temporal resolution of EEG and the high spatial resolution
of magnetic resonance imaging (MRI) have sparked interest in
simultaneous recording to provide a more comprehensive view
of neural activity and enhanced diagnosis accuracy. Traditional
metal EEG electrodes, however, are incompatible with MRI due
to the risk of heating, displacement, and distortion caused by
strong magnetic fields, posing dangers to patients and leading to
inaccurate EEG measurements. Tian et al. reported large area
and MRI-compatible e-tattoos for full-head EEG recordings
(Figure 9¢-i).”*® They designed a unique open mesh structure to
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minimize heating and electromagnetic interference. As a result,
the e-tattoo captured event-related potentials (ERP), such as the
P300 on a bold subject (Figure 9c-ii), even after S days of wear
(Figure 9c-iii). Shin et al. introduced an e-tattoo electrode
connected to an earbud-like data acquisition platform to
enhance accessibility for daily EEG (Figure 9c-iv).”*” The
tattoo-like electrode minimized motion artifacts for EEG
recording in ambulatory settings through gradually increasing
in thickness from ultrathin electrodes to thick flexible printed
circuit connectors and exhibited stable ErrP recording capability
(Figure 9c-v). Current tattoo EEG electrodes are mostly
employed in hairless regions. However, most brain regions are
covered with hair and cannot be measured with conventional e-
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Figure 10. E-tattoo bioimpedance sensors. (a) Graphene electronic tattoos for noninvasive and continuous blood pressure monitoring: (i) images of
bioimpedance (Bio-Z) sensing using the e-tattoo in a tetrapolar configuration laminated over the radial artery; (ii) temporally aligned blood pressure
and Bio-Z waveforms corresponding to a single heartbeat with labeled fiducial points for systolic, diastolic, and mean arterial blood pressure; (iii)
absolute mean error and standard deviation of various blood pressure sensing systems and modalities (circles), including the graphene e-tattoo (star).
Reproduced with permission from ref 238. Copyright 2022 Springer Nature. (b) Inkjet-printed PEDOT:PSS tattoo sensor for respiration monitoring:
(i) tattoo sensor design and on-body conception; (ii) image of the tattoo sensor laminated on the human chest for data acquisition; (iii) the e-tattoo
shows similar performance to a standard thermistor in monitoring respiration. Reproduced with permission from ref 288. Copyright 2021 MDPL. (c)
E-tattoo bioimpedance sensor for skin hydration monitoring: (i) an array of embedded impedance sensors featuring chromium/gold dot-ring
electrodes interconnected by serpentine ribbons; (ii) characterization of skin hydration using a commercial LCR meter and a commercial hydration
sensor; (iii) impedance as a function of injection frequency at different levels of skin hydration. Reproduced with permission from ref 342. Copyright

2013 IEEE.

tattoos. Direct writing of e-tattoos with hydrogels has been
recently reported.”**>*”*”! Yet, the long-term recording
capability of these e-tattoos needs consideration as hydrogels
tend to dehydrate over time.

Electrooculography (EOG) is a noninvasive technique that
measures the potential change generated by eye movements.
Electrodes can be placed near the eyes to detect these electrical
signals and provide precise, real-time measurement of eye
movements. This method can be employed to monitor alertness
while driving or to determine where the player is focusing during
video game play. Because eye movements can induce significant
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artifacts in EEG recording, combining EOG with EEG allows for
effective artifact removal. Moreover, EOG signals can serve as
input for a human—machine interface. For example, Ameri et al.
developed a human—machine interface using a graphene e-
tattoo as the EOG electrode.”'’ This ultrathin, ultrasoft,
transparent, and breathable device is visually and mechanically
imperceptible (Figure 9d-i). It accurately captured eye move-
ments with an angular resolution of 4° (Figure 9d-ii). As a result,
the collected EOG signals successfully controlled the move-
ments of a drone (Figure 9d-iii).
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Table 2 provides a summary of e-tattoos for electro-
physiological sensing, including target applications, electrode
materials, substrates, conductivity/resistance, contact impe-
dance, stretchability, thickness, and long-term recording
capabilities. Despite significant advancements, current e-tattoos
for biopotential recordings have primarily focused on electrode
materials and device design, integration of these e-tattoos into
standalone sensing systems is still not well developed.

4.1.2. Bioimpedance Sensors. Bioimpedance (Bio-Z) is a
noninvasive bioelectric sensing technique employed for various
applications, including arterial pulse extraction,””" radial arterial
compliance monitoring,331 heart rate monitoring,332 respiratory
and cardiac activity assessment,””” and skin hydration tracking.
Bio-Z is defined as the ability of biolo§ical tissue to impede or
obstruct the flow of electric current.**" Its measurement relies
on stimulating human tissue with a small amplitude electric
current and sensing the corresponding voltage response across
the tissue using pairs of electrodes. Bio-Z can be measured in
either a bipolar configuration, where the current injection and
voltage sensing paths share a single pair of electrodes, or a
tetrapolar configuration, where the current injection and voltage
sensing paths use different pairs of electrodes (Figure 10a-i).””*
Tetrapolar measurements are typically performed over bipolar
measurements as they minimize the impact of skin—electrode
contact impedance and enable easier separation of the target
signal. However, bipolar configurations are employed for
capturing impedance when skin or the skin—electrode interface
is a primary concern. Compared to other modalities, Bio-Z
sensing offers deep tissue information due to the deep
penetrating ability of the high-frequency signal into human
skin. Traditional Bio-Z-based sensing systems utilize non-
adhesive, rigid, and planar sensors, hindering conformal contact
between the skin and sensor and causing sensor displacement
and motion-induced signal artifacts. For applications requiring
the tracking of minute (i.e., mQ range) changes in the Bio-Z
waveform, mitigating the effects of motion noise is crucial. E-
Tattoos, with their flexible, ultrathin, and body-conformal
characteristics, can form a stable interface with the skin, ensuring
reliable long-term signal acquisition. In this section, we will
review recent bioimpedance-based e-tattoos for the assessment
of blood pressure, respiration, and skin hydration.

As the pulse propagates through the arterial tree, the volume
change in the artery can be detected as a small decrease in Bio-Z.
Previous studies have leveraged machine learning algorithms to
convert features of the Bio-Z pulse waveform to an estimation of
blood pressure.”*® To combat the issues of traditional Bio-Z
instrumentation discussed above and offer more accurate blood
pressure estimation, Kireev et al. introduced a submicrometer-
thick graphene e-tattoo for continuous blood pressure measure-
ment through monitoring bioimpedance variation during pulse
wave propagation.”* Pairs of graphene e-tattoos were placed in
line with the radial and ulnar arteries of the wrist (Figure 10a-i),
and a high-frequency (10 kHz) small-amplitude alternating
current (0.2—1 mA) was injected into the skin to capture the
resulting Bio-Z waveform. The graphene e-tattoo offered low
skin—electrode impedance for current injection and low skin—
electrode impedance variability, ensuring stable long-term
operation. The transparent nature of the graphene e-tattoos
enabled easy alignment with the artery when laminating onto
human skin (Figure 10a-i). The study incorporated a separate
low-noise multichannel Bio-Z data acquisition system on a rigid
printed circuit board. Extracted features, such as pulse transit
time and interbeat-interval (Figure 10a-ii), were input to a

3241

supervised machine-learning algorithm to estimate systolic
(SBP), diastolic (DBP), and mean arterial (MAP) blood
pressure values. The blood pressure from the graphene e-
tattoos achieved good agreement with that captured by a
medical-grade BP monitoring device (Finapres NOVA) (mean
errors = 0.2 + 4.5, 0.2 + 5.8, and 0.1 + 5.3 mmHg for systolic,
diastolic, and mean arterial blood pressure values, respectively),
achieving a grade A classification (Figure 10a-iii), the highest
accuracy level awarded by IEEE. Compared to other sensing
systems and modalities, such as a wristband-based approach
with an array of silver electrodes’*® and a ring-based solution
using a single Bio-Z channel,”>”**" the graphene e-tattoos
achieved the highest accuracy. While these results are promising,
they are highly dependent on the precise alignment of the
graphene e-tattoos over the radial and ulnar arteries, as
misalignment will affect the extracted Bio-Z signal morphology
and signal-to-noise ratio.*** Moreover, the results reported are
based on data collected in a static laboratory setting, raising
uncertainties about performance in ambulatory environments.
Levit et al. proposed screen-printed carbon electrodes in an e-
tattoo format that offered robust arterial pulse extraction from
the ulnar artery of the wrist even during muscle contractions
induced by fist clenching.” These results are attributed to the
electrodes’ ability to conform to the skin and maintain alignment
with the artery under motion. Furthermore, Namkoong et al.
proposed moldable and transferable conductive nanocompo-
sites consisting of an interpenetrating network of silver
nanowires and PEDOT:PSS.”'® The silver-PEDOT:PSS film
exhibited 2.8 and 1.7 times lower contact impedances than
commercial Ag/AgCl gel electrodes at 1 and 100 Hz,
respectively, resulting in higher quality pulse waveforms for
electrophysiological sensing applications.

Just as an influx of blood induces changes in tissue impedance,
the respiratory-induced movements of the chest wall can also
induce changes in a Bio-Z signal, making it applicable for
extracting respiration rate. Accordingly, Bio-Z-based e-tattoos
have been developed for long-term continuous respiration
monitoring to assist physicians in diagnosing various chronic or
respiratory diseases, such as sleep apnea and hypopnea. As one
example, Taccola et al. proposed an inkjet-printed PEDOT:PSS
tattoo sensor for real-time respiration monitoring based on
transthoracic impedance measurements.”*® Stretchable soft
silver ink traces with serpentine structures interfaced the
PEDOT:PSS electrodes to conductive silver-coated PI pads
containing neodymium magnets for electrical connections to
external electronics via magnetic docking (Figure 10b-i,b-ii).
The tattoo sensors achieved a respiration detection accuracy of
92% relative to ground truth measurements obtained from a
thermistor placed in a subject’s nose during various human
activities (e.g, holding breath, talking, walking, etc.) (Figure
10b-iii). However, the presence of a substrate layer in the tattoo
sensors may hinder sweat evaporation, potentially leading to
PEDOT:PSS electrode delamination over time and degraded or
loss of sensing performance. On the other hand, the magnetic
docking mechanism enables the tattoo sensors to be employed
for other physiological sensing applications in a quick and easy
“plug-and-play” manner. For instance, the tattoo sensors
demonstrated the ability to monitor EMG and ECG signals
with different interface electronics. In another example, Sel et al.
introduced ultrathin and flexible gold Bio-Z-based e-tattoos that
captured respiration from the wrist.”*" These e-tattoos feature
an array of six 25 mm?* gold electrodes, each interfacin§ with
external electronics via gold serpentine structured traces.”*' The
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Figure 11. E-tattoo strain sensors. (a) Noble metal e-tattoos for strain sensing: (i) schematic (top), optical image (middle), and strain sensing
performance (bottom) of the serpentine gold e-tattoo strain sensor; (ii) microscopic image (top), sensing performance (middle), and application of
gold mesh strain sensors in the strain mapping of facial skin deformations during speech (bottom); (iii) top, schematic and a picture of the AuNW-
PANT hybrid strain sensor, middle, schematic of the sensing range increasing mechanism of the sensor, bottom, the change in resistance with the strain;
(iv) top, schematic of the crack-based gold e-tattoo strain sensor, middle, the ultrathin e-tattoo attaching on a human wrist; bottom, SEM images of the
gold film under different strains and the change of the strain sensor as a function of tensile strain. Reproduced with permission from refs 155, 346, 347,
and 190. Copyright 2021 Soft Science; 2020 AAAS; 2015 American Chemical Society; 2022 Springer Nature. (b) Silicon e-tattoos for strain sensing:
(i) optical images of the silicon sensor laminated on human skin and the optical images of a silicon nanowire under 0% and 45% strain; (ii) relative
resistance changes as a function of the strain. Reproduced with permission from ref 352. Copyright 2020 American Chemical Society. (c) Liquid metal
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Figure 11. continued

e-tattoos for strain sensing: (i) optical image of the e-tattoo laminated on human skin and robotic hand application; (ii) illustration of crease
amplification effects. Reproduced with permission from ref 128. Copyright 2021 AAAS. (d) Carbon-nanomaterial e-tattoos for strain sensing: (i)
optical image of the graphene-tattoo laminated on human skin (left top), the cracking mechanism (left bottom), and the relative resistance changes as a
function of strain (right); (ii) optical images of the carbon nanotube/carbon black e-tattoo (left) and the e-tattoo before and after being stretched to
150% (middle, right), change of the resistance of the e-tattoo at longitudinal and transverse directions. Reproduced with permission from refs 120 and
103. Copyright 2018 American Chemical Society and 2012 John Wiley and Sons. (e) Hydrogel e-tattoos for strain sensing: (i) optical images of the
hydrogel tattoo sensor laminated on the skin under stretching; (ii) sensing performance of the hydrogel; (iii) schematic of the self-healing mechanism
of the hydrogel tattoo; (iv) schematic of the structure of ultrathin hydrogel tattoo sensor, inside image shows an ultrathin e-tattoo attaching on the
backside of a hand; (v) surface texture recognition with the ultrathin hydrogel e-tattoo. Reproduced with permission from ref 361 (i-iii) and 362 (iv,v).
Copyright 2022 Springer Nature and 2021 American Chemical Society.

e-tattoos are supported by a layer of Tegaderm to provide
adhesion to the skin and to impart additional mechanical
stability and flexibility. Each electrode is separated by 3 mm,
creating an effective sensing area of 35 mm X S5 mm along the
radial artery of the wrist. The gold e-tattoos achieved an average
root-mean-square-error of less than 13% and an average mean
error of 0.3% in detecting the start of each respiration beat across
five human subjects, relative to a commercial Capnograph
(RespSense II, Nonin, USA).

Skin hydration is another health parameter that can be
determined by monitoring changes in bioimpedance values. As
water leaves the extra- and intracellular tissue, the overall Bio-Z
of the tissue increases. E-Tattoos have been utilized to capture
skin hydration levels from individuals based on Bio-Z sensing,
although these studies are limited. As one example, Huang et al.
outlined a hydration monitor utilizing an array of embedded
impedance sensors to quantify variations in skin hydration.***
The impedance sensors are 2 gm thick and feature chromium—
gold electrodes that are interconnected by chromium—gold
serpentine patterned structures (Figure 10c-i). The mechanics
of the sensors allowed direct lamination on the skin through
vdW interactions alone, conforming with the motions of the skin
and enabling repeatable impedance measurements. The high-
density, matrix-like format allowed multiplexing electrode pairs
for impedance and hydration measurement with high spatial
resolution across a large area of skin at both uniform and variable
skin depths. To characterize their hydration sensors, a
commercial LCR meter, with multiplexing measurement
capability, served as the system for quantifying the response of
the e-tattoo relative to a commercial hydration sensor (Figure
10c-ii). The array of impedance sensors tracked decreases in
impedance amplitude for increased hydration, with more
prominent impedance changes occurring at lower frequencies
(Figure 10c-iii). Results suggest that increased spacing between
electrodes enables greater effective measurement depth and thus
partial measurement of hydration levels below the stratum
corneum, which can provide more comprehensive skin and
tissue health information. Furthermore, Matsukawa et al. found
that nanomesh electrodes with high water vapor permeability
can prevent artificial, e-tattoo-induced increases in skin
hydration (i.e., moisture buildup at the sensing site due to low
permeability).** Particularly, the device exhibited a trans-
epidermal water loss comparable to bare skin. The skin
impedance measured using the nanomesh electrodes and LCR
meter correlated negatively with skin hydration levels recorded
by a commerecial skin hydration sensor (Corneometer CM825),
with correlation coefficients ranging from —0.59 to —0.91 across
subjects.

While significant advancements have been made toward soft
Bio-Z sensors for electrophysiological sensing, many of these
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systems still face challenges. Future e-tattoos that utilize these
sensing paradigms still face obstacles, including (1) lack of
transparent, low contact impedance, and reusable e-tattoo
materials for blood pressure and respiration monitoring, (2) lack
of intrinsically breathable e-tattoo materials to prevent e-tattoo-
induced increases in skin hydration, and e-tattoo delamination,
(3) the design of custom motion-artifact reduction algorithms
for the elimination of noise introduced at the skin—sensor
interface. Addressing these key challenges will undoubtedly
contribute to the wider adoption of bioimpedance e-tattoos for
human health monitoring in both clinical and ambulatory
environments.

4.1.3. Strain Sensors. Strain sensors transduce mechanical
motions into electrical signals. Over the past two decades,
wearable strain sensors mounted onto joints or muscles have
significantly advanced prosthetics and robotics by providing new
modalities for human—machine interactions.”*** However,
accurate measurement of skin deformation demands strain
sensors to genuinely follow skin deformation without causing
mechanical constraints. As a result, e-tattoos are ideal for such
purposes given their conformability and deformability enabled
by their softness and thinness.

Noble metals are widely employed in strain sensors due to
their intrinsic sensitivity to strain, high electrical conductivity,
and chemical stability.344 However, as discussed in section 3.2,
noble metal strain sensors usually exhibit a limited sensing range
due to their high Young’s moduli.”>**> To overcome this
limitation, noble metal films have been designed with different
patterns to reduce stress concentration, thereby enhancing
stretchability. As an example, Wong et al. developed a tattoo
sensor with serpentine-shaped gold films as the sensing layer and
a 2 um thick PI as the substrate and insulation layer (Figure 11a-
i, top and middle).'> The serpentine design effectively reduced
stress concentration in the gold films, resulting in a sensing range
of 20% and a gauge factor of 3.8 and 3.0 in longitudinal and
transverse directions, respectively (Figure 11a-i, bottom). With
the assistance of a waterproof liquid bandage, the device
conformally attached to human skin for over 12 h without
delamination, demonstrating applications in monitoring finger
bending, pulse vibration, and walking. In contrast to noble metal
films, networks of noble metal nanowires exhibit higher
stretchability as they tend to rotate under strain. Wang et al.
developed a submicrometer thick strain sensor by depositing
gold on a polyurethane/PDMS core—shell mesh (Figure 11a-i,
top).>*® The strain sensor exhibited a sensing range of 60% with
a linear gauge factor of 7.26 (Figure 11a-ii, middle), enabling
strain mapping of skin deformations on the face during speech
(Figure 1la-ii, bottom). Additionally, the mesh structure
possesses sufficient water and gas permeabilities, facilitating
sweat evaporation through the pores.”***° Similarly, Gong et al.
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Table 3. Summary of the Representative E-Tattoos for Strain Sensing”

sensing

materials gauge factor (strain range) range thickness application ref

Au/PI 3.8 (longitudinal) (0—20%) 3.0 (transverse) 20% 2 ym motion detection 155
(0—20%)
gold/PU nanomesh 7.26 (0—60%) 60% 430 £ 18 nm  facial expression monitoring 346
Au-SWCNTSs/PDMS 7.1 X 10* (0—~70%) 3.1 X 10° (70%-100%) 100% 36 um facial muscle movement 348
monitoring
V—Au nanowires/PDMS 1035 (0—20%) 20% — pulse detection 231
Au nanowires-PANI/latex rubber 20.4 (0—30%) 61.4 (100%) 149.6% - robotic arm control 347
silicon film - 30% <8 ym facial monitoring during silent 349
speech
silicon nanowire 0.075 (0—30%) 45% 200 ym throat motion recognition 352
liquid metal/styrene—butadiene— 1 (0-160%) 800% 22—114 ym  robotic hand manipulation 128
styrene

graphene/transfer tape 11 (0-2.5%); 92 (2.5—4.5%); 673 (4.5—5%) 5% - respiration detection 120
carbon black/PDMS 29 (0—5%) 23% 300 ym wrist motion detection 103
carbon black/TPU film 17.5(0—70%); 8962.7 (140—160%) 160% 50 ym muscle tremor detection 354
CNT/TPU 0.36 (0—1000%) 1000% 100 pm drinking detection 104
PVA-Ppy 2.1 (0—400%) 500% 110 pm texture recognition 362
PVA-S/hydrogel (PP film) 1.8 (0—270%) 270% 300 pum strain sensing 361
“Note: “—” means not available; sensing range is defined as the maximum stretchability of the sensor before losing electrical integrity.

developed a strain sensor by directly drawing a conductive ink of
gold nanowires and polyaniline (PANI) microparticles on the
skin (Figure 11a-iii, top).”*” The gold nanowires formed a
continuous network with PANI particles as the conductive
bridge (Figure 11a-iii, middle). Therefore, the device exhibited a
sensing range of 99.7% and a gauge factor of 15 (Figure 11a-iii,
bottom). Programmed crack formation provides another
structural engineering method to increase the sensing range of
strain sensors.'*”*"*** As an example, Jiang et al. developed a
1.3 pum thick e-tattoo by thermal evaporating gold nanofilm onto
an ultrathin PDMS film supported by a thick PDMS film on a
glass substrate (Figure 1la-iv, top and middle)."”” The thick
PDMS underwent thermal expansion during the thermal
evaporating process, resulting in numerous microcracks on the
gold film (Figure 1la-iv, top). The programmed crack design
enabled the sensor to achieve a stretchability of 100% (Figure
11a-iv, bottom). Despite significant progress in the development
of noble metal-based strain sensors, the high cost associated with
materials and their deposition fabrication processes limit their
widespread adoption.

Compared to metals, semiconductors exhibit a much larger
resistance change under strain due to bandgap shift-induced
carrier redistribution.’*” Single-crystalline silicon strain sensors
are reported to have a high GF of 50—200.”*° However, it has
limited stretchability, preventing its use for high strain
sensing.350 To address this limitation, Kim et al. patterned the
silicon nanomembrane into a serpentine structure and achieved
a sensing range of 30%.>* Silicon nanowire springs provide
another type of strain sensor with high stretchability.”*" As an
example, Huang et al. developed an ultraminiaturized and
transparent silicon strain sensor by buckling single centimeter-
long silicon nanowires on a prestrained substrate (Figure 11b-,
top).”>” The buckled strain sensor can be stretched under strain
(Figure 11b-i, bottom), resulting in a sensing range of 45%
(Figure 11b-ii). While significant progress has been made with
silicon-based strain sensors, the microfabrication process or
high-temperature growth of silicon nanowires hinders their
large-scale fabrication for wider applications.

Liquid metal exhibits intrinsic stretchability thanks to its
fluidic nature,'*®13% 131159353 Therefore, it can function as both
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the active and interconnect material, providing a seamless
interface with improved mechanical stability. Liquid metals can
be dispersed in organic solvents for low-cost and large-area
printing fabrication. For example, Tang et al. found that liquid
metal dispersed in polyvinylpyrrolidone solution can be directly
printed onto a styrene—butadiene—styrene substrate, forming
an ultrathin liquid-metal-based strain sensor (Figure 11c-i, top)
to control a robotic hand (Figure 11c-i, bottom).'** The device
formed a partially conformed contact on the wrinkled surface of
the skin (Figure 1lc-ii). When the device bends, the
nonconformed area undergoes higher strain, amplifying the
signal due to the crease amplification effect. The sensing area of
the sensors have a multilayer structure of thin and long strips of
liquid metal to increase sensitivity, while the connection
comprises wide strips for good stretchability. Because wrinkles
mainly form on the joints, resistance changes are localized in the
sensing area and not the connectors. This sensor exhibited a
wide sensing range up to 800%. However, liquid metal-based
strain sensors usually have limited sensitivity due to the fluidity
of the liquid metal, restricting their applications in monitoring
subtle movements.

Carbon nanomaterials, includin§ carbon particles,
CNTs,"”"#3%35¢ and graphene''®**” are widely employed in
strain sensing e-tattoos due to their low cost and good electrical
conductivity. Graphene, in particular, exhibits a rapid increase in
resistance under stretching due to the formation of cracks in the
graphene film, making it an ideal sensing material for high-
sensitivity strain sensors. For example, a laser-induced graphene
tattoo (Figure 11d-i, top left) generates cracks under strain
(Figure 11d-i, bottom left)."* The opening and closing of these
cracks make the strain sensor exhibit a gauge factor of 673 and a
sensing range of 5% (Figure 11d-i, right). CNTs and carbon
black are another two candidates for strain sensors and are
generally doped within an elastomeric matrix with rigid metal as
the connections. However, the connection between the sensing
layer and the connectors tends to detach under stretching due to
their mechanical mismatch. To address this issue, a multilayer
device was designed, with a strain-sensitive carbon-black-doped
PDMS layer as the sensing layer and a strain-insensitive CNT-
doped-PDMS as the connectors (Figure 11d-ii, left)."®> This
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Figure 12. E-tattoo-based pressure sensors. (a) Piezoresistive pressure sensor: (i) schematic of a piezoresistive pressure sensor; (ii) photograph of the
piezoresistive pressure sensor attached to a wrist and the measured surface pulse signals. Reproduced with permission from ref 363. Copyright 2016
John Wiley and Sons. (b) Capacitive pressure sensor: (i) schematic diagram presenting the multilayers of a single capacitive pressure sensor; (ii) the
sensor’s response to the applied pressure; (iii) photograph of an 8 X 8 capacitive pressure sensor array attached to the palm. Reproduced with
permission from ref 367. Copyright 2021 American Chemical Society. (c) HRPS: (i) schematic of an HRPS; (ii) simplified equivalent circuit of the
HRPS; (iii) photograph of an HRPS attached to the skin over the carotid artery and the measured and filtered carotid arterial pulse. Reproduced with
permission from ref 385. Copyright 2021 John Wiley and Sons. (d) Piezoelectric pressure sensor: (i) schematic of a piezoelectric pressure sensor with
interdigitated electrodes (IDE) after the poling process; (ii) output voltage as a function of the applied dynamic force in the normal compression
mode; (iii) photographs of the sensor placed on a flat substrate and attached to the wrist, and the recorded arterial pulse waveform. Reproduced with
permission from ref 373. Copyright 2021 American Chemical Society. (e) Triboelectric pressure sensor: (i) schematic and photograph of a skin-
integrated triboelectric nanogenerator (TENG); (ii) open-circuit voltage produced by the TENG under five cycles of finger hitting; (iii) photograph of
a4 X 4 sensor array mounted on human skin, and the pressure mapping result. Reproduced with permission from ref 376. Copyright 2020 John Wiley
and Sons. (f) Active matrix-type pressure sensor: (i) diagram of a tactile sensor array made from a stretchable active matrix; (ii) circuit diagram of one
pixel in the stretchable active-matrix tactile sensor array; (iii) photograph of an array adhering and conforming to a human palm, and the pressure
mapping of a synthetic ladybug with six conductive legs. Reproduced with permission from ref 380. Copyright 2018 Macmillan Publishers Limited. (g)
Iontronic pressure sensor: (i) schematic of the iontronic pressure sensor; (i) optical image of microfabricated sensor arrays amounted onto a human
hand. Reproduced with permission from ref 53. Copyright 2017 John Wiley and Sons. (h) Ultrasonic pressure sensor: (i) schematic of an ultrasonic
pressure sensor device in a flat state; (ii) working principle of the stretchable ultrasonic e-tattoo; (iii) photograph of the device conforming to a
complex surface; (iv) blood pressure measurement with the ultrasonic device attached to a human neck, and the collected carotid artery blood pressure
waveforms. Reproduced with permission from ref 54. Copyright 2018 Springer Nature.
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design has a seamless connection between the sensing layer and
the connectors, achieving a sensing range of 50% (Figure 11d-i,
middle) and good sensitivity along both the longitudinal (29.1)
and traverse directions (—4.9) (Figure 11d-iii, right). In another
work, Yamada et al. fabricated a strain sensor by laying vertically
aligned SWCNT side-by-side to form an accordion-like
structure, with PDMS serving as the substrate and encapsulation
layer. Under stretching, the suspended SWCNT bundles formed
bridges for the gaps, enabling the strain sensors to have a sensing
range of up to 280%.>*"

In addition to the inorganic material-based strain sensors
described above, organic materials, such as conducting
polymers®>® and hydrogels,**”*°' have been employed in strain
sensing e-tattoos due to their softness, biocompatibility, and self-
healing properties. Liu et al. fabricated a hydrogel strain-sensing
e-tattoo with an impressive sensing range of 500%.%°° Recently,
Wang et al. developed a self-healable hydrogel strain sensing e-
tattoo with a PVA and hydroxypropyl cellulose stretchable
matrix doped with CNTs (Figure 1le-i).”*" The ternary
heterogeneous polymer network increased the fatigue threshold,
exhibiting a stretchability up to 250% (Figure 11e-ii). Addition-
ally, the hydrogel sensor demonstrated fast self-healing
capability due to the rapid reformation of hydrogen bonds
between the tetrafunctional borate ions and —OH groups from
both PVA and hydroxypropyl cellulose (Figure 1le-ii). In
another work, Zhang et al. developed a 110 ym thick hydrogel e-
tattoo with PVA as the matrix and polypyrrole (PPy) as the
conductive filler, which can conformally attach onto human skin
(Figure 11e-iv).**” The strain sensor exhibited a sensing range of
~400% with a gauge factor of 2.1. Notably, the ultrathin nature
enabled the strain sensor to detect the texture of objects (Figure
11e-v). Despite the excellent stretchability and self-healing
capability, it remains challenging for hydrogel-based strain
sensors to monitor strains over extended periods due to
dehydration issues.

Table 3 summarizes representative strain sensing e-tattoos,
including their materials, designs, sensing performance, and
applications. There is typically a trade-off between sensitivity
and sensing range.”® Further efforts should focus on developing
e-tattoo strain sensors with high sensitivity, wide sensing ranges,
good stability, long-term operation, and high spatial resolution
to comprehensively capture motion from various parts of the
human body.

4.1.4. Pressure Sensors. Pressure-sensing e-tattoos allow
for long-term monitoring of diverse physiological parameters,
including blood pressure, respiration and heart rate, and physical
activities. These e-tattoos can be categorized into eiéght types
based on working princigle: ) piezoresistive,”** ™% capaci-
tive,367_371 piezoelectric,37 =375 triboelectric,”**27° 777 active
matrix,>*° 7% iontronic, %338 hybrid—response,‘mS_387 and
ultrasonic devices.””*****” Figure 12 provides an overview of
some representative pressure-sensing e-tattoos.

Piezoresistive pressure-sensing e-tattoos utilize materials
whose resistance changes with pressure-induced deforma-
tion.>* 7% These e-tattoos can outperform other pressure
sensors owing to their high sensitivity and easy readout. For
instance, Luo et al. developed a flexible piezoresistive sensor
comprising carbon-black-decorated fabric as the piezoresistive
material and gold interdigital electrodes for cuffless blood
pressure measurement (Figure 12a-i, left).’*> When pressure is
applied to the sensor, the contact resistance between the rough
contact surface of the fabric and the gold electrode changes
(Figure 12a-i, right), resulting in a linear sensing range of 0—3$
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kPa and a sensitivity of 0.585 kPa™'. Further demonstrations
showed that the device can be attached to the wrist (Figure 12a-
ii, left) to monitor the surface pulse wave with high reliability
(Figure 12a-ii, right). However, piezoresistive pressure sensors
often exhibit limited sensing ranges and temperature-dependent
signal drift, thereby affecting measurement accuracy.

Capacitive pressure-sensing e-tattoos are based on a parallel-
plate capacitor architecture, where the electrode distance or the
dielectric constant of the sensor is modulated with pressure,
resulting in a corresponding change in capacitance. Compared
to piezoresistive pressure-sensing e-tattoos, capacitive ones
demonstrate relatively weak sensitivities to temperature.’’’
Scalable matrix-addressed capacitive sensors can be easily
developed by arranging to7p and bottom electrodes into row
and column structures.”*”*”° Various strategies, such as utilizing
soft dielectric layers and microengineering pressure-sensitive
materials,””” have been employed to enhance the sensitivity of
capacitive pressure sensors. For instance, Luo et al. developed a
capacitive pressure-sensing e-tattoo using a micropillar PVDF
(MP) dielectric layer (Figure 12b-i).>*” The optimized
capacitive e-tattoo exhibited a sensitivity of 0.43 kPa™' for
pressures less than 1 kPa (Figure 12b-ii), a minimum-pressure
detection limit of 3.4 Pa, and a pressure sensing range of 0—50
kPa, as well as fast response and relaxation times of 33 ms. The
image in Figure 12b-iii displays an 8 X 8 capacitive pressure
sensor array based on the MP film and electrode array without
external wires under the PDMS package, attached to the palm
with a total thickness of about 300 ym. However, sensitivity
enhancements through geometric microengineering designs are
effective only at low-pressure ranges (e.g.,, up to 3 kPa). High
sensitivity cannot be maintained at large-pressure ranges
because compression quickly eliminates the air gaps, leaving a
solid that further stiffens due to hyperelasticity and boundary
confinement. To overcome the trade-off between sensitivity and
pressure range, Ha et al. devised a flexible hybrid response
pressure sensor (HRPS) comprising a piece of barely conductive
porous nanocomposite (PNC), sandwiched between two
flexible Au/PI film electrodes, with an ultrathin PMMA
dielectric layer added between the PNC and one side of the
electrodes (Figure 12c-i).”* The barely conductive PNC made
of CNT-doped Ecoflex exhibited both piezoresistivity and
piezocapacitivity, providing a hybrid response to pressure
changes. The equivalent circuit for the HRPS with barely
conductive PNC is shown in Figure 12¢-ii. The HRPS with an
optimal CNT doping concentration (0.5 wt %) exhibited
significantly enhanced sensitivity over wide pressure ranges,
from 3.13 kPa™' within 0—1 to 0.43 kPa™' within 30—50 kPa.
Further demonstrations showed that the HRPS can be placed on
the neck to effectively measure the carotid arterial pulse
waveform (Figure 12c-iii).

Piezoresistive and capacitive pressure sensors typically
necessitate an external power source for generating electrical
signals to characterize sensor impedances. In contrast, piezo-
electric pressure sensors produce their own electric signals
through charges generated by potential differences in the
separation of positive and negative dipoles in response to
mechanical deformation, eliminating the need for an external
power supply.”’*”* These sensors can operate across a broad
frequency range, makin§ them suitable for measuring dynamic
pressure fluctuations.””’ To make them more unobtrusive for
on-skin health monitoring, Montero et al. demonstrated a
fabrication process for fully printed, biocompatible, and
ultrathin piezoelectric pressure-sensing e-tattoos (Figure
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Table 4. Summary of Representative E-Tattoos for Pressure Sensing”

application

blood pressure monitoring

blood pressure monitoring, pres-
sure mapping

pressure mapplng

human physiological monitoring

blood pressure monitoring

blood pressure monitoring
blood pressure monitoring

tactile sensing, energy harvesting

energy harvesting, human-ma-
chine interface

tactile sensing, pressure mapping,
and human-machine interface

acoustic biometrics applications

blood pressure monitoring, pres-
sure mapping

materials

PEN/Carbon-decorated fabric/
Au/PI

PDMS/CNT/Ag-coated fabric/
G-nWF/PI

PDMS/PEDOT:PSS/
MWCNTs/PVDF

Ag ink
Tegaderm/PI/Au/CNT/Ecoflex
00—30/PMMA

PEDOT:PSS/GOPS
/PVDEF-TrFE/parylene C

PEDOT:PSS
/P(VDE-TrFE)/parylene C

PDMS/Cu/Cr/PI
PDMS/PI/Cu/liquid bandage

PDMS/PI/Cu

TPU/DMF/EMIM/TESI

CNT/SEBS H1052/SEBS H1221

principle

piezoresistive
piezoresistive
capacitive

capacitive

combined pie-
zoresistive
and capacitive

piezoelectric
piezoelectric

triboelectric

triboelectric
triboelectric

combined Ion-
tronic and tri-
boelectric

active matrix

blood pressure monitoring, ITO/nafion/PET/PEDOT:PSS iontronic
breath signal recording, muscle
activity recording, pressure
mapping

blood pressure monitoring PI/Cu/Sn/piezo pillar/epoxy ultrasonic

“Note: “—” means not available.

detection
sensitivity sensing range limit thickness stability ref
0.585 kPa™" 0—-35 kPa 1 kPa - 5000 cycles 363
6.417 kPa™' 0—800 kPa 1.2 kPa - 1750 cycles 364
0.43 kPa™ 0—50 kPa 3.4 Pa 300 um 1000 cycles 367
- 0—200 Pa <10 Pa 1180 ym 10 cycles 368
3.13 kPa™ 0—50 kPa 0.07 Pa 700 ym 5000 cycles 385
1703 pC/N 2.99—6.56 kPa - 4.2 ym 1188000 372
cycles
275.8 mV/N 0—160 kPa - 7 um 657000 373
cycles
- 0—60 kPa - 342 ym 2000 cycles 375
- 0—16.67 kPa <0.67 kPa 48.2 ym 3000 bend- 376
ing cycles
0.367 mV/Pa  0—50 kPa <3 kPa 350 um 2500 cycles 377
165 mV/dB >100 kPa - 2.5 ym 20000 387
cycles
- >40 kPa - 200 ym 1000 cycles 380
5 nF-kPa™! 0—30 kPa - 125 pum 10000 53
cycles
32%at—6dB  0-21.3 kPa - 240 ym - 54

bandwidth

12d).>”* The device consists of a highly uniform interdigitated
electrode (IDE) structure made of PEDOT:PSS and an active
piezoelectric layer made of P(VDF-TrFE) with an overall
thickness of about 7.3 ym (Figure 12d-i, left). To align the
dipoles and enhance piezoelectric performance, the device
required high electric field poling (Figure 12d-i, right) by
specialized equipment. Characterization revealed that the IDE
structure with a sample thickness of 12.8 ym exhibited 4.7 times
higher voltage sensitivity compared to the conventional metal—
insulator—metal (MIM) structure with a similar sample
thickness. The performance of this ultrathin and transparent
sensor was demonstrated in monitoring arterial pulse waveforms
(Figure 12d-iii). Although the sensor is self-powered, an external
device, such as an amplifier or an analogue-to-digital converter
(ADC), is still necessary for processing, measuring, and
interpreting the signal. Furthermore, piezoelectric pressure
sensors exhibit hysteresis in response to external pressure due to
the inherent characteristics of piezoelectric materials.””>*”*
Another approach to self-powered pressure-sensing e-tattoos
involves leveraging the triboelectric effect, which is rooted in the
mechanism of contact electrification and electrostatic induc-
tion.””* By employing materials with different electron affinities,
electrical signals are generated as the contact areas between the
functional materials change with applied pressure. Compared to
piezoelectric pressure sensors, triboelectric pressure sensors
offer higher pressure sensitivity and stability.”*”*”° Liu et al.
introduced a thin and stretchable triboelectric e-tattoo for tactile
sensing (Figure 12e-, left).>’® The fabricated triboelectric
device exhibited excellent flexibility and stretchability (Figure
12e-i, right) and could discern a wide range of pressures
associated with normal body motions. For instance, under the
pressure of finger hitting (=~ 59.8 kPa), the open-circuit voltage
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of the device was measured to be 60.4 V (Figure 12e-ii).
Moreover, a 4 X 4 sensor array device was demonstrated for
electric skin applications (Figure 12e-iii). Triboelectric pressure-
sensing e-tattoos have also been employed for measuring pulse
waveform, blood pressure, and respiration.””"*** Despite the
advantages of triboelectric pressure-sensing e-tattoos, they are
responsive only to dynamic pressures, limiting their use as static
pressure sensors. Additionally, triboelectric sensors are sensitive
to humidity,””* posing challenges in maintaining their output
current in humid environments.

Real-time data acquisition from large-scale, high-resolution
pressure sensor arrays is an outstanding challenge due to the
large number of pixels that need to be read out simultaneously or
sequentially. Passive and active matrices are two types of
addressing schemes used for the readout circuitry.”*” In a
passive-matrix circuit, a matrix of row and column wires is used
to address individual pixels, with each pixel connected to both a
row and a column interconnect. The simplicity of passive-matrix
addressing, however, leads to crosstalk issues, where each pixel is
influenced by its adjacent pixels. In contrast, active matrix
addressing employs a separate transistor to switch each pixel
within that array, resulting in higher precision and faster
response time. Wang et al. proposed a scalable fabrication
method to manufacture intrinsically stretchable transistor arrays
(Figure 12£4).**" This array utilized CNT as stretchable
electrodes and data/scan lines, cross-linked SEBS as the
dielectric, and a “conjugated polymer/elastomer phase separa-
tion induced elasticity” (CONPHINE) film as the semi-
conductor, achieving a high device density of 347 transistors
per square centimeter. The circuit diagram of one pixel in the
sensor array illustrates the connection between the transistor
and the corresponding tactile sensor (Figure 12f-ii). The sensor
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array maintained a charge-carrier mobility of 0.98 cm*V~'s7,
even at a 100% tensile strain. A 10 X 10 array of intrinsically
stretchable resistive tactile sensors utilizing these transistors
demonstrated sensitivity sufficient to detect a small artificial
ladybug with six conductive legs when attached to a human palm
(Figure 12fii).

Iontronic pressure sensors, consisting of two electrodes
separated by an ion-conducting material and utilizing ion
movement to measure pressure, differ from traditional capacitive
pressure sensors. They offer ultrahigh unit area capacitance and
sensitivity, remarkable signal-to-noise ratios, and excellent
optical transparency.””*** For example, Zhu et al. introduced
an epidermal—iontronic interface by incorporating both a single-
sided iontronic layer and the skin itself as the pressure-sensing
elements (Figure 12g-i, left).”> Under external pressure, the
ionic electrode deformed and formed electronic—ionic contact
with the skin (Figure 12g-i, right), establishing iontronic
capacitance. The device, with a thickness of 125 ym, achieved
a sensitivity of S nF-kPa™" and could be configured on various
parts of human skin for pulse sensing, respiration tracking,
muscle activity monitoring, and human hand pressure mapping
(Figure 12g-ii). However, the epidermal—iontronic interface is
significantly influenced by skin conditions such as body
temperature and hydration levels, and it is challenging to
make it insensitive to stretch.

Although pressure-sensing e-tattoos can be configured at
peripheral sites to monitor peripheral pulse waveforms,
emerging clinical evidence suggests that central arterial and
venous pulse waveforms hold greater predictive value for
cardiovascular events than peripheral waveforms. However, the
aforementioned pressure-sensing e-tattoos are limited to
accessing superficial peripheral vasculature. In contrast, ultra-
sonic acoustic pressure waves can penetrate human tissues up to
a depth of 4 cm.”* Ultrasonic transducers typically employ
piezoelectric materials like lead zirconate titanate (PZT) and 1—
3 composite.”*® Wang et al. developed an approach to integrate
ultrasonic transducers in a wearable format (Figure 12h-i).>*
The ultrasonic device conformed to the skin and could capture
vessel diameter waveforms at deeply embedded arterial and
venous sites using pulse-echo measurements (Figure 12h-ii).
The active elements consist of standard rigid 1—3 piezoelectric
composites connected with copper serpentines, used to convert
voltage into mechanical vibration and vice versa. The device was
ultrathin (240 ym) and stretchable (up to 60% strain) (Figure
12h-iii) and allowed for noninvasive, continuous, and accurate
monitoring of the pulse waveforms from multiple body
locations, such as the carotid artery waveform on the neck
(Figure 12h-iv). Unfortunately, this device still relies on a large
desktop data acquisition system to control acoustic emission and
process received echoes.

Table 4 summarizes representative pressure-sensing e-tattoos
with their materials and thickness, working principles, and
performance. Despite advancements in pressure-sensing e-
tattoos, challenges persist. For piezoresistive and capacitive
pressure-sensing e-tattoos, achieving ultrathinness, stretchabil-
ity, and conformability with good linearity and high sensitivity
across a wide sensing range remains challenging due to the need
for a certain degree of device compression to generate a
significant signal. In the case of piezoelectric and triboelectric e-
tattoos, they are unsuitable for measuring static pressures as they
only output pulse signals when the pressure changes. Moreover,
environmental factors like temperature and humidity can impact
the performance of these e-tattoos, necessitating compensation
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strategies such as advanced structural design and data processing
algorithms. Lastly, there is a need for pressure-sensing e-tattoos
with enhanced performance, featuring hybrid or multimodal
responses, low power consumption, and wireless communica-
tion for robust long-term health or physical activity monitoring.

4.1.5. Photodetectors and Displays. Although humans
have found uses for over 20 magnitudes of wavelengths of the
electromagnetic spectrum, optical radiation (100 nm < 4 < 1
mm) is uniquely defined by and used due to its adherence to the
laws of optics (e.g, focusing with lenses). One of the greatest
advantages of using optical wavelengths in modern electronic
measurements, however, is the great availability of semi-
conductors with appropriate bandgap energies. For absolute
imperceptible optical sensing of the body, flexible, and/or
stretchable LEDs and photodetectors have been introduced.
Organic semiconductors are very popular functional materials
due to their inherent flexibility. However, a major challenge for
ultrathin organic optoelectronics is that high-energy fabrication
processes, such as plasma deposition can easily deform ultrathin
substrates. Critical defects will emerge in the active layer if there
is excessive roughness. Organic optoelectronics are also limited
by their susceptibility to generating hole traps after exposure to
oxygen and moisture, thus necessitating ample encapsulation
from the outside environment. Despite active layers being very
thin (<1 ym), substrates and encapsulations tend to be orders of
magnitude thicker to provide effective protection. The
susceptibility to water also makes water-assisted transfer
methods difficult. Therefore, ultrathin wearable organic LEDs
and photodetectors are an outstanding challenge in the field. As
an early example of solely using low-temperature processes to
achieve ultrathin optoelectronics, Yokota et al. formed an
ultraflexible (bending radius <10 ym) e-tattoo with organic
LEDs (OLEDs) and photodetectors by annealing the active
layers at only 150 °C and forming the passivation layers with
CVD.*” Thanks to the encapsulation provided by multiple layers
of SiON and parylene, the device demonstrated an increased
half-life from 2 to 29 h at a humidity of 60%. In another example,
Barsotti et al. reported an encapsulation-free OLED on a tattoo
paper substrate using water-assisted transfer.””* An insulating
layer of PMMA was spin-coated on the tattoo paper followed by
inkjet printing PEDOT:PSS electrode/hole injection layer.
Then, the active layer (F8BT) is spin-coated and is followed by
the final electrode (Al) deposition. To transfer to the skin, the
tattoo is released from the backing paper using water. Although
their achieved equivalent quantum efficiency (EQE) was
significantly lower (0.0162—0.0104%) than traditional devices,
the device is completely encapsulation-free, and the resulting
thickness is extremely low (2.3 gm). Unfortunately, the devices
failed after several minutes due to exposure to air and water. As
encapsulation is necessary for long-term organic optoelectronic
operation, significant research is ongoing to develop ultrathin
encapsulations.””

One notable application of photosensitive measurement of
the body is PPG. As the heart pumps, a pressurized pulse travels
through the body and causes blood vessels to expand. The pulse
can be observed by shining light (typically with an LED) into a
region of tissue and measuring the amount of transmitted or
backscattered light. Given that the optical absorption coefficient
of blood is significantly higher than that of surrounding muscle
(as discussed in section 2.6), the increase in the volume fraction
of blood in the tissue leads to greater light attenuation and a
decrease in detected light (typically measured with a photo-
detector). Although now commonplace due to its simplicity,
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Figure 13. E-Tattoos for photodetection and display. (a) Self-powered organic PPG sensor: (i) device overview; (ii) the e-tattoo is ultraflexible and
soft; (iii) diagram of PPG sensing; (iv) pulse waveform and extracted heart rate collected from the PPG e-tattoo. Reproduced with permission from ref
402. Copyright 2021 Springer Nature. (b) Stretchable, wearable e-tattoo display and pulse oximeter: (i) photograph of the e-tattoo on the wrist; (ii)
ultrathin microcracked Au stretchable interconnects; (iii) pulse waveforms from the stretchable e-tattoo and a commercial PPG sensor; (iv) HR
displayed in real-time. Reproduced with permission from ref 410. Copyright 2021 AAAS. (c) High-brightness cosmetic tattoo LEDs: (i) photographs
of the LEDs on a finger without and (ii) with bending, respectively. Reproduced with permission from ref 411. Copyright 2022 Springer Nature. (d)
Ultrasoft, tattoo-like personal UV dosimeter: (i) the e-tattoo on the arm demonstrates high adhesion and deformability; (ii) after exposure to UV, the
e-tattoo changes color; (iii) the color change can be quantified using a custom mobile app; (iv) detected UV exposure agrees well with a commercial
device. Reproduced with permission from ref 415. Copyright 2017 John Wiley and Sons. (e) Stretchable photodetectors for human-machine interface:
(i) schematic of the stretchable MoS, photodetectors; (ii) photograph of the stretchable photodetector array on the wrist. (iii,iv) robot control by light
illumination on the photodiode array. Reproduced with permission from ref 419. Copyright 2022 John Wiley and Sons.

PPG faces challenges in various situations due to its extreme detectors.”™® Stretchable interconnects can also be achieved
sensitivity to motion. One important contributing factor is the through structural engineering. Li et al. designed a multi-PPG
relative motion between the device and the skin.*”® Tattoo system to extract pulse wave velocity with COTS red and green
sensors, due to their skin-like properties, can deform with the LEDs and photodetectors with a “watch chain” interconnect
skin and minimize relative motion. Lee et al. introduced a soft design.”” By placing the photodetector along the artery, the
PPG sensor with light polarizers to further reduce sensitivity to pulse wave can be measured at two locations and the
motion.”” First, polarized light is used to illuminate the tissue. corresponding pulse wave velocity can be extracted by dividing
The light becomes more randomly polarized the deeper it the distance by the time delay of the two signals and
penetrates the tissue. Therefore, light that only penetrates too correspondingly estimating blood pressure.
shallow to reach the blood vessels will be biased toward the When measuring the PPG signal with multiple wavelengths of
original polarity and can be filtered out with a cross polarizer on light, blood oxygen saturation (SpO,) can be extracted due to
the detector. To make a tattoo-like PPG sensor, commercial-off- differences in the absorption spectra of oxygenated and
the-shelf (COTS) rigid optoelectronics may be sufficient. deoxygenated hemoglobin (HbO, and Hb, respectively).
Because the mismatch between the relevant air and tissue Jeong et al. utilized copper serpentines to connect COTS red
optical properties (n = 1 and 1.4, respectively) is not as severe as and IR LEDs, a photodetector, and ICs to create a modular e-
electrical (6 = 107" to 107" S/m and 0.01-0.5 S/m, tattoo with a pulse oximeter configuration.*”’ Because the LED
respectively) and ultrasonic (Z = 400 Rayls and 1.7 MRayls, consumes the most power in a PPG system, minimizing LED
respectively) properties, ultraconformability of the active power consumption is advantageous. One approach is to arrange
elements is not required. Therefore, rigid COTS LEDs and the detectors to receive more light and increase the surface area
photodetectors have been used with stretchable and thin of the photodetectors. photodetectors can also surround the
interconnects for global conformability, stretchability, and LEDs, as demonstrated in an ultralow-power (24 uW),
comfort. Lo et al. employed inkjet-printed PEDOT:PSS as a concentric pulse oximeter introduced by Lee et al.**' Self-
stretchable conductor for rigid COTS red LEDs and photo- powered LEDs, as seen in the organic—photovoltaic powered
3249 https://doi.org/10.1021/acs.chemrev.3c00626
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photonic skin demonstrated in Figure 13a-i, could also be
utilized."”> All three optoelectronic devices (LED, photo-
detector, organic—photovoltaic) and the substrate (parylene)
are ultraflexible, leading to impressive imperceptibility (Figure
13a-ii). With the light emitted from the PLED penetrating the
finger, the organic photodetector can detect the reflected light
(Figure 13a-iii), and a clear pulse waveform was measured with
the system (Figure 13a-iv). Another alternative is to use multiple
photodetectors with narrow spectral responses and only a single,
broadband light source. Han et al. designed an LED-free flexible
pulse oximeter using only ambient light and photodetectors
tuned for green, red, and IR light.*** They achieved high spectral
sensitivities (~100 nm) due to the relatively narrow sensitivities
of organic absorbers*** and the addition of optical filters. PPG
signals were acquired with sunlight and ambient fluorescent,
LED, and incandescent light.

While PPG is solely concerned with arterial blood volumetric
changes, the same principles of absorption spectrometry are
used in several other applications. NIRS extends beyond PPG by
analyzing nonpulsatile changes in tissue absorbance, aiming to
detect absolute changes in Hb and HbO, concentrations. Kim et
al. introduced a battery-free epidermal optoelectronic system
capable of PPG, NIRS, UV dosimetry, or skin spectrometry
using COTS optoelectronics and an island-serpentine struc-
ture."”> The tattoo could detect changes in the concentration of
deoxyhemoglobin, oxyhemoglobin, and total hemoglobin (Hb,
HbO,, and tHb, respectively) using NIRS and agreed well with a
commercial NIRS device. This optoelectronic system could be
reconfigured into a skin spectrometer using four LEDs (red, IR,
orange, and yellow) to construct a four-wavelength spectrogram
of skin color. Diseases such as jaundice or Addison’s disease can
be detected by observing changes in the color of the skin (i.e.,
tissue absorption spectra). The entire optoelectronic system is
powered and transmits data through near-field communication
(NEC).

The human eye is estimated to process up to 4.3 Mbps of
information*®® with a resolution of 8.6 um.*”” Tremendous
efforts have been made to develop high-density visible light
emitters for electronic optical displays. On-skin devices (e.g.,
ECG, PPG) need ways to convey their acquired signals (e.g.,
HR, SpO,) to the user. On-skin electronic displays offer a
seamless interface between bioinstrumentation and the user.
Choi et al. demonstrated a flexible, full-color (i.e., red—green—
blue or RGB pixel) on-skin display tattoo with ultrathinness (<7
um).**® Bach pixel consists of RGB OLEDs directly fabricated
on MoS§, thin film transistors. Each LED can be turned on by
applying a control signal to the gate and drain of its respective
thin film transistor. For high-resolution (e.g.,, 2460 pixels per
inch), deformable, and full-color displays, a stamp-based transfer
method dubbed “intaglio transfer printing” was introduced to
transfer quantum dots from a donor substrate to ultrathin (total
device thickness ~2.6 ym) substrates.””” In addition to high
pixel density, the display size should be large enough to convey
information easily to the user. This large area necessitates either
stretchable interconnects between light-emitting elements and/
or stretchable light emitters. Unfortunately, OLED and polymer
light-emitting diode performances typically degrade from
cracking under stretching. Serpentine interconnects are not
conducive for high-density display as these structures require
larger dimensions than the active elements to achieve high
stretchability. To overcome this, a stretchable optical healthcare
patch with an OLED display was designed using stretchable
microcracked gold interconnects and stress relief layers (Figure
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13b-i)."'" The gold interconnects and stress relief layers reduce
stress accumulation on the pixel and the chance of mechanical
fracture of the interconnect to the active elements and are
ultraconformable (Figure 13b-ii). The acquired waveforms with
the optical healthcare patch have comparable signal quality to a
traditional silicon-based PPG sensor (Figure 13b-iii) and are
used to extract heart rate. The extracted heart rate can be
displayed in real time on the organic LED array (Figure 13b-iv).

In addition to conveying information, tattoo-like VIS emitters
can serve as a form of self-expression or as cosmetics, harkening
back to some of the intended purposes of actual tattoos. Zhang
et al. demonstrated a highly bright (7450 cd per square meter)
and stretchable (100% strain) LED pattern (Figure 13c-i,c-
ii).*"" The active layer consists of SuperYellow (SY) nanofibers
in a polyurethane soft elastic matrix, and the LED could be
wirelessly powered through an NFC chip on a flexible printed
circuit board. While displays typically use RGB pixels as
combinations of these wavelengths stimulate the cones in the
human eye to mimic any other color, cosmetic devices can
employ a single LED with any color. Furthermore, tuning the
color of the LED can be used as a form of aesthetic signal
visualization. For example, Koo et al. developed a multifunc-
tional sensing and display platform combining wearable ECG
electrodes, a CNT amplifier, and a color-tunable OLED
(CTOLED).*"* A LabVIEW program analyzed the ECG
waveform and adjusts the brightness of the OLED based on
the waveform’s amplitude, allowing the CTOLED to “beat” with
the detected ECG signal. The color of the CTOLED will also
change if an abnormal ECG signal (e.g., pathological Q wave) is
detected, allowing for a quick and intuitive interpretation of a
patient’s cardiovascular state.

Optical e-tattoos are not limited to measurements only with
semiconducting devices. Other photosensitive materials have
found uses in UV exposure monitoring. Personal UV dosimetry
provides valuable insight into the increased carcinogenetic risks
an individual may experience, considering skin tone, workplace,
and lifestyle, which prevent public UV indices from being
universally translatable. Plastics such as polysulphone and
polyphenylene oxide were found to darken upon exposure to
UV light*"? and remain the most used materials for chemical UV
dosimeters.*'* However, they are rigid and require pins, bands,
or tape for attachment to the skin or clothing. To overcome this,
Araki et al. introduce a skin-like tattoo that changes color based
on UV exposure.415 The tattoo contains a photosensitive
activator that induces color changes in a dye when exposed to
UV light (Figure 13d-i). Both the dye and photosensitive
activator are embedded in a soft PDMS matrix. Sensitivities for
UV-A and UV-B light are achieved by integrating optical filters.
The color changes are quantified by taking a picture and are
calibrated for ambient illumination with on-device color
references (Figure 13d-ii,d-iv). The tattoo demonstrated
comparable performance to a commercial UV dosimeter. The
tattoo can communicate over NFC thanks to an in-built copper
coil and NFC chip. Specifically, it will automatically launch the
image capture and analysis application on a mobile phone and
measure the skin temperature for calibration. The e-tattoo
evolved into a commercial UV exposure patch (My UV Patch by
L’Oréal).”'® A battery- and chip-free UV light detector was
designed around a gallium nitride (GaN) surface acoustic wave
resonator.*'” Absorption of UV light by GaN induces a change
in the resonant frequency of the surface acoustic wave and the
connected antenna, enabling wireless and battery-free commu-
nication. However, the GaN surface acoustic wave is also
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Figure 14. E-Tattoos for temperature sensing. (a) Noble-metal-based temperature sensing e-tattoo: (i) optical image of a 4 X 4 tattoo-like temperature
sensor array mounted on human skin; (ii) infrared image of a human wrist temperature (left) and temperature mapping from the measurement (right).
Reproduced with permission from ref 47. Copyright 2013 Springer Nature. (b) Liquid-crystal-based temperature sensing e-tattoo: (i) optical image of
the e-tattoo attached on the wrist; (ii) temperature distribution on the wrist measured by a 26 X 26 sensor array. Reproduced with permission from ref
3. Copyright 2014 Springer Nature. (c) Graphene-based temperature sensing e-tattoo: (i) photographs of the graphene e-tattoo to the skin during
stretching, pressing, and twisting; (ii) measured electric currents after multiple cuttings of the self-healable graphene e-tattoo. Reproduced with
permission from ref 43. Copyright 2019 John Wiley and Sons. (d) PEDOT:PSS-based temperature sensor: (i) exploded schematic of the PEDOT:PSS
temperature sensor; (i) response of the resistance to temperatures at different humidities. Reproduced with permission from ref 158. Copyright 2020
Springer Nature. (e) Hydrogel-based temperature sensor: (i) schematic of hydrogel temperature e-tattoo; (ii) optical image of the e-tattoo attached to
the skin of a human hand; (iii) the change of capacitance and the diameter of the e-tattoo in (ii). Reproduced with permission from ref 431. Copyright

2017 The Royal Society of Chemistry.

sensitive to mechanical strain and ion concentrations from
sweat.

Optical signals are inherently contactless and therefore are an
attractive option for human—machine interface. A touchless user
interface can be as simple as a single photodetector. The shadow
of a user’s finger above the photodetector can be used to trigger
an action and only requires ambient light. Furthermore, object
proximity can be determined by including an IR LED and
measuring the amount of reflected light. Hughes et al. utilized
commercial optical proximity detectors using this principle
encapsulated in PDMS to create a soft e-skin for object and
touch detection.”'® Optical signals can also transfer information
wirelessly. A stretchable array of MoS, photodetectors
controlled a robotic hand by illuminating individual detectors
(Figure 13e-i—e-iv).""” Due to interlayer sliding of the
multilayer MoS,, high stretchability (~50% tensile strain) is
achieved and leads to device imperceptibility. Various
commands are sent to the robotic hand by illuminating different
detectors. However, this type of optical signal transmission still
requires line-of-sight and accurate alignment to individual
photodetectors, and thus other bands of the electromagnetic
spectrum (i.e., radio waves) will be more robust in most
applications.

Despite significant progress in developing soft optoelec-
tronics, these devices typically still rely on traditional, silicon-
based ICs for control, signal processing, data acquisition, and
wireless communication. Additionally, as soft displays stretch,
their pixel densities inherently decrease. Finally, there are many
more examples of stretchable optoelectronics being reported in
the literature in nonwearable contexts.”****' We are excited to
see how these technologies can be applied to the field of e-
tattoos.

4.1.6. Temperature Sensors. Skin temperature monitoring
can offer valuable information for medical applications such as
fever detection*”” and sports performance assessment.**
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Moreover, skin temperature mapping can be employed to
monitor blood flow in arteries."** Skin temperature is typically
characterized by measuring the change in electrical resistance of
a temperature-sensitive material in contact with the skin.
Traditional thermometers, such as digital thermometers and
thermal imagers, are unsuitable for continuous health
monitoring due to their limited spatial resolution or poor
conformability with the human body. In contrast, the conformal
nature of e-tattoos enables efficient heat transfer from the skin
for accurate temperature sensing and mapping.

Temperature e-tattoos can be designed by leveraging the
temperature-dependent electrical characteristics of various
materials. Gold is one such material that exhibits a linear
response of resistance over a range of temperatures, with a
temperature coeflicient of resistance of 0.0025 °C. Webb et al.
developed an e-tattoo temperature sensing system by integrating
a 50 nm thick gold serpentine mesh into a S0 ym thick PI
substrate (Figure 14a-i)."” This e-tattoo can be applied to the
skin in a conformal manner (Figure 14a-ii, left), providing robust
adhesion and millikelvin precision. As a result, the e-tattoo can
measure subtle variations in skin temperature during mental and
physical stimuli. Additionally, the device can be easily fabricated
into a 4 X 4 sensor array, enabling spatial mapping of the
temperature (Figure 14a-ii, right). This allows monitoring of the
reactive hyperemia response without precise placement of a
single device above the artery. In another work, Gao et al.
developed an e-tattoo temperature array using thermochromic
liquid crystal as the sensing material.’ This array consists of
microencapsulated chiral nematic liquid crystals that undergo a
phase change with increasing temperature, leading to a blue-shift
in the peak of the reflected light (Figure 14b-i). Therefore, the
temperature change can be directly monitored by a digital
camera with a measurement precision of +50 mK, which is
comparable to that of infrared cameras. The device is only 50 gm
thick, enabling a 26 X 26 temperature sensor array to conform to
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Figure 15. E-tattoo-based biochemical sensors. (a) Amperometric e-tattoo biochemical sensors: (i) schematic of the structure of a screen-printed e-
tattoo biochemical sensor; (ii) schematic of lactate oxidization on enzyme-coated working electrode; (iii) schematic of graphene tattoo sensor
consisting of sweat-controlling units, sweat-sensing units, and drug delivery units; (iv) tattoo sensor is attached to the skin and connected to a wireless
electrochemical analyzer; (v) schematic of the structure of a screen-printed e-tattoo sensor for interstitial fluids analysis; (vi) schematic of the working
mechanism of the iontophoresis for interstitial fluids extraction; (vii) schematic of the interstitial fluids glucose extraction with paper battery-induced
hyaluronic acid delivery; (viii) nanostructured gold tattoo for interstitial glucose monitoring. Reproduced with permission from refs 102, 50, 443, and
450. Copyright 2013, 2015 American Chemical Society; 2016 Springer Nature; 2017 AAAS. (b) Self-powered e-tattoo sweat sensor: (i) schematic of
the design of the biofuel cell-sweat sensor; (ii) photograph of the biofuel cell powered sensor attaching to a healthy individual’s arm; (iii) multiple
analyte sensing in the sweat with the biofuel cell powered sensor in (i). Reproduced with permission from ref 121. Copyright 2020 AAAS. (c)
Colorimetric sweat sensor: (i) photograph of the colorimetric sweat sensor on the skin; (ii) schematic of the structure of the sweat sensor; (iii) image
capture with a smartphone for sweat analysis. Reproduced with permission from ref 451. Copyright 2016 AAAS. (d) Plasmatic sweat sensor: (i)
photograph of the paperfluidic device with plasmatic sensors; (ii) transmission electron microscopy image of the gold nanorods in the SERS substrate;
(iii) spectra collection with a portable Raman spectrometer; (iv) Raman spectrum of the sweat collected from the sensor in (iii). Reproduced with
permission from ref 454. Copyright 2022 Springer Nature.
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the wrist with minimal perturbation of the natural mechanical
and thermal properties of the skin. The device array provided a
three-dimensional temperature mapping of the wrist, including
the blood vessels underneath (Figure 14b-ii).

Unfortunately, many temperature-sensitive materials (e.g,
noble metals, conducting polymers) are also strain dependent.
Therefore, decoupling the changes in resistance due to skin
deformation and temperature changes is critical. To overcome
this limitation, the structure of the e-tattoo can be designed such
that strain is not concentrated in temperature-sensing
components. Park et al. developed a temperature-sensing e-
tattoo using an Al,O3-doped ZnO layer with embedded silver
nanoparticles as the sensing layer. This layer was encapsulated
by 1.2 um thick PI layers.*” The temperature sensor was
designed with a serpentine structure with a higher curvature than
that of temperature sensing nodes, effectively reducing the strain
concentration in the sensing nodes and enabling robust
temperature sensing under strains.

In addition to standalone temperature sensing, e-tattoos can
be multifunctional flatforms with various sensin§ materials,
including graphene, 26 CNTs,**” silver nanowires,*** and silver
nanoparticles.*”” For example, a multifunctional e-tattoo
platform was developed by Wang et al. utilizin§ a combination
of graphene and silk fibroin (Figure 14c-i).”> The graphene
flakes dispersed in the matrices formed electrically conductive
paths that vary with temperature, strain, and humidity. The
device exhibited a sensitivity of 0.021/°C for temperature
sensing. Notably, the silk fibroin can also form reversible
hydrogen bonds for self-healing, allowing the mechanical
properties and sensing performance to fully recover even after
repeated cutting within 0.3 s (Figure 14c-ii).

Transparent e-tattoos can maintain the natural appearance of
the user to protect their privacy. PEDOT:PSS exhibits high
optical transparency and thermo-resistive behavior, making it a
promising candidate for transparent e-tattoos for temperature
sensing. Wang et al. developed a PEDOT:PSS temperature
sensor by patterning using a dispenser (Figure 14d-i).”>® They
cross-linked the hydrophilic part of the PSS unit with (3-
glycidyloxypropyl) trimethoxysilane to make PEDOT:PSS
water-stable. At last, the device was encapsulated with a
fluorinated polymer layer. The device allowed reliable temper-
ature sensing even in humid environments ranging from 30% to
80% room humidity (Figure 14d-ii). When it was mounted on
and detached from the skin, the PEDOT:PSS temperature
sensor showed a response time of 1.5 s and a recovery time of 6 s,
respectively. A thermoresponsive ionic conductive hydrogel
undergoes conformational changes with electrical resistance and
transmittance variation, enabling temperature sensing in a
transparent manner.”" Lei et al. developed a temperature-
sensing e-tattoo through 3D printing of thermoresponsive N,N-
dimethylacrylamide, followed by polymerization.”*' They
further assembled the two hydrogels into a capacitive pressure
sensor with a dielectric layer (Figure l4e-i). Although not
transparent at room temperature, the transparency increased
when attaching to human skin due to a hydrogel phase transition
around 30 °C (Figure l4e-ii). Under thermal loading, the
hydrogel electrodes underwent conformational changes, result-
ing in alterations in their effective area, inducing the change in
capacitance and transmittance (Figure 14e-iii).

Despite the many advantages of temperature e-tattoos, there
are also some potential limitations to consider. One main
limitation is achieving robust sensing capabilities in varying
environmental conditions. For example, the adhesion of e-
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tattoos is affected by sweat or human motion, particularly in
long-term and ambulatory applications. This makes temperature
data acquisition more difficult than in a controlled condition,
such as a laboratory setting. Additionally, e-tattoos cannot
directly provide an assessment of core temperature, a parameter
with much greater clinical relevance. Robust adhesion without
compromising the sensitivity and the use of multiple sensors to
retrieve heat capacity and transient temperature information
may help obtain more accurate core body temperature.”>***

4.2. Biochemical Sensors

The biophysical sensors above-described all require energy (e.g.,
electrical current, acoustic waves, light) to be transmitted into
the body. Conversely, measurements can be made by analyzing
biochemicals that get transmitted outside of the body. Biofluids
such as sweat, interstitial fluids, tears, and saliva containing
important biochemical information can be secreted due to the
permeability of the skin.'"***~**® Biochemicals can also be
secreted through wound exudate when the skin integrity is
destroyed.*’’="” E-Tattoos provide an attractive platform for
continuous, noninvasive, and real-time monitoring of various
biomarkers in these biofluids. Over the past decade, a variety of
e-tattoos have been developed and applied to detect bacteria in
saliva,*** glucose in tears,**' electrolytes and lactate in
sweat,' % glucose in interstitial fluids,*** and biomarkers in
wound exudate.*** In this section, we discuss the applications of
e-tattoos in the analysis of sweat, interstitial fluids, and wound
exudate.

4.2.1. Body Fluid Analysis. Sweat and interstitial fluids are
two crucial biofluids utilized for biochemical sensing. Sweat is
the most accessible biofluid for chemical sensing because sweat
glands are distributed across the entire body with densities
ranging from tens (e.g., in the ears and lips) to hundreds (e.g, in
the forehead and palms) of glands per square centimeter.”
Conversely, biochemical analysis of interstitial fluids provides
the closest correlations with that of blood. The conformability of
e-tattoos enables efficient mass transfer at the interface for
reliable analysis of the biomarkers. Additionally, biomarkers
such as lactate can be sampled during exercise better as e-tattoos
can maintain stable contact under deformation than rigid
wearables. The first e-tattoo chemical sensor operates using
amperometry and thus consists of a carbon working electrode, a
carbon counter electrode, and an Ag/AgCl reference electrode
(Figure 15a-i)."”” The working electrode is typically function-
alized with specific types of enzymes that selectively oxidize the
target biochemicals in sweat, leading to an increase in current
(Figure 15a-ii). To achieve high sensitivity, materials with large
surface areas, such as carbon particles,442 CNTs,*® graphene,°0
and liquid metal microparticles'** are typically used as working
electrodes. These biosensors have been used to provide
noninvasive and continuous monitoring of a wide range of
biochemicals in sweat, including lactate,"%'3* pH,**>**¢ s0dium
ions,**? heavy metal ions,™” ammonium, glucose,S()’l32’443’449
and alcohol.”** Additionally, biochemical sensors can be printed
together with other devices to form multimodal sensors. For
example, by printing a carbon electrochemical sensor together
with an Ag/AgCl ECG electrode, a multimodal sensor was
fabricated and capable of monitoring both the lactate level in
sweat and ECG signals during exercise.***

The activity of the immobilized enzyme can be influenced by
environmental factors, such as temperature, humidity, and pH,
necessitating continuous correction over time for biochemical
sensors. Lee et al. developed a closed-loop transparent graphene
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hybrid (GP hybrid) patch with multiple sensors for glucose
sensing, correction, and transdermal drug delivery.*” The sensor
array includes a gold-doped graphene electrode with function-
alized glucose oxidase (GOx) for glucose sensing, a PANI-
coated graphene electrode for pH sensing, a PEDOT:PSS-
coated graphene electrode for humidity sensing, and a graphene
strain sensor (Figure 15a-iii). The pH sensor corrects pH
deviations in the GOx-based glucose sensor, enabling reliable
glucose measurement for up to 6 h without further calibration.
The patch can be conformally laminated onto human skin and
then coupled with a portable analyzer that powers the e-tattoo
and wirelessly transfers the data to mobile devices (Figure 15a-
iv). The drug delivery system includes a microneedle array
loaded with metformin, a gold mesh—graphene hybrid heater,
and a graphene-based temperature sensor. The strain sensor
detects hypoglycemia-induced tremors and triggers the break-
down of the thermally activated coating layer of the micro-
needles with the on-device heater, enabling closed-loop glucose
sensing and drug delivery to control glucose level. In a following
work, they further optimized the system by introducing porous
sweat uptake and waterproof layers and shrinking the electro-
des.**” The new design allowed for reliable glucose sensing even
with sweat volumes down to 1 uL.

Interstitial fluids provide a more accurate representation of
glucose levels”* because they are directly involved with
biological material delivery to and from the cells. The
biomarkers in interstitial fluids are generally extracted to the
skin surface through reverse iontophoresis, which involves the
application of a small current across the skin to induce electro-
osmotic flow of glucose to the cathode. Therefore, in situ
monitoring of interstitial glucose can be achieved by
incorporating reverse-iontophoresis electrodes on an enzyme-
based amperometry biochemical sensor. Bandodkar et al.
provided the first proof-of-concept demonstration of a tattoo
sensor for noninvasive interstitial glucose monitoring.**> The
device consists of anodic and cathodic contingents, each
containing a carbon-Prussia-blue working, electrode, an Ag/
AgCl reference/counter electrode, and an Ag/AgCl iontopho-
resis electrode (Figure 15a-v). The working electrode of the
cathodic contingent was modified with GOx for selective
oxidation of the extracted glucose into hydrogen peroxide
(Figure 15a-vi). The hydrogen peroxide can further oxidize the
Prussia blue at the working electrode and lead to a rapid increase
in the current. Therefore, the sensor allowed real-time and
noninvasive detection of the rise of glucose after a meal
Continuous application of the current across the skin may cause
skin irritation or pain in users, making it challenging to use
iontophoresis-based sensors for long-term glucose sensing.
Another issue is that the correlation between the concentration
of glucose in sweat and interstitial fluids and the blood is still too
low for clinical use. To address these issues, Chen et al.
developed a method to directly extract intravascular blood
glucose to the skin surface with paper-battery-enabled
hyaluronic acid delivery into the interstitial fluids."*" The
paper battery generated subcutaneous electrochemical twin
channels (ETCs) and delivered hyaluronic acid into the
interstitial fluids. Extra hyaluronic acid increased interstitial
fluid osmotic pressure, disrupting the balance between
interstitial fluid filtration and reabsorption and promoting
glucose refiltration from the arterial ends into the interstitial
fluids (Figure 15a-vii). The higher glucose concentration in the
interstitial fluids also increased the flux of reverse iontophoresis
and led to more extracted intravascular blood glucose to the skin
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surface. Therefore, the correlation of the glucose concentration
was greatly improved. The glucose in the extracted interstitial
fluids was in situ analyzed by a nanostructured gold electrode on
a 3 um thick tattoo sensor (Figure 15a-viii) and demonstrated
good agreement with matched results from a commercial
glucometer during a 1-day period of glucose monitoring,

The above electrochemical sensors all require an external
power supply, limiting the softness of the whole sensing system.
To address this issue, Yu et al. developed a perspiration-powered
integrated electronic skin termed PPES that is powered by the
lactate in the sweat through a flexible biofuel cell array.'*" The
biofuel array consists of a CNT-coated GO-Ni foam anode and a
Pt—Co nanoparticle-decorated CNT cathode (Figure 15b-i).
The anode was modified with lactate oxidase (LOx), which can
oxide the lactate in the sweat into pyruvate. On the cathode,
oxygen is reduced to water under the catalysis of Pt—Co
nanoparticles, resulting in a maximum output power of 3.5 mW-
cm™2 The PPES is only 11 ym in thickness and can be laminated
on different body parts (Figure 15b-ii) for accurate and real-time
sensing of multiple biomarkers in sweat, including urea, glucose,
NH,*, and pH during stationary cycling exercise (Figure 15b-
iii). Although electrochemical sensors allow for real-time,
accurate, and continuous sweat analysis, the biomarker-sensitive
elements are prone to degradation after exposure to harsh
environments or contamination, compromising the sensor
performance. Additionally, although electrochemical sensors
can be made ultrathin and soft, their reliance on batteries leads
to large overall systems. Finally, the electrical output signals still
require additional signal processing modules to convert back to
the biochemical concentration in sweat.

Optical detection provides another attractive method for
biochemical sensing owing to its ease of operation and simple
readout. Optical detectors generally rely on chemical reactions
between dye indicators and the chemicals in biofluids that
change the color of the dyes. Therefore, simple quantitative
assays can be achieved through image capture with a phone. Koh
et al. developed a colorimetric biochemical sensing platform
with dye indicators in a closed microfluidic system (Figure 15¢-
i).”*! The microfluidic system can directly and rapidly collect
generated sweat before it evaporates or gets contaminated.
There are four independent reservoirs filled with color-
responsive materials that selectively react with lactate, HT,
chloride, and glucose (Figure 15c-ii). The color change of each
reservoir correlates with the concentration of the target
biomarker and can be quantified through digital image capture
with a smartphone (Figure 15c-iii). Additionally, the micro-
fluidic channels are filled with water-responsive dyes, which can
detect sweat rate and volume. In a following study, they
developed a long-term sensing system by introducing a
superabsorbent polymer-based active valve to control the
overflow of the collected sweat and a passive valve with the
tailed hydrophobic and hydrophilic surface to guide the flow of
the sweat.™” In a recent study, Yin et al. developed an
electrochromic biochemical sensing system based on electro-
chemical redox/oxidization-induced color changes of PE-
DOT:PSS.”> The system consists of electrochemical sensors,
a stretchable Ag,O—Zn battery, 10 individually addressable
electrochromic pixels, and a microcontroller unit. The electro-
chemical sensors can detect the concentration of the metabolites
in sweat, where the current is correlated to the metabolite
concentration. The current can be converted to voltage and
sensed by the microcontroller unit to control the on-and-off of
the electrochromic display. Therefore, the concentration of the
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Figure 16. E-Tattoos for wound management. (a) Schematic of the representative biomarkers present in a wound. Reproduced with permission from
ref 438. Copyright 2021 John Wiley and Sons. (b) Examples of monitoring the thermal properties of wound skin: (i) schematic of the design of the
tattoo electronics integrated on a black silicone membrane for skin thermal properties monitoring; (ii) monitoring of the wound healing process with
the e-tattoo for 30 days; (iii) schematic of the structure and (iv) photo of the e-TDS system for in-depth tissue thermal conductivity measurement; (v)
measurement of skin thermal conductivity changes in different locations over time. Reproduced with permission from refs 49 and 455. Copyright 2014
and 2018 John Wiley and Sons. (c) Multiplexed wound sensing platform: (i) schematic of the sensing elements in the multiplexed sensing platform;
(ii) schematic of the exploded view of the multiplexed sensing platform; (iii) multiplexed wound sensing platform attached on an artificial skin to
demonstrate the wireless multiple biomarkers sensing. Reproduced with permission from ref 461. Copyright 2021 AAAS. (d) Multifunctional e-tattoo
system for simultaneous wound sensing and treatment: (i) schematic of the structure of the multifunctional e-tattoo with wound sensing units, drug
delivery unit, and electrical stimulation unit; (ii) e-tattoo system on human skin; (iii) accelerated wound healing process with combined electrical
stimulation and drug delivery. Reproduced with permission from ref 444. Copyright 2023 AAAS.

metabolites can be readily read by the electrochromic display. contrast between the wetted and dry regions. The device
The sensing and controlling units were powered with the printed demonstrated good stretchability, and no delamination was
battery, making the whole platform work without any wired or found at 30% stretch. Therefore, the device can be easily applied
wireless connection to external devices. and conformably laminated onto human skin (Figure 15d-iii)
Surface-enhanced Raman spectroscopy (SERS) provides and analyzed with a hand-held Raman spectrometer to provide
another method for optical biofluid analysis.””"*** Recently, uric acid concentrations (Figure 15d-iv). Optical detection
Mogera et al. developed a wearable sweat sensor using a paper- methods allow sweat analyte measurement without additional
based microfluidic system with gold nanorod (Au NR) on-device rigid power and data converting units, which helps the
embedded chromatography paper as SERS substrates.** The conformal contact of the device onto the skin. However, the
paper microfluidic sensor consists of a chromatography paper optical detection methods require special imaging modules or
serpentine channel integrated between a double-sided adhesive hand-held Raman spectrometers for accurate signal collection,
layer with a sweat inlet and a PDMS encapsulation layer (Figure which is a significant barrier for continuous background
15d-i). The Au NRs have a uniform size distribution (Figure biochemical analysis. Additionally, due to the sensitivity to
15d-ii) and can significantly enhance the scattering of uric acid ambient light conditions and measurement focus and angle,
in the sweat, allowing for sensitive and quantitative measure- optical detection methods tend to have issues with consistency.
ment of the sweat uric acid concentration. Additionally, the As discussed in section 3.1, color references on the e-tattoo can

sweat volume and sweat rate can be quantified through the color be used to overcome this issue.
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4.2.2. Wound Sensing and Treatment. Wound healing is
a complex and prolonged biological process that involves
changes in a variety of biometrics such as skin temperature, pH,
humidity, impedance, and chemical biomarkers (Figure 16a).***
Continuous monitoring of the progression of the wound (e.g,,
healing or deterioration) is necessary for informing proper
treatment or corrective action. E-Tattoos, by conforming
directly to the lesion, offer stable, long-term monitoring and
stimulation of the wound for diagnosis and accelerating the
healing process. Hattori et al. developed the first e-tattoo wound
sensor and measured the temperature and thermal conductivity
of the skin during the wound healing process.*’ The temperature
sensors were designed with a fractal structure and connected
with serpentines for global stretchability (Figure 16b-i). One of
the sensors can be used as a heater with alternating current when
measuring thermal conductivity. Thanks to its ultralow thickness
(~11 pm), the device allowed conformal and reversible bonding
onto the skin via the vdW force for repeated application and
removal. The device accurately monitored inflammation-
induced temperature increases and thermal conductivity
decreases during the wound healing process (Figure 16b-ii).
In a following work, a thermal depth sensor (TDS) was
developed for measuring the thermal properties of deep tissues
and providing a more reliable thermal conductivity measure-
ment insensitive to external environmental influences.*>> The
TDS consists of two gold coils encapsulated in PI with
serpentines to pads for connection to an external circuit (Figure
16b-iii). The device is conformal and stretchable, as shown in
Figure 16b-iv. It was found that a device with a coil radius of 3.5
mm allowed thermal conductivity sensing at depths up to 6 mm.
The TDS demonstrated its ability to detect in vivo changes of
thermal conductivities in the deep dermis and subcutaneous fat
during the healing process of a cellulitis lesion (Figure 16b-v). In
another work, they incorporated electronic components and an
inductive coil for analogue signal conditioning and NFC-based
wireless data and power transmission.* Thanks to the
miniaturized design and battery-free operation, the device can
continuously monitor changes in skin thermal conductivity for
over a week.

Skin pH is another crucial biomarker for wound sensing. The
pH of healthy skin is slightly acidic (pH = 4—6). When the skin
barrier is breached, the pH increases to neutral or slightly basic
due to the presence of enzymes and bacteria.**® During the
healing process, the pH of the wound area reduces back to
neutral and finally acidic after complete healing. Early reports
showed that a potentiometric pH sensor consisting of a PANI-
modified carbon working electrode and an Ag/AgCl reference
electrode could be integrated into an adhesive bandage for
monitoring the real-time changes of pH during wound
healing.**” In another example, Tamayol et al. developed a
colorimetric pH sensor with an alginate hydrogel microfiber
loaded with pH-sensitive dyes.”” The color of the microfiber
changed with pH, enabling direct pH determination by image
capture with a smartphone.

The onset of a wound is also typically accompanied by
multiple distinct biomarkers. For example, tumor necrosis
factor-a (TNF-a), interleukin-6 (IL-6), and IL-8 are reported to
elevate in wound fluids obtained from nonhealing ulcers
compared to healing ulcers.**™**° Consequently, simultaneous
sensing of multiple biomarkers provides more comprehensive
information about the wound environment. Gao et al. developed
a sensing platform consisting of a gold temperature sensor, a
PANTI-coated gold pH sensor, and five graphene-coated gold
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electrodes with different antibodies to detect interleukin-6 (IL-
6), IL-8, transforming growth factor-f1 (TGF-f1), tumor
necrosis factor-a (TNF-a), and the Staphylococcus aureus
bacteria (Figure 16c-i).**" The sensor array was further
integrated with a microfluidic layer to guide the wound exudate
to the sensing area without contamination (Figure 16c-ii).
Thanks to a breathable substrate, the device can evaluate the
wound environment, inflammation, and infection without
obstructing the natural healing process (Figure 16c-i).

Real-time wound sensing greatly enhances wound manage-
ment by offering closed-loop feedback for various therapeutic
procedures. Previous results show that the wound healing
process can be greatly accelerated through a range of modalities,
including drug delivery,10 ultrasonic,*®> thermal,**> and
electrical stimulation."*"">” Song et al. recently developed a
battery-free and wireless electrical stimulation tattoo for wound
treatment.*** Notably, after the wound heals, the stimulation
electrode gradually degrades with time in the regenerated skin,
eliminating invasive procedures to remove the device. Pang et al.
developed a smart, flexible e-tattoo for closed-loop wound
sensing and treatment.'’ The device contained a temperature
sensor, UV-LEDs, and a UV-responsive antibacterial hydrogel.
The temperature sensor can monitor the temperature of the
wound area in real time and transmit the data to a smartphone
over Bluetooth. When prolonged and elevated temperature (i.e.,
40 °C for 6 h) associated with infection is detected, the UV
LEDs were remotely controlled to turn on to trigger the release
of the antibiotics in the hydrogel. Experiments showed that the
wound area with on-demand treatment had significantly
reduced bacteria density and temperature than the control
area. In a recent work, Sani et al. developed a multimodal
biochemical sensing system with integrated wound therapy
capabilities. The sensor array consists of sensors to detect
glucose, lactate, uric acid, ammonium ions, the pH of the wound
exudate, and the temperature in the wound area (Figure 16d-
i)."** The therapeutic portion is composed of a pair of electrical
stimulation electrodes and an electroactive hydrogel containing
antimicrobial drugs. The whole system is stretchable thanks to
the serpentine interconnects and the elastomer substrate
(Figure 16d-ii). An in vivo study showed that combined
treatment of drug delivery with electrical stimulation exhibited
substantially accelerated chronic wound healing in a rodent
model (Figure 16d-iii). An in-depth overview of therapeutic e-
tattoos will be expanded on in section 5.

Despite the significant progress of e-tattoos in the field of
wound management, there are still several challenges that need
to be addressed before adoption in clinical environments. First,
high-quality sampling of the wound exudate remains challeng-
ing. The wound exudate is a mixture of proteins, cellular
components, and other substances, which can easily absorb onto
the device surface and contaminate the device and the signal.
Although this can be overcome by antifouling coating or
sampling with microfluidic structures, it inherently increases the
thickness of the device and requires an additional adhesive layer.
Second, moisture from the wound can cause delamination of the
device, therefore, achieving a stable device—skin interface for
long-term monitoring of the wound biomarkers and wound
treatment is still challenging.

5. E-TATTOO STIMULATORS

Unobstructive disease management and treatment for out-
patients and the general population remain an outstanding
challenge. Electrical, thermal stimulation, and transdermal drug
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Figure 17. E-tattoo for stimulation. (a) Electrical stimulation e-tattoos: (i) photograph of the skin-mounted multifunctional e-tattoo with an electrical
stimulator; (ii) images of a transparent graphene-based motion sensor and electrotactile stimulator, positioned on the top and bottom of a human wrist,
respectively; (iii) photograph of human—machine interaction facilitated by an Al-assisted M-bot system. Reproduced with permission from refs 51, 40,
and 468. Copyright 2016, 2015 John Wiley and Sons, and 2022 AAAS. (b) Thermal stimulation e-tattoos: (i) optical image (left) of a large-area
stretchable heater worn on the wrist and the corresponding infrared camera images during wrist movement downward and upward (center and right);
(i) photograph (left) and infrared image (right) of the skin-conformable palm heater during palm closing. Reproduced with permission from refs 473
and 237. Copyright 2015 American Chemical Society and 2018 MDPI. (c) Drug delivery e-tattoos: (i) schematic of ultrasound-pulse-induced drug
delivery; (ii) photograph of the graphene iontophoresis electrode mounted on the mouse skin for drug delivery (left) and cross-sectional confocal
microscope image of the transdermal drug delivery of doxorubicin (red, right); (iii) schematic of the dye (rhodamine B)-doped CNT/silk nanofiber e-
tattoo on the pig skin for transdermal drug delivery. Reproduced with permission from refs 480, 476, and 223. Copyright 2017, 2015, and 2021 John
Wiley and Sons.

delivery are promising methods for providing noninvasive, electrodes on the arm to signal a robot gripper to grasp a bottle.
controllable therapeutics in ambulatory settings. Unfortunately, The electrical stimulation electrode located adjacent to the
therapeutic devices based on conventional electronics have EMG electrode provides a feedback signal proportional to the
limited usability in daily life due to their bulkiness, discomfort, gripping force of the subject to prevent dropping or crushing the
and lack of precise control. For wearable transdermal stimuli water bottle. Unfortunately, the gold electrode is opaque and
devices, it is essential to have intimate contact between the disrupts the natural appearance of the skin and may result in
stimulating device and the skin to ensure efficient energy or drug social stigma. To overcome this limitation and better protect the
transfer through the skin. In this regard, the ultrathin, user’s privacy, Lim et al. developed a transparent electrical
conformable, and unobstructive nature of e-tattoos is conducive stimulation system consisting of a motion sensor on the top side
to achieving more effective transdermal stimulation. of the wrist and an electrotactile stimulator on the bottom side of
Transdermal electrical stimulation is a noninvasive technique the forearm (Figure 17a-ii)."" This system was similarly used to
used in a variety of applications including pain relief,*** wound provide a closed-loop human—machine interface using the
healing,466 inflammation treatment,'*® and producing an motion sensor to control a robotic arm and the electrotactile
artificial sensation of touch.**” It relies on repetitive injections stimulator to provide feedback. Yu further extended the
of electric current through the skin using electrodes to stimulate capabilities of the human—machine interface system from
nerves and muscles. Xu et al. developed a transdermal stimuli e- object grasping to robot-assisted chemical contamination
tattoo platform with integrated EMG electrodes, strain sensors, detection with an Al-powered interactive robotic system
and temperature sensors (Figure 17a-i).”" The concentric gold named M-bot (Figure 17a-iii).*** M-bot consists of four EMG
stimulation electrodes were designed with an inner disk (r = 1 electrodes and a pair of electrotactile electrodes on a human
mm) and an outer ring (r = 2 mm). They demonstrated a subject and a range of e-skins on the robot, including tactile
human—machine interface control system using the EMG sensors, temperature sensors, and chemical sensors. All the
3257 https://doi.org/10.1021/acs.chemrev.3c00626
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electrodes were fabricated by inkjet-printing customized
nanomaterial inks, including silver nanowires, silver, graphene
oxide, and CNTs. Using various machine learning algorithms,
feedback is given to the user through the stimulation electrodes
when the robot detects hazardous chemicals or is projected to
collide with an object. Apart from human—machine interfaces,
electrical stimulation e-tattoos have recently found applications
in muscle-related chronic disease treatment,"*” cardiac resynch-
ronization therapy,d'69 virtual haptic feedback,*”® and neuro-
prosthetic control.*”"

Heating provides another method for stimulation through
thermotherapz and is applied in pain alleviation"’> and muscle
theranostics.”*® High conformability is essential for efficient heat
transfer. Noble metals stand out as one of the most widely
employed materials for heating elements due to their exceptional
conductivity, chemical stability, and biocompatibility. Choi et al.
developed a silver nanowire e-tattoo heater that can conform to
human joints for treating joint injury (Figure 17b-i).*”* This
heater exhibited outstanding mechanical reliability, featuring
biaxial stretchability up to 100%, enabling stable heating
performance during various wrist motions. Despite the
effectiveness of noble metal-based heaters in joule heating,
their widespread adoption is impeded by elevated material and
fabrication costs. To address this issue, Stier et al. developed a
cost-effective aluminum-based heater by cutting large-area
aluminum/polymer laminates using the cut-and-paste method
(Figure 17b-ii).**” The aluminum heating element exhibited
notable stretchability of up to 70% thanks to the use of
serpentine structures. Moreover, they integrated a temperature
sensor into the heaters, incorporating a proportional-integral-
derivative feedback unit to prevent the heaters from exceeding
thermal safety thresholds.”’* In recent years, e-tattoo heaters
utilizing other materials, such as copper,475 liquid metal,'*®
CNTs, * graphene,*” and MXene,*** have also been developed
and exhibited excellent heating performances.

For more intricate diseases, the timely delivery of therapeutic
drugs is critical. This necessity serves as a strong motivation for
the development of drug delivery devices that can be worn on
the skin for extended periods with minimal obstruction. A
variety of triggers, such as heat,'*7¢ pressure,477 ultrasound,*”®
and medical condition,*”” can be employed to release drugs
from the e-tattoos. Soto et al. developed a transdermal drug
delivery e-tattoo comprising a polycarbonate membrane loaded
with a microdose of the drug and a perfluorocarbon emulsion on
a commercial tattoo substrate (Figure 17c-i).**" A piezoelectric
transducer generates an ultrasonic pulse at a frequency of 2.25
MHz, inducing cavitation in the emulsion and resulting in the
rapid ejection of microdoses from the patch pores. It was found
that ultrasound-based drug delivery achieved a deeper
penetration depth compared to methods relying solely on
passive diffusion. Transdermal drug delivery can also be
accomplished through electrical or thermal means. Choi et al.
developed a graphene-based, transparent, ultrathin, and soft e-
tattoo comprising a quantum dot LED, a strain sensor, a thermal
actuator, and an iontophoresis electrode (Figure 17c-ii)."’® By
applying a voltage gradient across the skin, iontophoresis
facilitates the transport of molecules through electrophoresis
and electroosmosis while increasing the permeability of the skin.
The penetration depth of the drug delivery can be controlled by
programming the number of cycles of electrical stimulation.
Gogurla et al. developed a CNT/porous silk nanofiber-based e-
tattoo that releases drugs through thermal activation (Figure
17¢-iii).”** To prevent tissue damage from direct heating, heat

3258

was applied wirelessly through optical radiation. The high
optical absorption of CNT enabled a 532 nm green laser to
increase the temperature and resistance of the e-tattoo. Both
electrical and optical heating were tested, with optical heating
demonstrating a much deeper penetration depth and more
efficient heating and cooling. The large surface-to-volume ratio
of silk nanofibers also enhances the efficiency of drug delivery.

Despite their many advantages, transdermal stimulation e-
tattoos face several limitations in ensuring their safe and reliable
implementation. First, questions persist regarding the long-term
safety of stimulation. Prolonged exposure facilitated by e-tattoos
may result in unforeseen outcomes compared to acute exposure,
given the intricate interactions with skin conditions and
hormones. Second, the control of stimulation in e-tattoos is
still in a nascent stage. While some stimulation e-tattoos
incorporate limited feedback, they rely on basic sensors or
machine learning algorithms to interpret highly complex human
physiological and environmental conditions. Lastly, there is a
need for improvement in stimulation performance. For example,
although stimulation e-tattoos have demonstrated the ability to
produce artificial sensations of touch, they currently lack the
spatial resolution necessary to provide human-like sensations in
prostheses and human—machine interfaces.

6. E-TATTOOS FOR ENERGY HARVESTING AND
STORAGE

The advancement in e-tattoo capabilities introduces increased
power consumption and storage requirements. While the
sensing or stimulating e-tattoos have achieved ultrathin and
wearable, batteries have not yet reached a comparable level of
wearability, thereby mitigating some of these advantages. In
addition to the mechanical limitations associated with conven-
tional rigid batteries, the sustained operation of e-tattoos is
contingent on the capacity of the battery. Over the past few
years, a range of e-tattoo energy devices have been developed for
energy harvesting, transmission, and storage. In this section, we
discuss e-tattoo-based energy conversion and storage devices
encompassing biofuel cells, mechanical energy harvesters, solar
energy, thermal energy, wireless energy harvesters, rechargeable
batteries, and supercapacitors.

6.1. Energy Harvesting E-Tattoos

There is a significant amount of energy generated by the human
body and the external environment. Kinetic, thermal, mechan-
ical, and chemical energy surrounding the body is estimated to
range from millivolts during finger bending to tens of volts for
footfalls."®" Harvesting this energy could be employed for self-
powered e-tattoos and can be accomplished throu%h tribo-
electric,'0>482483 piezoelectric,484 thermoelectric, ™+’ photo-
voltaic,"**~*° and biochemical***"***> mechanisms, which are
discussed here.

6.1.1. Triboelectric Nanogenerators. TENGs convert
mechanical energy into electrical energy through the coupling of
triboelectrification and electrostatic induction. The surface
electrostatic charge induces the flow of electrons to form a time-
varying electric field. TENG offer a promising energy harvesting
solution for powering on-body sensors and other electronics due
to their high output voltage (~kV)**>*** and current (~mA).*”>
TENGs integrated on ultrathin, and soft substrates, such as
PDMS,**™** PVDF,*” and Ecoflex’*”*”® have been devel-
oped and utilized for energy harvesting from various resources.
Wong et al. reported an e-tattoo TENG consisting of a 0.2 ym
thick copper layer sandwiched between a PI substrate and a
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Figure 18. E-tattoo-based energy harvesting and energy storage devices. (a) Triboelectric nanogenerators: (i) schematic illustration of the structure of
the tattoo TENG; (ii) An ox-pattern TENG on human skin. Reproduced with permission from ref 377. Copyright 2021 John Wiley and Sons. (b)
Piezoelectric nanogenerators: (i) structure of the piezoelectric nanogenerators and the interdigitated electrodes; (ii) output voltage and currents.
Reproduced with permission from 50S. Copyright 2019 Elsevier. (c) Biofuel cells: (i) schematic of the biofuel cell tattoo supplying power to tattoo
biochemical sensors; (iii) output performance of the tattoo biofuel cells. Reproduced with permission from ref 121. Copyright 2020 AAAS. (d)
Thermoelectric nanogenerators: (i) photo of a 10 X 10 thermoelectric nanogenerator array; (i) mechanical stability of the thermoelectric
nanogenerator array. Reproduced with permission from ref 485. Copyright 2020 American Chemical Society. (e) Photovoltaic cells: (i) schematic of
the structure of the photovoltaic cell; (ii) photovoltaic cell tattoo attached on the skin; (iii) current and power stability at 30% strain. Reproduced with

permission from ref 531. Copyright 2016 National Academy of Sciences

. (f) Wireless energy harvesters: (i) illustration of the working mechanism of

the NFC for wireless energy harvesting; (ii) optical image of a liquid metal NFC; (iii) wireless detection of wrist motion. Reproduced with permission
from ref 535. Copyright 2022 Springer Nature. (g) Energy storage e-tattoos: (i) rechargeable battery; (ii) supercapacitor, (iii,iv) hybrid energy

harvesting and storage device. Reproduced with permission from refs 18
Society, and 2021 John Wiley and Sons.

0, 543, and 544. Copyright 2013 Springer Nature, 2020 American Chemical

PDMS encapsulation layer (Figure 18a-i).””” The total thickness
of the device is only 48.2 um, and an ox-pattern TENG can
integrate onto human skin without any inconvenience or
discomfort during daily body movements (Figure 18a-ii). The
PDMS film acts as the negative triboelectric material and the
clothing acts as the positive triboelectric material. When these
opposite triboelectric materials interact, the triboelectric e-
tattoo can generate an open-circuit voltage of up to 180 Vand a

3259

power density of up to 21.2 mW-cm™. In another example,
Gogurla et al. developed a 3 um thick silk nanofiber/CNT/silk
nanofiber sandwiched tattoo, with silk nanofiber serving as the
triboelectric material and CNT as the charge-collecting
electrode.'” The device exhibited a maximum power density
of 6 mW-m™> when touching bare skin, allowing for lighting
LEDs and a stopwatch. However, TENGs only produce power
during dynamic movements such as bending, twisting, and
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tapping, limiting their applications in continuous power
harvesting for on-body e-tattoos. Additionally, the output
power is still low for tattoo-like TENGs to provide continuous,
long-term supply for e-tattoo sensors and stimulators.

6.1.2. Piezoelectric Nanogenerators. Piezoelectric nano-
generators (PENGs) convert biomechanical energy, such as
body movements, heartbeats, and respiration into electricity.
External mechanical stress or strain induces a change in electrical
polarization inside the piezoelectric materials such as ZnO, PZT,
BaTiO;, PVDF, PVDE-TTFE, etc., generating an internal electric
field. ***°°97%* Khan et al. reported a flexible PENG with PZT
and Cr/Au interdigitated electrodes on a PI film (Figure 18b-
i).°*° The device formed a stable contact on the hand skin under
different deformations and delivered a maximum output voltage
of 110 V with a static power consumption of only 1.15 nW
(Figure 18b-ii). Like TENGs, PENGs also face challenges in
dynamic energy harvesting and exhibit low output power.

6.1.3. Biofuel Cells. Biofuel cells harvest energy by oxidizing
biologicals in sweat,”° saliva,**” and urine with enzymes.508 The
process involves two half-reactions occurring at the bioanode
and biocathode, respectively. In the bioanode, biochemicals
such as glucose and lactate are oxidized by enzymes, releasing
electrons that transfer to the biocathode through an external
circuit, generating electrical currents. At the biocathode, oxygen
or other oxidants are reduced, consuming the electrons from the
bioanode, with water as a byproduct. Jia et al. demonstrated the
first biofuel-cell e-tattoo using a CNT—tetrathiafulvalene
composite, showing a power density ranging from S to 70 yW-
cm?® from perspiration lactate during physical activity.”® In
another work, a biofuel cell with a LOx-modified MCNT
bioanode and a bilirubin oxidase (BOx)-modified MCNT
biocathode converted lactate in sweat from the chest and lower
back with outputs of 3.7 and 7.5 uW, respectively.*”> However,
biofuel cells typically have low output energy, insufficient to
power signal-processing circuitry and wireless data transmission
units for on-body e-tattoos. To address this issue, Yu et al.
designed an e-tattoo biofuel cell array with graphene oxide and
CNT-coated nickel foam as the bioanode and Pt or Pt—Co
nanoparticles-decorated CNT film as the biocathode (Figure
18c-i,c-ii)."*" After further modification of the bioanodes with
LOx, it readily oxidized the sweat lactate, enabling stable
charging of a capacitor (Figure 18c-iii). Notably, the biofuel cell
array exhibited a stable output power density of 3.5 mW-cm™>
during 60 h of continuous operation. One of the most promising
advantages of biofuel cells over other energy harvesting systems
is the availability of the energy source in the human body.
However, limited power density, noncontinuous fuel availability,
and system integration remain major obstacles for e-tattoo-
based biofuel cells.

6.1.4. Thermoelectric Energy Harvesting. Thermo-
electric generators (TEGs) convert body heat into electricity.
Current TEG tattoos mainly use organic/inorganic hy-
brids,”*>*'? conductive polymers,”""*'* and liquid metals®'>>"*
as the active layer. For example, Yang et al. demonstrated a
stretchable, 10 X 10 TEG array on an Ecoflex substrate using p-
(Sb,Te;) and n-(Bi, Te,)-type thermoelectric couple arrays with
serpentine interconnects between them (Figure 18d-i).**° The
device exhibited an output power of ~0.15 mW-cm™2at AT = 19
K, and no performance decay was observed after being stretched
at 40% strain over 100 cycles (Figure 18d-ii). In another
example, Kim et al. developed a Bi,Te; and Sb,Te;-based TEG
on glass fabric,”"> which demonstrated an output power density
of ~0.5 mW-cm™ at AT = 19 K. In a recent study, Tian et al.
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used laser scribbling to pattern and sinter Bi, Te; particles on a PI
substrate to create a flexible TEG with a power factor of 1500
UW-m™1K"2°'® When attached on human forearm, this TEG
produced an output voltage of 1.97 mV. Besides, texture control
during growth®'” or high-temperature sintering of nano-
flakes>'®>"” have also been proposed to engineer thermoelectric
materials. Stacked layers of 2D materials can slide under
stretching, enabling inherently stretchable TEGs. A TEG
composed of 100 stacked units of 1T-WS, (n-type) and 1T-
NbSe, (p-type) demonstrated an output power of 38 nW at a
temperature difference of 60 K.**° Other nanomaterials like
CNTs**' 7% and rGO”** have also been utilized for TEGs. For
example, Wu et al. developed a flexible TEG by alternatively
assembling p-type CNT and n-type CNT and then connecting
these assemblies in series.””” The generator produced a high
output voltage of 1.05 V and an outpower of 0.95 mW, sufficient
to power an electrochromic device. In addition to inorganic
materials, organic materials like PEDOT:PSS,>*° as well as
hybrids of inorganic and organic materials,”*® have also been
used to fabricate TEGs. In one example, a PEDOT:PSS-based
TEG with 162 n-type and p-type thermoelectric elements
generated an output voltage of 0.52 V and a maximum power
output of 0.32 uW, enabling it to power organic field-effect
transistor-based gas sensors.””> However, most of these TEGs
are only flexible but not stretchable. More research is required to
advance the form factors of TEGs to approach that of e-tattoos.

6.1.5. Photovoltaic Cells. Photovoltaic cells convert light
energy into electricity through the process of photovoltaic
effects. One advantage of photovoltaic cells over other
mechanical energy harvesters is their production of direct
current (DC) voltage, minimizing the circuit requirements and
in-house power loss. Photovoltaic cells consist of a light-
harvesting active layer, two carrier transport layers, and two
electrodes. When light falls on the active layer, it generates
electron—hole pairs, separated by the built-in potential, which
are collected by the electrodes through the transport layers.
Photoresponsive materials, including cadmium telluride, copper
indium gallium diselenide (CIGS), perovskites, and fol ers,
have been used as active layers in photovoltaic cells.”*>*"~>%
Metal nanowires, carbon nanomaterials, and conducting
polymers are commonly used as electrodes due to their
flexibility and transparency.’”’ Lee et al. demonstrated
stretchable photovoltaic cell arrays (GaAs/InGaP) with
serpentine Cu interconnects on the top of the elastomer
substrate (Figure 18e-ie-ii).””' The photovoltaic cell main-
tained its output performance at 30% stretching without any
significant loss in output voltage and current (Figure 18e-iii). In
another example, Kaltenbrunner et al. reported a 2 um thick
organic solar cell using P3HT:PCBM/PEDOT:PSS/PET and a
deposited Ca/Ag layer as the top electrode.”®” The device
exhibited a compressive stretchability up to 50% on the
prestretched elastomer substrate. Although tattoo photovoltaic
cells can harvest energy more easily compared to mechanical and
chemical mechanisms, they also have limited efficiency due to
the ultrathin thickness of the light absorption layer. Additionally,
it remains challenging for current photovoltaic cells to maintain
their performance over the long-term, especially under sweaty
conditions.

6.1.6. Wireless Energy Harvesting. E-Tattoos mainly
utilize near-field inductive coupling and electric field coupling
due to their close proximities to the power supply, enabling
lower device profiles and higher efficiencies. Receiving coils
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commonly use noble metals,”” silver nanoparticles,”" liquid
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metals, and graphene™” as the conductive circuit. Lin et al.

found that liquid metal NFC can be digitally embroidered into
textiles to power wearable devices (Figure 18f-).” Simulation
results indicated that the liquid metal NFC exhibited a
maximum transmitted power of 100 mW (Figure 18f-ii).”* As
only a coil and some supporting electronics are required,
receiving e-tattoos for wireless energy harvesting can be quite
small and applicable to neonates. An NFC coil using 5 gm thick
copper was developed and employed in the neonatal intensive
care unit (NICU). The e-tattoo could harvest RF energy
through bedding, blankets, and mattresses.”>> This NEC coil
was utilized to power ECG and PPG sensors for continuous and
wireless monitoring of heart rate, respiration rate, peripheral
arterial tone, SpO,, and blood pressure. Although the receiving
coil can be made small and conformable, power-transmitting
devices are generally large, limiting the power transfer system in
wearable applications. Additionally, the inductive coupling of
power is highly reliant on alignment between the transmitting
and receiving coils. Despite efforts to integrate inductive
transmission coils into clothing for ultimate imperceptibility,
relative motion between the e-tattoo and clothing can severely
degrade efficiency.

6.2. Energy Storage E-Tattoos

Harvested energy should be stored for continuous use. Batteries
and supercapacitors are the two most widely used energy devices
for e-tattoos,”>* which will be discussed in this section.

6.2.1. Rechargeable Batteries. E-tattoo batteries have
high energy density and can conformally attach to the skin to
provide energy for e-tattoo sensors, signal processing units, and
data transmission units. Xu et al. reported a stretchable battery
that consists of an array of tiny storage units (LiCoO, cathode,
Li,Ti;O;, anode, and Al—Cu electrodes) connected by
serpentine copper electrodes (Figure 18g-i)."*" The device
exhibited high stretchability, showing only a slight decrease in
the output power from ~5 mW to ~4.35 mW at 300% strain.
Ag—7n tattoo batteries were also used due to their high energy
density, stable output voltage, and environmentally friendly
nature.’”” Berchmans et al. fabricated an Ag—Zn alkaline tattoo
battery with screen printing, which showed a capacity density of
2.1 mAh-cm™ and an output voltage of 1.5 V.>*’ Notably, this
Ag—Zn battery used water-based electrolytes, making it safer
than Li-ion batteries using flammable electrolytes.

6.2.2. Supercapacitors. Compared to batteries, super-
capacitors exhibit much faster charging and discharging speed
and longer life cycles.”*”**' Luan et al. reported a supercapacitor
with PEDOT:PSS decorated SWCNT film serving as positive
and negative electrodes. The device has a low thickness of only
~1 pum but a high-power density of 332 kW-kg™.>** Similarly,
Giannakou et al. demonstrated a 3.7 ym thick supercapacitor
using silver nanoparticles and nickel oxide as the electrode
materials and a saturated magnesium perchlorate as the
electrolyte.”* The supercapacitor exhibited a high areal
capacitance of 87.2 mF-cm™ and can be laminated on human
skin with high conformability (Figure 18g—ii).543 Lv et al
fabricated a supercapacitor e-tattoo based on LOx-decorated
CNT with Pt and polypyrrole electrodes. The e-tattoo can stably
attach to the skin under different deformations (Figure 18g-iii)
and exhibited a high output power density of 0.22 mW-cm™* and
an areal capacitance of 27.2 mF-cm > (Figure 18g-iv).544
Notably, this device can be integrated with a biofuel cell to
store the energy harvested from sweat lactate.

Despite rapid growth in the research to develop energy
harvesting and storage e-tattoos, several challenges still need to
be addressed before they can be relied on for field operation.
Integrating energy harvesting and energy storage with e-tattoos
is a major challenge due to limited available materials, variations
in geometry, thickness, working mechanisms, and flexibility.
Consistent power generation is another challenge because
mechanical harvesters depend on continuous external motion,
biofuel cells depend on the availability of body fluids, and
wireless power transfer methods depend on the availability of
nearby transmitting devices. Additionally, energy densities for
mechanical and biochemical energy harvesting are still not
adequate to power many functions such as analogue-to-digital
conversion or wireless transmission. Hybridizing multiple
harvesting mechanisms under the same space, such as light,
heat, and biomechanics can potentially increase the output
power to meet next-generation e-tattoo’s power requirements
through multiple stages of power generation, resulting in more
accumulated power.

7. SYSTEM INTEGRATION OF E-TATTOOS

Traditionally, e-tattoos have only referred to the components
that interface directly with the human body (e.g., electrodes,
transducers, optoelectronics). However, these sensors and
stimulators cannot function alone and are always accompanied
by additional hardware, such as wireless transceivers, amplifiers,
processors, or driver circuits. Power must also be supplied
wirelessly, from a battery, or harvested from the environment for
operation. Lastly, the sensitive components need to be
encapsulated to prevent damage from the external environment
and reduce wear and tear. In this section, we will briefly discuss
the integration of e-tattoos into complete standalone and
stretchable systems.

7.1. Integration of Components

A full e-tattoo system must incorporate several important
functions, including sensing or actuation, signal conditioning,
ADC, data storage, transmission, or display, and power storage
or generation. As most analogue signal processing and ADC
circuitry still rely on traditional rigid electronics, the integration
of the sensing/actuation module to the upstream electronics is
particularly important. For e-tattoos that are fabricated with
metallic interconnects, the process becomes easier as the
interconnects can be directly soldered onto the contact pads
of the rigid device. However, care must be taken to prevent stress
build-up at the interface. This can be achieved with gradual
tapering of the interconnects to match the width of the pads
(Figure 19a-i).”* The taper angle is an important factor that can
be varied to optimize the mechanical reliability of the
interconnects by spreading the stress concentration at the
joint. E-Tattoos made of nonmetallic materials would require an
intermediary substrate to interface with upstream electronics.
Conductive adhesives such as silver epoxy provide a robust,
heat-free connection but are unsuitable for fine-pitch
interconnects due to the risk of short-circuiting. Anisotropic
conductive film (ACF) and z-axis conductive tape overcome this
limitation and offer other advantages such as alleviating
mechanical stresses by allowing some relative motion between
the rigid and soft layers and enabling reusability as the adhesive
is not permanent.”**>*” E-Tattoos with submicrometer-thick-
ness need a special kind of interface as the aforementioned
methods involve a large strain mismatch. To address this issue,
Jang et al. developed a heterogeneous serpentine ribbons
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(HSPR) system that used submicrometer-thick gold-on-PI
serpentines as intermediary interconnects between graphene
electrodes and a millimeter-thick wristband of electronics
(Figure 19a-ii).'”” All graphene-to-gold interfaces are held
together through vdW forces. The resulting interface can
withstand more than 40% tensile strain without fracture (Figure
19a-ii).

The upstream electronics can also be integrated on the e-
tattoo and typically consist of discrete (e.g., capacitors, resistors,
inductors) and integrated (e.g, amplifiers, microcontrollers)
electrical components. The interconnects between these
components are commonly thin metal sheets that have been
patterned into appropriate designs.”>”>**> Copper is the metal
that is used ubiquitously for this purpose due to its low cost,
good conductivity, and solderability. The interconnects are
patterned into serpentine structures to enable the circuit to
stretch along with human skin.'”***® Some e-tattoo systems
have also used intrinsically stretchable materials such as liquid
metal as the interconnect material.>*”**° As circuits become
more complex with increased functionality, space becomes a
major issue. Recent work has focused on creating multilayered e-
tattoos where each layer is responsible for a specific function.
Vertical stacking increases density while still preserving planar
stretchability at the cost of increasing the total thickness of the
device. Each layer is separated with an insulating substrate, and
signals and power are transferred between layers through vertical
interconnect accesses (VIAs). VIAs must be robust enough to
withstand relative movement or displacement between layers
under mechanical deformation. Conductive layer deposition has
been used to realize multilayer stretchable electronics.”' A
more robust solution is to create VIAs using laser ablation and
then perform selective soldering.”>” This method can create
through, buried, and blind VIAs for more complex circuit
designs. The authors used soft Ecoflex as the substrate to bond
the circuit components and Pl-coated copper interconnects.
The final system can withstand up to 35% uniaxial tensile strain
(Figure 19b-i). However, solid encapsulation strategies like this
could highly restrict the deformation of serpentine interconnects
as out-of-plane buckling is prevented, thereby posing a limit to
the stretchability of the system. Stacked multilayer networks
allow for out-of-plane buckling of their serpentine interconnects
for better strain distribution. Therefore, they show much better
elastic stretchability than the devices with solid encapsulation. In
addition, there are many void areas in these stacked multilayer
networks, making them more breathable than those with solid
encapsulation.”> Figure 19b-ii illustrates a multilayered system
fabricated using this method with the substrate layer highlighted
in light green. The substrate is made using S0 um thick PI
patterned into a periodic triangular lattice of horseshoe
microstructures. This mechanism allows for large uniaxial elastic
stretchability of up to 37%, which is close to that of a
freestanding serpentine interconnect. VIAs were patterned onto
each layer, and layers were aligned by inserting silver pillars
through alignment holes on the different layers. Soldering of the
silver to the VIAs completes the interlayer connection. As
multilayer e-tattoos segregate functionality into different layers,
it is even possible to chan%e the functionality of the e-tattoo by
replacing specific layers.””’ This opens up the possibility of
having modular e-tattoos where the electrode or sensor layer can
be disposed after use or replaced for other sensors, respectively,
and the functional layers can be reused and replaced based on
the desired signal to be measured (Figure 19b-iii). Each layer of
the e-tattoo is made using the cut-and-paste method.”>* Rigid
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circuit components are connected by copper serpentine traces
laminated onto a stretchable Tegaderm substrate. To assist in
the disassembly of layers, the authors used detachable z-axis
conductive tape as VIAs.

While the highest-performance devices still require rigid
components, there has been increasing interest in realizing
completely stretchable systems. Unfortunately, as seen in
section 3.1, many passive components such as resistors and
capacitors have inherent reliance on strain and deformation.
While this allows body motion or touch to be sensed using
various methods, variable value components are typically not
desired for consistent circuit operation and therefore pose an
outstanding challenge in the field. Niu et al. reported a method
of using composite ink composed of silver flakes and elastomers
as the conductive material embedded in SEBS substrate to
fabricate stretchable inductors and capacitors.” Stretchable,
strain-sensitive resistors were manufactured using a thickness-
gradient CNT network (Figure 19c-i). Semiconducting
components such as transistors are the foundation of more
complex components such as processors, amplifiers, and driver
circuits. Correspondingly, stretchable transistors®*°~>** and
memories®>”**” have been a hot topic of research. A notable
work by Wang et al. describes a high yield (94.4%) fabrication
process for stretchable transistors using a variety of intrinsically
stretchable polymers semiconductors with a device density of up
to 347 transistors per square centimeter (Figure 19¢-ii).**
However, current stretchable transistors using elastomers are
unable to compete with the areal densities achievable by their
silicon counterparts. Lastly, fully stretchable systems would also
require stretchable self-adhesive interfaces for multilayer
connections or connections with rigid components to reduce
mechanical failure at the interface. Multiple approaches that
emerged in recent years have tried to alleviate this problem by
different approaches including fabricating stretchable-ACF (S-
ACF)*®" and creating a universal interface for plug-and-play
assembly of stretchable devices by using self-adhesive, biphasic,
nanodispersed (BIND) materials (Figure 19¢-iii).** This opens
up the possibility of integrating e-tattoos into a fully flexible and
stretchable system.

7.2. Encapsulation

E-Tattoos can provide clinical-grade health monitoring
capabilities in ambulatory settings beyond the confines of
traditional healthcare settings. For widespread practical use,
however, e-tattoos must be mechanically robust in environments
with varying temperatures, humidity, water exposure, electro-
magnetic interference, and mechanical stresses. Encapsulation
protects the electronics from the external environment and
provides mechanical support. PDMS and Ecoflex are two
materials that are commonly used for encapsulation owing to
their good biocompatibility, low Young’s moduli, affordability,
and easy manufacturability.”*> Although it is important to match
the stiffness of the encapsulation to that of the skin for maximum
comfort,”** using a material that is too soft creates a stiffness
mismatch with any rigid electronic components on the e-tattoo.
To overcome this, multiple works have explored layered
approaches where the electronics are encapsulated in pro-
gressively softer materials.”*® Figure 19d-i illustrates such a
scheme with the electronics encapsulated first with stiffer
Silbione and then with Ecoflex.’*® Another strategy is to
mechanically decouple the electronics and encapsulating
elastomer. This can be done by injecting a dielectric fluid with
the electronics inside the encapsulation (Figure 19d-ii).>*” This
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strategy allows the free-standing serpentine interconnects to
buckle, twist, and deform without constraint. The function of the
encapsulating elastomer also dictates how stiff it should be
designed. For example, the encapsulation for multilayered e-
tattoos should decouple the deformation between layers. In
Figure 19d-iii, the stiffer outer silicone elastomer provides robust
insulation from the external environment and the softer inner
silicone gel provides padding between the deformable layers. In
areas of increased electronic component density, a stiffer epoxy
resin can be used to provide enhanced mechanical stability to
fragile electronic solder joints.”*®

8. CHALLENGES AND PROSPECTS

Our outlook on e-tattoos is inspired by the historical evolution
of real tattoos. The very first tattoos were speculated to be used
for therapeutic purposes, similar to acupuncture, as evident from
tattoos found over osteoarthritic joints on an ancient corpse.’®
Since then, tattoos have revolved around themes of stigmatiza-
tion and self-expression. It is both fitting and incongruous, then,
that e-tattoos now aim to provide medical sensing and
stimulation in as inconspicuous a manner as possible. This
review summarized developments in e-tattoos, focusing on
materials and structural engineering for skin mimicry,
manufacturing technologies, and transfer-to-skin techniques,
sensor and stimulator applications, energy devices, and
integration into practical wireless and wearable systems. Despite
significant progress, several challenges remain for the wide-
spread adoption of e-tattoos.

(1) Lack of intrinsically stretchable high-performance con-
ductors and semiconductors. Despite significant progress
made in developing stretchable e-tattoos, the develop-
ment of intrinsically stretchable high-performance e-
tattoo conductors and semiconductors has been less than
satisfactory. Recent efforts have shown that introducing
defects such as wrinkles'® and cracks,"®’ as well as
embedding the aligned metal nanowires into elasto-
mers,” can effectively increase the stretchability of the
films. However, the conductivity of these stretchable films
is generally several times or orders of magnitude lower
than that of their bulk counterparts. Additionally,
although liquid metal exhibits intrinsic stretchability, it
requires additional activation and is liable to form short
circuits due to deformation-induced leakage. Further-
more, most of the currently used semiconductors, such as
Si, GaN, and GaAs, are rigid, and their electronic
performances degrade rapidly when stretched. Although
some stretchable polymer semiconductors have been
introduced through molecular-level design or morphol-
ogy control, their carrier mobilities and on/off ratios are
still far from sufficient for them to be used as data
processing and transmission units for e-tattoos.

(2) Skin interfacing. Although ultrathin and ultrasoft e-tattoos
can adhere to the skin through vdW force, this interaction
can be easily disrupted by biofluid secretion such as sweat
and wound exudate, making it challenging to form a stable
device—skin interface under humid skin conditions.
Breathable or permeable e-tattoos that use porous
substrates”® or nanometer-thick substrates®'* have been
developed to allow water to evaporate through the device.
However, these substrates have reduced mechanical
strength due to the pores or ultrathinness and are
therefore difficult to transfer onto the skin. Additionally,
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hairs on the skin act as an additional barrier between the e-
tattoo and the skin, degrading signal quality and causing
device delamination. Although hairs can be trimmed
before device attachment, they will quickly regrow and are
a significant obstacle to long-term signal recording.
Finally, the ultrathinness and softness of e-tattoos make
them difficult to remove from the skin without destroying
the device. Therefore, most current e-tattoos are not
reusable, increasing the amount of e-waste produced and
the financial costs to the user.

(3) Data quality under arbitrary motion in an uncontrolled
environment. Most of the modalities used by e-tattoos are
highly sensitive to motion. Such motion artifacts affect
different sensor modalities to varying degrees. For
example, biopotential signals are influenced by relative
motion between the skin and the electrode due to changes
in contact impedances as well as triboelectric charge
generation.””’ Bio-Z and optical sensors are impacted
when the electrode or LED/photodetector relative
positions change with motion, altering the path of electric
current or photons through the tissue, respectively. SCGs
and pressure sensors, in contrast, directly pick up motion
in their signals. As the mass of the sensor adds inertia, the
sensor’s weight is a significant design consideration for
minimizing the sensitivity to motion artifacts. Motion can
also impact the connection between the e-tattoo sensors
and upstream electronics, as this interface can become
disconnected. In some cases, this can result in a partial or
complete loss of signal, leading to inaccurate or unreliable
measurements.

(4) Tattoo-like actuators to provide haptic feedback. Haptic
feedback involves the use of advanced actuators to
stimulate mechanoreceptors or afferent nerves under the
skin to create a sensation. An e-tattoo sensing system with
haptic feedback can provide users with better immersive
experiences, forming a closed-loop human—machine
interface. However, while e-tattoo stimulators, such as
electrical stimulators, can provide electrical feedback,
there are currently no reports of e-tattoo actuators capable
of providing haptic feedback. A haptic actuator is
composed of a magnetic field generator, a magnet
vibrator, a backbone, and a vibrator-supporting substrate.
Despite of potential to design the haptic unit with a
diameter as small as S mm, it is still a challenge to create
tattoo actuators that are micrometers thick and can
generate enough vibration force to stimulate the tactile
sensation in human skin. Although haptic feedback
commonly refers to vibrations or force feedback, there
is emerging research to also leverage thermal feedback as a
way to enhance the sensory experience.””"

Addressing the above challenges also presents new oppor-
tunities for e-tattoos, which are outlined as follows:

(1) Scalable, low-cost, or on-body manufacture of e-tattoo
systems. Because the thinness and softness of e-tattoos
make reusability a significant challenge, minimizing the
cost and improving the scalability of fabrication has
practical significance. Current subtractive cut-and-paste
and additive printing methods all require device transfer
onto the skin and are challenging for ultrathin e-tattoos.
Recent advancements in on-skin fabrication techni-
ques' ¥ 112982657271 have opened up new possibilities
for fabricating transfer-free e-tattoos with well-defined
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3)

patterns. After the ink dries, a seamless device—skin
interface with low contact impedance is formed. These
transfer-free e-tattoos do not require any substrates or
additional supporting layers, making them more breath-
able for sweaty skin. Furthermore, on-body printing
techniques have the potential to directly print devices
onto any part of the human body, including hairy sites.
Moving forward, continued efforts should focus on
developing fast-drying ink materials with high conductiv-
ity, stretchability, and biocompatibility, as well as
improving printer resolution to achieve low-cost and
high-resolution printing of e-tattoos.

Wearable and wireless ultrasound e-tattoos. Although
great progress has been made toward conformal ultra-
sonic transducers, current wearable transducer arrays still
rely on large desktop systems for pulse transmission and
data acquisition. While these ultrasound patches can
conformally adhere to the skin for long periods of time,
they currently may not offer much more practicality or
diagnostic information over, simple holders for conven-
tional hand-held probes®’* due to the massiveness and
nonportability of these desktop systems. Therefore,
progress must be made toward making the whole system
truly wearable (ie., standalone) and wireless. Another
unresolved challenge with wearable ultrasound e-tattoos
is alignment over the target anatomy. With a standard B-
mode image, the sonographer can manipulate the
ultrasound probe with five degrees of freedom to best
capture the target anatomy. However, with a wearable
ultrasound e-tattoo, the patch cannot be moved and
therefore can only rely on linear array scanning or beam
steering to capture the anatomy. As the spatial resolution
directly depends on the sample rate and number of
transducers, ultrasound imaging is also inherently data-
heavy. This makes wireless operation difficult as the data
rates are limited to what the wireless protocol can support
(e.g., ~200 kbps for BLE).””* However, overcoming these
challenges will yield enormous diagnostic capabilities.
Unlike other modalities, ultrasound is inherently robust
against motion®” as the frequency of the ultrasonic signal
is orders of magnitude greater than that of motion.
Therefore, the long-term, mobile measurement capabil-
ities of e-tattoos are very synergistic with the motion-
resistance of ultrasound. Additionally, ultrasound pro-
vides direct measurements of anatomical and fluidic
properties. Other modalities can only infer relative
physiological changes happening inside the body, such
as blood volume changes with PPG. One noteworthy
application would be the measurement of cardiac function
during dynamic cardiac stress tests as cardiac output,
stroke volume, myocardium strain, and other metrics can
be directly measured even during motion. An in-depth
analysis of the applications of wearable ultrasound is
provided by Tan et al.””*

Self-powered e-tattoo systems. Self-powered e-tattoo
systems can operate without an external power supply,
allowing for wireless, long-term operation. Over the past
few years, a plethora of energy harvesting e-tattoos have
been reported, with diverse advantages and use cases. For
example, TENGs show promise in self-powered motion-
detection systems. Biofuel cells are capable of providing a
continuous power supply when detecting sweat chemicals
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(4)

(5)

during intense physical activities. Perovskite solar cells,
known for their high conversion efficiency, can power
chemical sensors for the continuous monitoring of
secreted biomarkers, even in the absence of vigorous
exercise.””> TEGs can consistently generate power by
harnessing energy from the human body, leveraging the
temperature difference between the skin and the
surrounding environment without requiring any move-
ment, perspiration, or light. Due to the limited power
output of current TEGs, they are more useful under cold
environments. Future opportunities entail improving the
power efficiency of these energy-harvesting devices, as
well as enhancing their softness and stretchability to be
compatible with the skin. It should be noted that not all
energy harvesting devices need to be tattoo-like, in which
case the interface between the energy harvesting devices
and the e-tattoo sensors should be carefully designed.

Multimodal and multisite fusion, body area network. The
biosignals that can be acquired by an e-tattoo are
extremely site-specific. For instance, ECG and SCG
signals can only be collected from the chest, EEG signals
from the head and forehead, and EMG signals from the
target muscle. Conformal, lightweight, and imperceptible
e-tattoos offer a seamless way to monitor multiple sites
across the body, enabling the collection of vast streams of
relevant data. This network of e-tattoos can form a body
area network (BAN) and the unique biosignals acquired
from each site can be fused to provide improved
diagnostic decisions. For instance, heart rate from ECG
can be combined with EEG signals to measure stress.””®
Future research in this area should focus on timing
synchronization, efficient multidevice communication
protocols, and interoperability between different e-tattoo
systems. As such, e-tattoos have the potential to
revolutionize the way we monitor and collect biosignals
from the human body by providing a more accurate and
holistic view of human health.

Closed-loop e-tattoos. To provide a comprehensive
solution, e-tattoo sensing units should be integrated
with therapeutic units for simultaneous signal recording
and regulation through a closed-loop sensing and
therapeutics platform. This closed-loop e-tattoo system
can allow on-demand stimulation for precision treatment,
increasing the treatment efficiency and decreasing the
unnecessary disturbing of the human body. Another
interesting direction is to integrate the decoding and
feedback units into an e-tattoo sensing system to form a
closed-loop human—machine interface or human—robot
interface. The signals obtained by the sensors can be
decoded and then activate the actuators to provide
feedback on human skin to control the machine or the
robot. Especially, the integration of e-tattoo haptic
actuators into wearable electronics can stimulate the
tactile sensation of the human body, thereby providing
users with a more immersive and intuitive feedback
experience. The advent of ultrathin magnets and new
thermoelectric materials that offer both rapid cooling—
heating speed and high flexibility and stretchability, along
with the development of multimodal e-tattoo actuators
for accurate sensation of the objects,””" will revolutionize
our interaction with devices, leading to a seamless user
experience.
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(6) Interactive e-tattoo and implantable. The integration of e-
tattoos and implantable devices presents a unique
opportunity to enhance their capabilities and applications.
Implantable devices, such as pacemakers and neural
implants, can benefit from e-tattoos that monitor and
transmit data wirelessly, providing real-time feedback on a
patient’s condition as a full closed-loop platform.
Conversely, e-tattoos can benefit from implantable
devices that provide therapeutic aspects, as well as
enhanced power and connectivity. This advantage enables
complex functionalities such as electrotherapy stimulation
after direct attachment on the targeted areas such as
organs,577 nerves,”’® or the brain."”’ Recent studies
demonstrated the combination of implantable devices
and skin-interfaced devices that enable seamless and
continuous monitoring and treatment of various health
conditions, such as cardiovascular diseases,’”’ diabe-
tes,”™ and neurological disorders.”®' By integrating the
data from these devices, clinicians could obtain a more
comprehensive and accurate picture of a patient’s health
status and provide personalized treatment without
external interventions. Moreover, the integration of e-
tattoos with implants could also enhance human—
machine interfaces, by enabling more intuitive and natural
interactions between users and devices. Further research
is needed to explore the technical and ethical challenges of
e-tattoo-implantable interactions and to develop safe and
effective integration strategies.

(7) Tattoo-specific integrated circuit (IC) design. Despite the

excitement of ultrathin, skin-soft, and stretchable e-

tattoos, their wearability must be carefully considered

when integrating them with wireless circuitry. Integrating
e-tattoos with commercially available COTS components
is a convenient and cost-effective approach. When
implementing simple functionalities, the COTS circuitry
still can be implemented in a wearable form factor.

However, certain applications, such as ultrasound

measurement, necessitate complex and computing-

expensive circuits to capture, digitize, and process a

large amount of high-speed data. While the state-of-the-

art sensors are wearable, integrating the bulky data control
and acquisition circuitry into a wearable form factor poses

a significant challenge. Thanks to the rapid development

of semiconductor technology, ICs have been elevated to

the next level in terms of power, area, and integration
level. This advancement has significant benefits for
wearable electronics, as IC technology allows for the
integration of all necessary circuits for sensing, digitiza-

tion, real-time processing, and data transmission within a

small millimeter-scale size. Because of its compact size,

ICs can be easily integrated into e-tattoos without causing

obstructions.

We believe that with continuous interdisciplinary scientific
collaborations, and the increasing involvement of physiologists
and medical doctors, e-tattoos can gradually become a part of
our everyday lives, reliably providing sensing, treatment, energy
harvesting, and so on in an imperceptible and inexpensive way.
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ABBREVIATIONS

PEDOT:PSS = poly(3,4-ethylenedioxythiophene) polystyr-
ene sulfonate

PMMA = poly(methyl methacrylate)
PDMS = polydimethylsiloxane

PI = polyimide

PANI = polyaniline

EEG = electroencephalogram

ECG = electrocardiogram

EMG = electromyography

EOG = electrooculography

SCG = seismocardiography

NIRS = near-infrared spectroscopy

PPG = photoplethysmography

P3HT = poly(3-hexylthiophene-2,5-diyl)
SEBS = polystyrene-block-poly(ethylene-ran-butylene)-
block-polystyrene

WVTR = water vapor transmission rate
LEG = laser-engraved graphene

NEC = near-field communication

GOx = glucose oxidase

LOx = lactate oxidase

TENG = triboelectric nanogenerator
TEGs = Thermoelectric generators
HRPS = hybrid response pressure sensors
VIAS = vertical interconnect accesses
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ACEF = anisotropic conductive film
vdW = van der Waals
ADC = analog-to-digital converter
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