WILEY-VCH

Soft Electronics for the Skins: from Health Monitors to Human-Machine Interfaces
Zhoulyu Rao, Faheem Ershad, Abdullah Almasri, Lei Gonzalez, Xiaoyang Wu, Cunjiang Yu*

Z. Rao, Prof. C. Yu

Materials Science and Engineering Program
University of Houston

Houston, TX, 77204 USA

F. Ershad, A. Almasri, L. Gonzalez, Prof. C. Yu
Department of Biomedical Engineering
University of Houston

Houston, TX, 77204 USA

Prof. X. Wu

Ben May Department for Cancer Research
The University of Chicago

Chicago, IL, 60637 USA

Prof. C. Yu

Department of Mechanical Engineering

Department of Electrical and Computer Engineering
Texas Center for Superconductivity

University of Houston

Houston, TX, 77204 USA

E-mail: cyul S@uh.edu

Keywords: Soft electronics, stretchable electronics, skin, health monitoring, human-machine
interfaces



WILEY-VCH

Abstract

Conventional bulky and rigid electronics prevents compliant interfacing with soft human skin
for health monitoring and human-machine interaction, due to the incompatible mechanical
characteristics. To overcome the limitations, soft skin-mountable electronics with superior
mechanical softness, flexibility, and stretchability provides an effective platform for intimate
interaction with humans. In addition, soft electronics offers comfortability when worn on the
soft, curvilinear, and dynamic human skin. In this review, recent advances in soft electronics as
health monitors and human-machine interfaces (HMIs) are briefly discussed. Strategies to
achieve softness in soft electronics including structural designs, material innovations, and
approaches to optimize the interface between human skin and soft electronics are briefly
reviewed. Characteristics and performances of soft electronic devices for health monitoring,
including temperature sensors, pressure sensors for pulse monitoring, pulse oximeters,
electrophysiological sensors, and sweat sensors, exemplify their wide range of utility.
Furthermore, we review the soft devices for prosthetic limb, household object, mobile machine,
and virtual object control to highlight the current and potential implementations of soft
electronics for a broad range of HMI applications. This review concludes with a discussion on

the current limitations and future opportunities of soft skin-mountable electronics.



WILEY-VCH

1. Introduction

Electronics for human health monitoring and human-machine interaction has evolved over time,
transforming from large and bulky equipment to miniature and portable devices for daily usage.
Devices such as the traditional Holter monitor, the gold standard for cardiac electrophysiology
at one point, have been packaged into wearable and portable formats that could be attached to
the human body with a strap.">2 Many other devices, including wearable accelerometers for
motion detection, electromyography (EMG) sensors for prosthetics, electroencephalography
(EEQG) sensors for brain-machine interfaces, and smart gloves for robot/machine control have
been developed.-! However, the aforementioned electronics exists in rigid form factors and
must be uncomfortably secured to the human body.!* -8 The mechanical mismatch that arises
from the rigid electronics hinders the movement of the body, creates user discomfort, and
increases the susceptibility to motion artifacts."’

To better suit the skin, soft electronics offers an alternative route for conformal
interfacing and comfortable wearing on the soft, curvilinear, and dynamic human body. Soft
skin-mountable electronics have been proven to be effective for various applications including
medical implants, health monitors, artificial skins, human-machine interfaces (HMIs), wearable
internet-of-things (IoT), etc. due to their superior mechanical properties. Here, soft electronics
comprises the characteristics of both flexibility and stretchability.

Various approaches to realizing soft skin-mountable electronics have been implemented
and since these strategies have been extensively reviewed in the literature, they will be briefly
mentioned here. It is understood that to achieve flexibility, the electronics should be sufficiently
thin in order to undergo deformations such as bending or folding."'’ Adequate thickness and
minimization of the conformal energy can result in conformal contact between the skin and the
electronics. On the other hand, realizing stretchability is a more complicated feat. Generally,

two strategies are utilized to impart stretchability; these include designing electronics with
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geometrically engineered structures or the use of intrinsically stretchable materials. A few
examples of structural engineering strategies used to achieve in-plane/out-of-plane
stretchability are wrinkles, serpentines,!'!! rigid islands with deformable interconnects, and
kirigami structures.['>14 Achieving stretchability with intrinsically stretchable materials has
also been appealing, and thus, efforts to develop intrinsically stretchable conductors,
semiconductors, and dielectrics have been undertaken.!'>-!”]

In this review, we begin with a brief overview of the approaches to optimize the
interface between human skin and soft electronics. In particular, we highlight the applicability
of soft skin-mountable electronics for health monitoring and human-machine interaction. In
each of these sections, numerous studies are detailed with an emphasis on the device
characteristics and performance for their respective applications. For health monitoring, studies
showing vitals measured using soft temperature sensors, pressure sensors for pulse monitoring,
pulse oximeters, electrophysiological sensors, and sweat sensors are presented. Following that
section, soft HMI devices used for prosthetic limb, household object, mobile machine, and
virtual object control are discussed. We conclude with a discussion on the current limitations

and future opportunities of soft skin-mountable electronics.

2. Strategies to Improve the Soft Electronics/Skin Interface
Biological skin is soft, flexible, twistable, and stretchable with a low modulus of 140-160 kPa

10, 18] R obust and conformal contact with the surface

and an elastic tensile strength of 15-30%.
of skin is required for soft electronics which should have similar mechanical properties to the
skin. In other words, soft skin-mountable electronics should be flexible and stretchable to
comply with deformation of the skin and accommodate local strains during daily activities.

However, traditional electronics made with bulky and brittle materials is not compatible for this

purpose. Thus, soft, flexible, and stretchable electronics has been recently developed to
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interface with skin for applications such as regenerative medicine, health monitoring,!®- 2% and

HMIs.[>! These types of electronics hold advantages like high-quality data collection, minimal

irritation to the human skin, and compatible integration with IoT technologies.?!

Certain approaches have been implemented to realize soft electronics as compliant,
multifunctional skins for humans and robots. To achieve mechanical softness, one effective
approach is to reduce the bending stiffness of electronics by making them thin: the bending

stiffness of a structure is proportional to its thickness raised to the third power.?*! For example,

)24 25

brittle yet thin silicon (fracture limit of 1% I with 100-nm thickness is mechanically

flexible and can be bent while remaining intact.*®! In addition to imparting flexibility to
electronic devices, they also require mechanical stretchability to better interface and
concurrently deform with the skin. Two strategies have been applied to achieve mechanical

stretchability in soft electronics: 1) utilizing intrinsically stretchable materials including

rubbery electronic materials (semiconductors, conductors, and dielectrics),!'> 7 27-3%1 liquid

metals**#? to build the electronics; 2) employing engineered structures like wrinkles,2% 43-4°]

56,57 [29,61]

serpentines,[!%25:37-50-53] jsland-bridge structures,>® 7 textiles, ) origami, [ 6% kirigami,

[62] [22, 63-66]

microcracks,'®~ etc., to accommodate the induced strain.

In addition to enabling softness in soft electronics, it is critical to ensure the
electronics/skin conformity and adhesion when electronics is mounted onto skin. The surface
of human skin is microscopically rough with wrinkles, creases, and pits. Through the
attachment of soft skin-mountable electronics structured in ultrathin films, open-meshes, and
microstructures to the skin, increased conformity to the epidermal topography has been

[67-69

achieved. | For example, a membrane with 5-pm thickness can conformably contact a skin

model, while air gaps were formed when the thicker membranes were applied (Figure 1a).l""

Someya et al. successfully reduced the total thickness of their devices down to sub-300 nm, as

67,71

shown in Figure 1b.1°7-71 Due to their ultrathin thickness, the devices were self-adhesive to the
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skin and had comparable bending stiffness to the stratum corneum, making them capable of
monitoring of EMG signals with reduced motion artifacts. Additionally, epidermal electronics
with an open-mesh layout, which provides low effective elastic moduli, can also achieve similar
results (Figure 1c).[?!

Microstructure designs were also introduced to increase conformity and adhesion to the
topography of human skin. Inspired by a gecko-mimicking structure, Bao et al. applied
microhair structures to develop a highly flexible pressure sensor (Figure 1d).[”*! The long hairs
tended to bend and interlock to match the profile of the skin when the external pressure was
applied. The microhair structures effectively reduced the voids between the sensors and pig
skin; microhairs with an aspect ratio of 10 can almost fully cover (98% coverage) the
macroscopically rough surface of the pig skin. By means of this intimate contact, the pressure
sensor was able to detect deep jugular venous pulses (JVP) from a human subject. Other bio-
inspired adhesive structures have also been utilized as adhesive layers to enhance the adhesion
of the devices to skin!”* 73!, For example, Ha et al. developed a flexible temperature sensor
based on an octopus suction cup inspired adhesive polydimethylsiloxane (PDMS) substrate
which is non-irritating, long-lasting, and recyclable (Figure 1e).”*! Another approach to impart
adhesion lies in engineering the device substrate is by tuning it to achieve the desired physical
and chemical properties. For example, by adding a curing inhibitor and conductive carbon-
nanotubes (CNTs), the PDMS became stickier, conductive, and softer, enabling a high-quality

recording of ECG signal, as shown in Figure 1£.l">76]

3. Soft Health Monitoring Sensors
With healthcare spending and utilization increasing, especially over the past decades, it has
become increasingly imperative that health monitoring devices meet the demands of the global

population.””) The uptick in devices connected to the IoT has driven the development of
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portable, wearable devices.l’® 7! Today, most of the commercially available wearable health
monitoring devices, such as smart watches, exist in rigid formats. The device-skin interface can
have air cavities and is not necessarily electrically stable.’®") Soft skin-mountable electronics
substantially improves the device-skin interface and possesses the advantages of deformability,
imperceptibility, and comfortability as compared to its rigid counterpart.”??! Here, we discuss
soft sensors including temperature sensors, pressure sensors for pulse monitoring,
electrophysiological sensors, pulse oximeters, and sweat sensors that are used to monitor

several key parameters of the human body.

3.1. Temperature Sensors

Temperature of the skin indicates the state of the human body and reveals useful diagnostic
information. Abnormal body temperatures are correlated to human diseases like inflammation
and fever.®1*3] To comply with the human skin, temperature sensors should be non-toxic,
unnoticeable, and mechanically soft to ensure minimal harm to the skin and high-quality signal
detection.*?!

The existing temperature sensors are mainly based on various thermistors, % 8485 and
thermosensitive field effect transistors (FETs).[%¢ 871 The simplest and most widely used
thermistors are metallic and metal oxide filamentary wires,®® due to their excellent
antioxidation property and good linearity below 300°C.[%%! Rogers et al. used ultrathin and
filamentary serpentine gold (Figure 2a) as a temperature sensor on skin to derive the core body
temperature with a precision of ~20 mK.[®¥ A similar electronic sensing platform was exploited
to monitor temperature and thermal conductivity of skin at multiple sites near a wound, as
shown in Figure 2b.[*¥ The results revealed that temperature of skin adjacent to the cutaneous
wound site suddenly rose on the third day after surgery due to increased blood flow and

enzymatic reactions, which are correlated to the inflammation phase. At the same time, the
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thermal conductivity of skin near the wound decreased slightly compared to the normal skin,
indicating a variation of the hydration state around the hypersensitive wound tissue. In addition,
active monitoring of both the thermal conductivity and thermal diffusivity of the skin was
demonstrated by mapping the local thermal distribution induced by micro-thermal heaters
laminated on the skin.[*”! Temperature sensors can also be exploited as thermal flow sensors to
obtain the arterial blood flow rate .°!l Aside from metals, other materials, in various physical
formats, including but not limited to graphene,’> °2 CNTs,"* conducting polymers,®*! and
self-healing hydrogels®! have also been used for temperature sensing and further designed to
improve sensitivity. Thermosensitive materials for temperature measurement can also be
integrated into FETs to achieve signal amplification and higher signal-to-noise ratio (SNR). Ha
et al. exploited a poly (N-isopropylacrylamide) (PNIPAM) hydrogel to develop a
thermosensitive FET, in which the gate was coated on the PNIPAM suspended on top of the
channel, as shown in Figure 2¢.®®) The PNIPAM hydrogel deswelled to bend towards to the
channel with increasing temperature, and the air gap between the gate and active channel
decreased, resulting in an increase in the drain current under a constant voltage. By means of
this strategy, a high sensitivity of 0.065/°C could be achieved.

In order to improve the interface between the temperature sensors and skin while
simultaneously allowing for real-time, comfortable, and continuous temperature measurement

%, 971 Therefore,

during daily movements, soft temperature sensors have been developed.!
architecturally engineered designs like strain-island structures,!® in-plane serpentines,® and
kirigami structures'®*! have been employed to decouple the strain effect and minimize the cross-
sensitivity during temperature measurement. Ha et al. placed temperature sensitive FETs on
PET islands arranged on a stretchable PDMS substrate to make the temperature sensor 50%

biaxially stretchable without performance degradation (Figure 2d).*®! Besides, Lee et al. also

fabricated thermosensitive reduced graphene oxide/polyurethane (PU) composite fibers into
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serpentine structures to construct a strain-insensitive stretchable temperature sensor.[’s! The
device on a stretchable bandage (Figure 2e,f) showed stable in vivo temperature monitoring of
skin with a high resolution of 0.1°C during various body motions. Additionally, Liu et al. 3D-
printed thermosensitive graphene/PDMS ink into kirigami architectures including grid,
triangular, and hexagonal porous structures to accommodate the external strain during
movement (Figure 2g).1% The composites with a grid structure showed a sensitivity of 0.008/°C.
Another approach to improve the accuracy of the temperature measurement is to suppress the
strain using differential voltage read-out circuit designs without structural engineering (Figure
2h).?1 As a result, this differential sensing circuit under a static condition can achieve a
sensitivity of -24.2 mV/°C and a sensing resolution of 0.5°C for body temperature sensing. This

stretchable temperature sensor showed less than +1°C variation under uniaxial strain up to 60%.

3.2. Pressure Sensors

Soft pressure sensors detect external blood pressure changes on the skin which are correlated
to vital cardiovascular information such as heart sounds, blood pressure (BP), pulse rate, and
respiration rate.[”> 190 1011 I addition, these sensors should be light-weight, provide detailed
diagnostics, and mobile long-term monitoring for early-stage diagnosis of cardiovascular

(1921 For example, a flexible pressure-sensitive organic FET was

diseases like hypertension.
utilized to monitor the pulse wave of an adult human radial artery in real time and three
distinguishable peaks could be observed in the pulse wave: the systolic peak, diastolic peaks,
and diastolic tail, which indicate the ejection of blood by the left ventricle, ventricular relaxation,

and constriction of the aorta, respectively (Figure 3a).['*%]

Important cardiovascular
information including heart beating rate, arterial stiffness (the time delay between systolic and

diastolic peaks), and radial augmentation index (ratio of systolic and diastolic peaks) were
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determined.[!9*1%) Another example is the detection of the deep internal JVP (Figure 3b) which
is valuable for diagnosis of cardiac failure or hypervolemia.l”*]

(197} piezocapacitive,!'% 191 and

Pressure detection is mainly based on piezoresistive,
piezoelectric!!'” effects. The simplest forms of piezoresistive pressure sensors are composites
of conductive fillers and insulating elastomers. Lee et al. reported a pressure sensitive
composite of sea urchin-shaped metal nanoparticles and PU elastomer with excellent mechanic
flexibility and robust durability (Figure 3c).l'!'l Due to the spike shape of the metallic
nanoparticles, the quantum tunneling effect was enhanced,!!'” and the sensor achieved a
sensitivity of 2.46 kPa™! (Figure 3d). To further improve the performance of pressure sensor,
microstructures were introduced. Chung et al. introduced a micro pyramids structured PDMS
array to develop a flexible pressure sensor with an ultrahigh sensitivity of 10.3 kPa™!, a low
detection limit of 23 Pa under 40% stretch, and capability of non-invasive detection of the pulse
(Figure 3e,f).[1% The sensitivity of this sensor was improved by the enlarged contact area of
two electrodes induced by deformation of PDMS pyramids when they were pressed. When the
pressure was relieved, pyramids recovered to their initial states due to their elastomeric nature.
Additionally, a conical frustum-like PDMS microstructures based pressure sensor was created
by Yang et al. to detect the pulse waves. The P-wave (percussion), T-wave (tidal) and D-wave
(diastolic) peaks of the human pulse waveform could all be observed, as shown in Figure
3g,h.!113] Other types of surface microstructures like microdomes,!''¥ microhumps,!!'* and

[116] were also exploited on elastomers.

micro-semicylinders

For piezocapacitive pressure sensors, the pressure change is indicated by the capacitance
change without current flow and therefore, little power is consumed.!!'”! The piezocapacitive
pressure sensors were built with two electrodes separated by elastomeric dielectrics.!''®! The

pressure sensors can also be integrated into FETSs to achieve signal amplification.!'% 1?1 Zhy et

al. presented an organic ultra-sensitive flexible pressure sensing FET with a suspended gate

10
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(Figure 3i).['%) After inducing pressure on the gate, the capacitance increased, leading to an
increased current between the source and drain. Thus, the pressure variations were amplified
by the FET, which showed a high sensitivity (192 kPa™), a low limit-of-detection (0.5 Pa), and
fast response (10 ms), as shown in Figure 3j. This device showed the capability of detecting
acoustic waves in real time. Additionally, two-dimensional semiconducting materials were
utilized to improve the amplified pressure sensitivity.[!!"]

Piezoelectric materials offer another alternative for pressure sensing due to their high

(1201 1 ee et al. developed a highly sensitive

sensitivity, excellent SNR, and self-powered ability.
flexible and stretchable piezoelectric pressure sensor which achieved sufficient compliance and
mechanically deformed with the skin (Figure 3k). The sensor successfully detected pulse waves

from the radial and carotid arteries in real time, with clearly defined features such as the P, T

and D waves.!'?!]

3.3. Pulse Oximeters

Pulse oximetry, a non-invasive and continuous method to assess the pulse rate and the oxygen
saturation in arterial blood (Sa0.), is based on the different light absorptions of oxyhemoglobin
(HbO3) and deoxyhemoglobin (Hb) at two different wavelengths. In practice, two lights with
different wavelengths are alternatively shined into the skin with a frequency of 1 kHz, and then
the lights are either transmitted (transmission mode) or reflected (reflection mode) to a
photodetector. Red (640 nm) and near infrared (914 nm) light are normally used, but other

combinations of lights like green and red were also proven to successfully obtain pulse rate.!!?*

1241 The Sa0 is given by

ki1—-k>R
Sa0, = 228
k3—k4R

11
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where R is the ratio of the ratios of the diastolic (AC) and systolic (DC) peaks in the two

different light absorption spectra, R = %, and k; are the constants related to the molar
2

absorptions of Hb and HbO», which are determined in the calibration process.!!?”!

Conventional clinical pulse oximeters are bulky and rigid. To overcome limitations of
the commercial pulse oximeters, Arias et al. created a flexible transmission oximeter with green
(532 nm) and red (626 nm) organic light emitting diodes (OLEDs) and organic photodiodes
(PDs), which were integrated on a flexible plastic substrate wrapped around a finger (Figure
4a).['*2) The OLEDs and PDs were distributed on opposite sides of a finger and the PDs
effectively detected transmitted lights and delivered a clear photoplethysmogram (PPG) signal,
showing accurate heart beating rate (1% error) and SaO» (2% error) compared to a commercial
transmission pulse oximeter.

The application of transmission pulse oximeters is limited to only peripheral tissues,
such as the earlobes and fingertips, which the light can penetrate through. Furthermore, the PPG
signal in these peripheral tissues is most easily weakened, especially in medical
emergencies.['?) In contrast, reflection pulse oximeters can be mounted on a diverse range of
body parts, such as the forearm, chest, and forehead due to the LEDs and PDs arrangement on

(124, 127] Reflection oximeters are resistive to unfavorable health conditions like

the same side.
massive ischemia, low blood perfusion, and low peripheral temperature and can reliably
monitor Sa0,.1'2%) Arias et al. developed a flexible 4 x 4 organic oximeter array consisting of
green (532 nm) and red (626 nm) LEDs and PDs printed on a 125-pm polyethylene naphthalate
(PEN) substrate (Figure 4b).1'?!! During normal conditions, the single oximeter worked in
reflection mode, showing the strongest pulsatile signal on the forehead with a mean error of
1.1% of Sa0;, compared to the finger probe transmission pulse oximeter. In addition, by

inducing a temporary ischemic condition on the forearm with an absent pulsatile PPG signal,

the reflectance mode oximeter array (which employed a modified calculation model)

12
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successfully measured the change in oxygen saturation, while standard pulse oximetry in
neither transmission nor reflection modes could measure the change. Another ultrathin
reflection pulse oximeter with total thickness of 3 um was also developed to improve the
adhesion to skin, resulting in little noise and good repeatability of the PPG signal
measurement.!'?3] Reflection mode pulse oximeters offer a promising approach to achieve
imperceptible integration on skin with few motion artifacts.

Moreover, reflection mode pulse oximeters combined with micro-sized wireless data
and power transmission systems hold potential for chronic monitoring in the hospital and at-
home diagnostics. Rogers et al. innovated a soft, stretchable, battery-free, and fully wireless
optoelectronic system including a reflection pulse oximeter capable of monitoring heart rate,
tissue oxygenation, and pressure pulse dynamics, shown in Figure 4c.['?” 12 The power and
data were delivered and transmitted via magnetic inductive coupling and near-field
communication (NFC) schemes, enabling the transmission of data to portable devices like a

smartphone and a wearable electronic watch.

3.4. Electrophysiological Sensors

Soft electrophysiological sensors (EP) which are used to measure the biopotentials or currents
elicited by the activities of different organs, such as the heart (ECG), brain (EEG), and muscles
(EMG), hold great promise in applications like early detection, diagnosis, and recovery

(19,102, 130] The morphology of the ECG waveform is

monitoring of the corresponding diseases.
a strong indicator of a compromised heart. Abnormal shapes observed from the subwaves of
the ECG (P, QRS, and T waves) reveal arrhythmias such as P wave asystole (no ventricular
activity), lengthened QRS waves (abnormal heart rate), and T wave abnormalities (could

indicate myocardial ischemia).['*! 132 Studies of EEG signals or signals from deeper anatomical

structures in the brain elucidate the origins of epilepsy or Parkinson’s, diseases which

13
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significantly deter the quality of life for the aging population.['** 1**] EP sensors for EMG
measurement are typically used to monitor neuromuscular activity and can identify nerve and
muscle dysfunction.['*> Various forms of soft EP sensors have been developed to monitor both
healthy and diseased individuals.

The conventional EP sensors typically come in the form of wet gel Ag/AgCl electrodes

[136-138

which have shown good signal quality. I However, they tend to dry out, causing

degradation in signal, and are limited for long-term usage.['*®! Alternative options are dry

139 [140

conductive materials including metals,!**! carbon materials,'*! conductive polymers,!'*! and
their hybrids. These materials can be used to easily achieve comfortable wearing, long-term
monitoring, and minimal skin irritation.!®” 12! However, developing devices with high signal
quality remains challenging. To overcome this, methods to reduce skin-electrode impedance
and motion artifacts induced by electrode movement have been implemented. Voros et al.
fabricated stretchable polymeric Ag microparticle/Ecoflex composite electrodes for ECG and

).['2] The electrodes, which were based on soft silicone materials

EEG evaluation (Figure Sa
with a modulus similar to that of skin, can enlarge the effective contact area. As a result, they
can compensate for the microscopic roughness, and effectively reduce the skin-electrode
impedance. Moreover, in order to mitigate motion artifacts and improve the comfortability, a
micro-pillar structure was introduced into the conductive materials to improve the adhesion up
to 0.1 N/cm due to Van der Waals interactions between the tips of the pillars and the skin surface.
This cuff-free, self-adhesive electrode showed a high SNR ECG signal with clearly
distinguishable P, QRS, and T peaks while the subject was swimming. Microstructures such as
octopus-like suckers were also adopted to improve the adhesion.!'*] However, these
microstructures normally involve porous surface designs which sacrifice the effective electrode
area and thereby increase skin-electrode impedance. Someya et al. exploited another method in

[67

which 300 nm thin film electrodes were laminated on the skin (Figure 5b).[”! They reported

14
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that the thinner film on the artificial skin had a higher roughness akin to the skin, which resulted
in a larger contact area with the skin. This ultraconformal contact successfully reduced the
impedance to 55 kQ at steady state and increased the peel strength (135.09 mN/cm) required to
remove the electrodes from the skin. The ultrathin electrodes were used to demonstrate motion

artifact-less recording and monitoring of EMG signals over 10 hours.

3.5. Sweat Sensors

Biomarkers in sweat have a quantitative correlation to their in-body counterparts: for example,

144

0.3 mM glucose in sweat corresponds to 300 mg dL™! glucose in blood.!'** Thus, sweat

diagnostics has been used to assess the states of in-body biomarkers to study the dynamics of

[145, 146

body metabolism and physiology. 1 Soft sweat sensors enable sweat analysis as an

effective and non-invasive approach for biomedical applications including drug monitoring and
diagnosis of diseases.!'*’"13% Although sweat sensors with different operation mechanisms have
been developed, sensors that operate based on electrochemical methods have been extensively

d [148,151-153

exploite I The biomarkers experience electrochemical reactions at the electrodes and

the induced electrical parameter changes quantitatively indicate the concentration of the

148,154, 155] These sensors have the advantages of high sensitivity and selectivity,

biomarkers.!
low response times, minimal irritation, and ease of fabrication. Recently, various soft
electrochemical sensors have been demonstrated for analysis of a wealth of sweat biomarkers
including electrolyte ions, metabolic molecules, and small proteins and peptides.!!36-158]

The research interest is mainly focused on the improvement of sensitivity, selectivity,

(159, 160] For example, Kim et al. reported a stretchable

adaptation to skin, and comfortability.
diabetes monitoring patch consisting of an electrochemical glucose sensor and pH sensor

(Figure 6a).1'*”! They innovated Ag doped graphene to improve the electrochemical sensitivity.

The glucose oxidase enzyme immobilized on Au doped graphene electrodes was used for

15
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selective glucose determination and a serpentine interconnection was adapted to realize the
stretchable patch. However, the enzymes used for selective detection of the corresponding
biomarkers are normally costly, unstable, and difficult to immobilize. Thus, non-enzyme
sensors have been proposed as an alternative. Various nanomaterials, like metals, metal alloys,
and transition metal oxides have recently been verified to react with biomarkers with high
sensitivity.l''] A non-enzyme, stretchable CoWO4 based glucose sensor and polyaniline
(PANI) based pH sensors were developed by Ha et al.['®*! The authors used all intrinsically
stretchable materials and the device showed a stretchability of 30% with a glucose sensitivity
of 10.89 pA/mM-cm? and a pH sensitivity of 71.44 mV/pH (Figure 6b). Selectivity could be
achieved by controlling the potential below 0.3 V, which only allowed for oxidation of the
glucose.!162!

Considering factors such as small amounts, low secretion, rapid evaporation, and

157

contamination from skin,!'>”) obtaining fresh sweat is important for sensitivity and reliability of

the measurement. Microfluidic devices mounted on skin have been utilized to collect and

t.1156: 1631 Wang et al. created an epidermal electrochemical sensing and a

temporarily store swea
soft microfluidic platform for real-time continuous monitoring of sweat metabolites like lactate
and glucose during cycling. In addition, after electrochemical detection, the researchers realized
real-time data transmission of the concentration of the metabolites using a Bluetooth controller
(Figure 6¢).1'%* Furthermore, Rogers et al. developed a well-designed microfluidic and
reservoir system that could harvest sweat and route it to different channels for sensing the
biomarkers of interest. Data was transferred using a wireless interface to external devices for

image capture and analysis to determine the concentration of the biomarkers.!!**]

4. Soft HMI Devices

16
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HMIs facilitate bidirectional communication between humans and computers, robots, or other
machines through sensing and feedback.!”> 2!l As discussed in the previous section, various
modes of data acquisition from the body are possible and each modality provides unique
information about the health of the skin, internal organs, and/or the overall human body. An
HMI can utilize these signals to provide various types of feedback to the user such as electrical,
optical, audio, physical, or visual stimulation.!”! Traditionally, HMI devices took rigid formats,
but due to their poor comfortability, restrictions to body movement, and inability to adapt to the
deformation created from bodily motions, HMI devices based on soft electronics are superior
alternatives. Below, we review the various types of existing soft HMI devices, which are not
only implemented for human usage, but also for robot usage. These devices consist of soft
tactile sensors, motion sensors, and/or EP sensors that enable human-machine interaction. The
following studies are organized into specific applications of HMIs: prosthetic limb, household

object, mobile machine, and virtual object control.

4.1. Prosthetic Limb Control

Prosthetic limbs are central to assisting those with reduced limb function or limb amputations.
The typical strategy for rehabilitation of limbs involves locating the active nerve fibers
(recording EMG) near the site of injury and applying electrical stimulation them.['**! Locating
the injury sites requires the use of EP sensors, as discussed in a previous section. For the affected
patients, electrical stimulation simulates the sensations that would be perceived from the
missing limb.['®> 1661 However, it is often the case that the muscle requiring innervation and
monitored skin sites are in the same locations and conventional, bulky electrodes fail to be
effective in these circumstances.!®" 1671 Aside from EMG based prosthetics, tactile and motion
sensors have also found use in prosthetic limb control.['® 16°] These soft electronics based HMI

devices have offered new avenues for interfacing with human users for control of prosthetics,

17



WILEY-VCH

enhancing the development in robotics, virtual reality, and healthcare as evidenced by the
following studies. In this section, we specifically describe soft tactile, motion, and EP sensors
used for prosthetic control without and with feedback.

Tactile, motion, and EP sensors have been utilized for prosthetic limb control. Typically,
these sensors are utilized only for prosthetic limbs that are limited to certain functions, such as
gripping, and have a limited range of motion.['®®! An approach that resulted in more nuanced
control of robotic arm movement was reported by Lee et al. By placing their self-powered,
flexible, triboelectric sensor (SFTS) on the forearm and finger of a human subject (Figure 7a),
the authors could control the velocity, acceleration, and trajectory of a robotic arm and thus,
realize a 3D detection and control system. The starch-based hydrogel/silicon rubber-based
devices (Figure 7b) allowed the subject to draw different letters on a whiteboard by controlling
the robotic arm (Figure 7c,d). Tactile sensors have also been utilized for controlling soft
prosthetics.!!'”%! For example, Hong et al. developed a soft robotic hand that was controlled by
a printed assembly of surface-mounted devices connected by epoxies and stretchable Ag
interconnects, all on PDMS (Figure 7e,f). This combination of stretchable hybrid electronics
exploited the current progress in the development of miniaturized integrated circuits and
electronic components for real-time communication between the soft HMI device developed
for the human subject (control skin) and the soft robotic hand (Figure 7g, h). The control skin
had embedded pressure sensors that responded to pressing and correspondingly caused the
fingers of the robotic hand to bend. EP sensors have also been utilized to control wearable
prosthetics. It should be noted that a limitation to this approach of prosthetic control is the area
of sensing, which is usually a few square centimeters. Thus, efforts to increase the size of the

devices have been undertaken.!®"

Rogers et al. created large-area (40-fold larger than
electronics shown in previous studies) epidermal electronics based on fractal mesh electrodes

encapsulated by polyimide (PI). The devices were supported by two layers of silicone rubber
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for adhesion and were released onto skin (Figure 7i). This is an alternate approach for
lamination onto the skin, unlike the previously discussed works which utilized polyvinyl
alcohol as a holder substrate that was removed using water. The large-area electronics were
placed on an amputated upper limb for movement classification using EMG signals (Figure 7).
Various movements generated different patterns of EMG activity (Figure 7k). The classification
accuracy of the signals attained from the large-area electrodes was shown to be greater than that
of the conventional, rigid electrodes, which indicated that the reported devices have better
signal acquisition capabilities than the conventional devices. So far, all the aforementioned
studies have been limited to prosthetic limb control without feedback to the user.

To achieve closed-loop control, it is necessary to provide stimulation to the human user
to facilitate teaming between humans and machines. Various approaches combine temperature,
motion, tactile, and/or electrophysiological sensors with stimulators that offer feedback to the
user. Our group recently developed a multifunctional HMI device to demonstrate signal
transmission between a human user and a robotic system (Figure 8a).> The multifunctional
HMI device is based on indium zinc oxide (IZO) as the active material to enable functions
including data storage, switching, and temperature, ultraviolet, and strain sensing. The
imperceptible HMI devices were worn on the user’s forearm (Figures 8b) and a robotic hand
(Figure 8c). When the robotic hand touched an object and detected its temperature (Figure 8d,e),
a proportional amount of stimulation was applied to a heater (Figure 8f) worn by the human
user. In this manner, the user could directly perceive the detected temperature from the robotic
hand, as an example of virtual reality. Furthermore, the robotic hand could be controlled with
motion sensors that detected the strain induced by movements of the user’s hand (Figure 8g).
Motion sensors have also been combined with electrical stimulation to provide feedback to the
user. Kim et al. constructed a closed-loop, interactive HMI based on transparent and stretchable

piezoelectric motion sensors and electrotactile stimulators schematically shown in Figure
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8h.['%1 The motion sensor was based on a layer of SWNTs embedded into polylactic acid (PLA),
all encapsulated by graphene and poly(methyl methacrylate) (PMMA). The main components
of the stimulator were the graphene/AgNW/graphene layer sandwiched by epoxy, all on PDMS
as the substrate. The heterostructure of the stimulator provided enhanced conductivity and
charge injection.!'”! After programming a robotic manipulator to respond to certain commands,
the researchers demonstrated relaxing, bending, and pressing of the piezoelectric motion sensor
on the human arm as methods to control the configuration of the robot (Figure 8i,j). When the
detected voltage from the motion sensor crossed a certain threshold, the robot could grip the
object. As the robot was equipped with a pressure sensor, it caused the stimulator to apply
electrical stimulation to the human user when the object was sufficiently gripped, in order to
prevent excessive gripping. EP sensors have also been implemented with electrical stimulators
to control robotic grippers. Rogers and co-workers fabricated simple EMG sensors and
electrical stimulation devices by patterning serpentine Ct/Au onto a silicone rubber.[!”? Usually,
stimulation artifacts plague electrical potential recordings, so digital filters were applied to
reduce observed artifacts. To highlight the versatility of the soft HMI device, feedback
stimulation for controlling a grip force of a robotic hand, prevention of muscle overexertion
through EMG monitoring and stimulation feedback, and induced muscle contractions for

revitalizing limbs were all realized (Figure 8k-m).

4.2. Household Object Control

To improve convenience of living, smart home systems that operate based on noncontact and
tactile sensors have been developed.['”?) These sensors typically require interaction with the
human body but are not used to monitor the underlying biological activity beneath the human
skin. Soft noncontact and tactile sensors which are highly sensitive, have fine spatial resolution,

and show fast response times enable the development of HMI devices that can be suitable for
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daily use. The soft HMI devices must also conformably adhere to the wearer and operate
normally under the associated deformations.!'’ Furthermore, HMI devices based on TENGs
have been developed for both noncontact and tactile interaction.!!7>-177]

Breath-based HMIs have been developed by Mao et al. to realize household object
control which is schematically illustrated in Figure 9a.1'’! The TENG was activated by the
breathing of the user and the signals were processed and transmitted to the appliance (Figure
9b). The signal produced by the TENG, the switched square signal, and the electrical power are
plotted in the top, middle, and bottom of the graph in Figure 9c, respectively. As a
demonstration, a subject controlled the power of a light fixture (Figure 9d,e) and a fan. Other
types of sensors can be used for noncontact interaction.['””) Additionally, TENGs have also
been implemented for tactile usage. A washable electronic textile (WET) comprised of two
layers of fabric (silk and nylon) that sandwiched a printed layer of PU/CNT electrodes has been
fabricated.!'”8) After immersing the WET in water for 15 hours, the authors concluded that there
was negligible change in the square resistance of the CNT electrodes. In addition to controlling
a program developed in LabView with finger gestures on the WET, the authors demonstrated
their device as a trigger to control home appliances such as light bulbs, fans, and microwaves
(Figure 9f). Other HMIs based on TENGs, such as those developed by Wang and co-workers,
enable control of household objects via bodily motions such as eye movement.['”*) The soft
mechanosensing TENGs (msTENGs) were based on fluorinated ethylene propylene as one of
the electrification layers and natural latex as the other electrification layer, which directly
contacted the skin. Indium tin oxide (ITO) and PET served as the back electrode and substrate,
respectively (Figure 9g). The mechanism of operation of the msTENG is shown in Figure 9h.
Household objects such as a table lamp, electric fan, and doorbell were controlled by eye

movements (Figure 91).
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4.3. Mobile Machine Control
Controlling mobile machines through HMIs enables remote operation and improved quality of
life. In addition to TENGs, soft pressure sensor based HMIs have been fabricated for robot

n.['7°-181 Furthermore, sensing of the electrical potentials generated by eye movement,
g p g yey

navigatio
or electrooculagraphy, has been an important approach for controlling mobile machines. By
implementing machine learning to classify the EP signals obtained from the soft sensors,
subjects have been able to maneuver drones and wheelchairs. [0 182 183]

Pressure sensors and EP sensors have successfully been implemented to control the
direction of movement of various mobile machines. Kim et al. mixed a reverse micelles solution
into pressure sensitive rubber to introduce pores, otherwise referred to as porous pressure
sensitive rubbers (PPSRs), and increased their deformability, thereby increasing their
sensitivity.['8] Pressure sensors and strain gauges based on films of PPSR sandwiched by
conductive carbon fabrics were adhered onto a finger and forearm of a human subject. The user
could control the acceleration/deceleration of a mobile robot by bending fingers and causing
deformations captured by the strain gauges (Figure 10a). Forward/backward movement and
clockwise/counterclockwise rotation were controlled with four pressure sensors. Other methods
of motion control based on TENGs and EP sensors have been investigated.['8!]
Electrooculography (EOG) is particularly useful for brain and sleep studies, assistive
technology, and developing HMIs. EOG, despite its less complex nature compared to EEG and
EMG, still involves the use of bulky, stiff, and uncomfortable sensing equipment that patients
must wear. Lu and co-workers reported an ultrathin, transparent, and biocompatible EOG
graphene electronic tattoo (GET) shown schematically in Figure 10b.['33] Four GETs were
laminated around the eye without additional adhesives and provided high-precision EOG
sensing with an angular resolution of 4° (Figure 10c). Different types of eye movements coded

for various commands (Figure 10d). By interfacing the GETs with an OpenBCI biosensing
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board, a human subject was able to use eye movements to control the flight of a quadcopter in
three dimensions, as shown in Figure 10e. In addition, eye movements were used to demonstrate
the hands-free control of a robotic wheelchair (Figure 10f).['¥?] The classification algorithm
demonstrated comparable accuracy (Figure 10g,h) of the soft, fractal structured devices and the

conventional rigid electrodes.

4.4. Virtual Object Control

Alongside motion control of machines in real environments, control of virtual objects has been
realized through soft, wearable HMIs. Again, tactile, motion, and EP sensors have been worn
by human users to enable virtual control. These soft HMIs can be used for a variety of
applications including military, industrial, agricultural, medical, marine, rescue, and smart
home robots, although a few applications are discussed. The soft virtual object control HMIs
enable improved quality of life for both healthy and diseased individuals.'34-188]

Tactile and motion sensors have proven to be useful for virtual object control. One of
the current limitations of conventional touch panels is that they utilize stiff and brittle
electrodes.!"®*/An ionic touch panel made from polyacrylamide (PAAm) hydrogel and lithium
chloride (LiCl) salts was developed by Sun et al. (Figure 11a).['®! The principle of operation
shown in Figure 11b illustrates the current flow from the ionic touch panel to the finger, due to
the finger being grounded. The device operated at 100% strain without losing functionality and
was demonstrated for writing words and playing touchpad games, presented in Figure 11c.

[185] Their wearable keyboard was

Malliaras and co-workers also developed a textile based HMI.
fabricated by patterning conductive poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate),
or PEDOT:PSS, onto a knitted textile and then coating the brush-painted electrodes with PDMS

(Figure 11d). The stretchable capacitive sensors functioned under 20% strain and showed little

performance degradation. The wearable keyboard could easily distinguish between the pressed
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sensors even when worn on the forearm of a human subject, indicating a high spatial resolution
(Figure 11e). In addition to tactile sensing, motion sensing has allowed for virtual control. Lee
et al. constructed a glove-based HMI using PEDOT:PSS coated textiles, as shown in Figure
11£.138 By bending the PEDOT:PSS TENG, different voltage responses could be obtained
(Figure 11g). Through the different motions of the glove, the subjects were able to draw letters
in a computer program (Figure 11h) and scroll through a website (Figure 111i,j).

EP sensors have been deployed for brain-computer interfacing and object manipulation
in videogames. Rogers et al. demonstrated long-term epidermal (LTE) electrodes based on Au
and PI that were designed in fractal layouts and placed on multiple locations on the head of

1871 The use of liquid bandage spray to coat the LTE

subject for EEG recording (Figure 12a).!
electrodes created a more durable and robust interface that was suited for usage over 2 weeks,
with regular application of the spray. After mounting the electrodes onto skin, the authors ran
a speller-based paradigm on the subjects to train an algorithm that could predict the letters of a
word from the acquired EEG signals (Figure 12b). In this case, the subjects tried to spell the
word ‘computer’ and the algorithm showed similar classification results for both the LTE and
conventional electrodes (Figure 12c). Another paradigm was developed based on the principle
of steady-state visually evoked potentials, which arise in specific areas of the brain in response
to visual stimuli.'®! By flashing different characters across the screen and observing the EEG
signals obtained with the LTE electrodes, the algorithm could classify the desired letter based
on the subject’s focus and thoughts (Figure 12d). Mechano-acoustic sensing is another manner
by which virtual control has been established.!'3¥] Another stretchable hybrid electronic device,
developed by Rogers and co-workers, was used for detection of speech signals from the vocal

cord (Figure 12e). The classified signals were then used to control a virtual character in a

videogame (Figure 12f).
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S. Conclusion

We have summarized here only a small fraction of the recent advances in soft skin-mountable
electronics utilized for health monitoring and human-machine interfacing. Soft electronics
offers a refined approach to modernizing the technologies that directly interface with the human
body and can be comparable in terms of performance to the conventional, bulky, and rigid
electronics. In addition to overcoming the inconsistent and unreliable interface of rigid
electronics, soft electronics also maintains low profiles, intimate contact, and a robust interface
with the dynamic human body. The superior mechanical properties of soft skin-mountable
electronics have enabled usage in numerous applications such as health monitors, %! human-

machine interfaces,!!3 21 3% 80, 127, 188, 190-192] ;e dical implants,[19% 123 193-199] wearable 0T, 2%

203 S [17,31, 33, 127, 194, 195, 204-207]

I'and artificial skin
Though soft skin-mountable electronics are promising alternatives to the existing
technologies, as discussed in this review, to realize soft health monitors and HMIs with both
high performance and uniformity is still challenging. As discussed earlier, stretchable
electronics developed through structural engineering still faces the drawbacks of complex
design and fabrication and large-area consumption due to the stretchable interconnection. The
drawbacks make high-density integration, packaging, and low-cost mass production more
difficult to achieve. Although intrinsically stretchable materials could be preferable alternatives,
the intrinsically stretchable devices and electronics have shown relatively lower performances
as compared to some of the structurally engineered devices. Some of the developed soft skin-
mountable electronics and their associated devices have great potential, but they have not fully
matured, nor have they achieved widespread usage due to the aforementioned limitations.
Future efforts in the development of soft skin-mountable electronics will tackle these
challenges. Through thorough investigation, comprehensive knowledge and understanding of

the material structure-property relationships and requirements for manufacturing high
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performance materials and devices can be acquired and determined. Alongside the materials
considerations, dependable and scalable device manufacturing and packaging technologies are
required for soft electronics to be realized for their broad applications and real-world usage.
The ongoing efforts to develop and advance soft electronics from various aspects predicate

improved human health monitoring and human-machine interaction devices in the near future.
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Figures

Thicknss:SOOpm Thickness:100pm Thickness:36um Thickness:5um

Figure 1. Strategies to interface soft electronics with skin. a) Angled and cross-sectional SEM
images showing the degree of conformal contact between skin replica (grey) and elastomer
membrane substrates with various thicknesses (blue). Reproduced with permission./”"]
Copyright 2013, Wiley-VCH. b) Ultra-thin self-adhesive film on the skin. Reproduced with
permission.”7l Copyright 2018, Wiley-VCH. ¢) Magnified view of the colorized SEM image
of epidermal electronics mounted on the skin replica. Reproduced with permission.!””

Copyright 2013, Wiley-VCH. d) Cross-sectional profiles of PDMS microhair structures with
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various aspect ratios on a pig skin under pressure. Adapted with permission.!”*! Copyright 2015,
Wiley-VCH. e) Schematic illustration of the self-adhesive temperature sensor with a
microstructured PDMS adhesive attached by suction on the palm. Adapted with permission.!”¥
Copyright 2018, American Chemical Society. f) The self-adhesive PDMS strain sensor

prepared by mixing the curing inhibitor and conductive CNT. Reproduced with permission.!””!

Copyright 2016, Wiley-VCH.
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Figure 2. Soft temperature sensors. a) Schematic illustration of the ultrathin and filamentary
serpentine gold-based temperature sensors. Reproduced with permission./®*! Copyright 2016,
Wiley-VCH. b) Epidermal electronics system including temperature sensors near a granulated
wound. The photos of the wound on day 1 to day 30 (top row), and corresponding IR images
of the temperature distribution (bottom row). Reproduced with permission.®*! Copyright 2014,
Wiley-VCH. ¢) Schematic image (left) and optical image (right) of a temperature sensitive
PNIPAM suspended on top of the channel, where the air-gap distance is controlled by the
temperature change. Reproduced with permission./®! Copyright 2018, Wiley-VCH. d) FEM

analysis of a stretchable temperature sensor array in a strain island structure under biaxial
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stretching of 50%. Reproduced with permission.[®! Copyright 2018, Wiley-VCH. e) Schematic
diagram showing the strain insensitive temperature sensor with a serpentine layout. f) The
stretchable temperature sensor on a bandage accurately measured the temperature of the
forearm (inset) during cycling. Reproduced with permission.l”®) Copyright 2018, American
Chemical Society. g) Optical images of the 3D-printed graphene/PDMS composites with grid
structures and triangular porous structures (left). Simultaneous temperature monitoring of the
skin temperature on the wrist during bending of stretchable and non-stretchable temperature
sensors (right). Reproduced with permission.®>! Copyright 2019, American Chemical Society.
h) Stretchable strain insensitive temperature-sensing circuit with differential voltage read-out.

Reproduced with permission. ! Copyright 2019, Springer Nature.
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Figure 3. Soft pressure sensors for pulses monitoring. a) Flexible pressure-sensitive FET on an

adult human wrist radial artery monitoring the blood pressure in real time. Reproduced with

permission.'®! Copyright 2013, Springer Nature. b) Schematic illustration of the jugular
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venous pulse (JVP) measured on the human subject’s neck using a microhair-structured
pressure sensor at three different sites (top). Capacitive response and corresponding carotid
pulse and JVP at site 1 from a healthy person. Reproduced with permission.!”>) Copyright 2014,
Wiley-VCH. c, d) Mechanism of the piezoresistive sea urchin-shaped metal nanoparticles /PU

11 Copyright

composite with a sensitivity as high as 2.46 kPa™!. Reproduced with permission.|
2016, Wiley-VCH. e) Schematic mechanism of the piezoresistive pressure sensors with the
micropyramid structured PDMS, and f) pulse waveform showing clear systolic and diastolic
peaks. Reproduced with permission.!'®! Copyright 2014, Wiley-VCH. g) Pressure sensor with
the conical frustum-like PDMS microstructures (inset) on human wrist and h) real-time

(1131 Copyright 2018, American

waveform of arterial pulses. Reproduced with permission.
Chemical Society. 1) Schematic illustration of the pressure sensitive FET and j) a detailed curve
of pulse wave signals: P1, P2, and diastolic wave are observed clearly. Reproduced with

1061 Copyright 2015, Springer Nature. k) Schematic illustration of the working

permission.!
mechanism of sensor—skin deflection by arterial distension and pulse wave form detected from

the radial and carotid nerves. Reproduced with permission.!'?!! Copyright 2016, American

Chemical Society.
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Figure 4. Soft pulse oximeters. a) Flexible transmission pulse oximeter wrapped around a
fingertip. The PPG signals were obtained from a commercially available inorganic oximeter
probe (middle) and the flexible transmission pulse oximeter (right). Reproduced with
permission (right).'??! Copyright 2014, Springer Nature. b) Flexible organic reflectance
oximeter array (top left) on the forearm measuring ASO> under ischemia induced by a pressure
cuff (top right) and red, NIR, and ASO» data with and without ischemia (bottom). Reproduced
with permission.[?8] Copyright 2014, National Academy of Sciences. ¢) Image and exploded

view (inset) of a wireless pulse oximeter device (left) on the back of the earlobe (middle), and
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relative values of the red and IR signals obtained from the earlobe (right). Reproduced with

permission.!'?”-12°1 Copyright 2016, Wiley-VCH.
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Figure 5. Soft electrophysiological sensors. a) Self-adhesive PDMS electrodes with
microstructures and the SEM image of the microstructures (inset). Frequency dependence of
normalized electrode-skin impedance of different electrodes (middle). ECG signal recording
from gel electrodes and porous electrodes during swimming. Reproduced with permission.['4%!
Copyright 2018, Wiley-VCH. b) Peel strength of the thin film electrodes of various thicknesses,
delaminated from the surface of the artificial skin (top). Impedance of Ag/AgCl and thin film
sensors of various thicknesses (middle). Comparison of the EMG noise of thin film sensors of

varying thicknesses and a reference Ag/AgCl sensor due to induced skin vibration (bottom).
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Reproduced with permission.[*”! Copyright 2018, Wiley-VCH.
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Figure 6. Soft sweat sensors. a) Optical image of stretchable sweat sensor with an Au doped

graphene electrode (left), calibration curve of the glucose sensor (middle) and pH sensor (right).

Reproduced with permission.!'*”l Copyright 2016, Springer Nature. b) Photographic image of

the electrochemical sensor attached to the skin wet with sweat (middle), and characteristics of

the glucose sensor (left) and pH sensor (right) under stretching deformation; insets shows

sensitivities at different applied strains. Reproduced with permission.!'®?l Copyright 2018,

American Chemical Society. c¢) Photograph of the wireless sweat device integrated with

microfluidic sweat collection (top left) and schematic representation of sweat collection by the

microfluidic channel (bottom left). The wireless sweat device was mounted on the lower back

of the subject during cycling (middle), and real-time lactate (top right) and glucose (bottom
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[164

right) monitoring. Reproduced with permission.['®*! Copyright 2018, American Chemical

Society.
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Figure 7. Soft electronics enabled prosthetic limb control. a) Schematic illustration and

.

Time (s)

arrangement of the 2D-SFTS and 1D-SFTS used in tandem to achieve 3D motion control. b)
Exploded schematic of the 2D-SFTS. Arrangement of 4 electrodes E1, E2, E3, E4 and the
voltage responses at lattices 13, 15, and 25 showing good centrality (inset). ¢) Voltage response
of 4 electrodes during the trajectory control when drawing the letter C. d) Demonstrations of
velocity control (left), 3D motion control (middle), and trajectory control (right). The robotic
arm was used to draw the letter C. Reproduced with permission.['%l ¢) Schematic illustration
of a soft robotic hand controlled by a control skin worn on a human subject’s hand. The skin
communicated wirelessly and controlled the soft robot. f) Fabrication and assembly of the soft

robotic hand and the control skin. g) Thermographic image (top) of the control skins on the
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human wrist and activated state of the robotic hand (bottom). h) Optical images of the initial
and activated D state (top) and control skin on human wrist (bottom). 1) Exploded schematic
view of the large-area epidermal electronics. j) Large EES placed on the amputated upper limb
of a subject and various states of the prosthetic arm. k) 8 channels of recorded EMG during the
different states of the prosthetic arm. a-d) Reproduced with permission.!'®! Copyright 2018,
American Chemical Society. e-h) Reproduced with permission.[!” Copyright 2018, American
Association for the Advancement of Science. i-k) Reproduced with permission./®”) Copyright

2019, Springer Nature.
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Figure 8. Closed-loop interactive HMIs. a) Schematic showing signal transmission between

the artificial skin of the robotic hand and the ultrathin imperceptible multifunctional HMI

device on the forearm of a human subject. b) HMI device worn on the forearm. Inset shows the

various arrayed devices including resistive random-access memory, field effect transistors,

temperature sensors, strain sensors, ultraviolet (UV) sensors, and microheaters. c¢) Artificial

skin of the robotic hand. Inset is a zoomed in view of the temperature sensor array. d) Human

subject holding the robotic hand equipped with the artificial skin. e) The resistance change
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based on the temperature detected by the robotic hand. f) Infrared camera image of the
microheater. g) Strain sensors on the human hand used to control the configuration of the
robotic hand. h) Exploded schematic view of the piezoelectric motion sensor (top left) and
electrotactile stimulator (top right). Schematic illustration of the closed-loop feedback of the
robotic arm with the sensor and stimulator. i) One representative state of human-machine
interaction. Pressing on the piezoelectric sensor causes the robotic arm to grasp (G), bending
the wrist causes the robotic arm to bend. j) Responses of the human forearm motion sensor,
pressure sensor, electrotactile stimulator, and robotic arm pressure sensor under relaxing (R),
bending (B), grasping (G), and lifting (L) states. The pressure sensor on the human controls
only the grasping ability of the robotic arm. The stimulator delivers a signal and the inset shows
zoomed view of the stimulation pulse. Measured positional status of the robotic arm ranging
from 149° to 190°, representing completely closed and completely opened states of the arm,
respectively. k) EMG sensors placed on the forearm to control the gripping force of the robotic
arm. 1) EES device worn on the bicep. m) Results of the classification showing comparable
performance of the epidermal electronic system (EES) device and conventional electrodes.
Schematic illustration of the virtual arm (inset). a-g) Reproduced with permission.** Copyright
2019, American Association for the Advancement of Science. h-j) Reproduced with
permission.!'%”) Copyright 2015, Wiley-VCH. k-m) Reproduced with permission.!'”? Copyright

2016, Wiley-VCH.
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Figure 9. Control of household objects. a) Schematic illustrating household object control. b)
Signal transmission and processing flow of the breathing operated HMI. c¢) Graph on the left
shows the signals from the TENG (top), the switched square signal (middle), and electrical
power (bottom). Right frame shows the electronics for signal processing and transmission
including the relay, single-chip microcomputer (SCM), and transmitter. d) Normal breathing
while the subject wore the TENG device on a mask did not turn on the light. e) Deliberate
breathing turned on the light. f) Washable electronic textile (WET) mounted on the wrist (left)

and control of home appliances (right frames). Reproduced with permission.!'”®) Copyright

2018, American Chemical Society. g) Eye-triggered mechanosensor on the frame of glasses.
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Frame 1 shows the shows the structure of a fixation device. Frame 2 shows the schematic
diagram for the msTENG. Right frames show the msTENG mounted on ordinary glasses (top),
the fixation device (middle), and optical image of the msTENG (bottom). h) Mechanism of
operation of the msTENG. Top frames show the behavior of the charges depending on the state
of the eye. Bottom frames show the simulation results to illustrate the working principle. 1)
Various household objects including a lamp, fan, and doorbell controlled by the msTENG. a-e)
Reproduced with permission.['’®  Copyright 2019, Elsevier. g-i) Reproduced with

permission.!'”3] Copyright 2017, American Association for the Advancement of Science.
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Figure 10. Control of mobile machines. a) PPSR based strain sensors and pressure sensors (left
frames) used to control the movement of a mobile robot (right). Movement of different fingers
allowed the robot to accelerate/decelerate while pressing the sensors on the forearm allowed for
directional control. Reproduced with permission.['®] Copyright 2014, Wiley-VCH. b)
Schematic of the EOG graphene electronic tattoo (EOG-GET) on skin. ¢) Arrangement of EOG-
GET on the model (left) and on the human subject (right). d) Representative EOG signals for
different eye movements. e¢) Quadcopter movement control by looking up to move the drone
upwards (top) and looking down to move the drone downwards (bottom). f) Soft fractal
structured electrodes used for EOG based control of a wheelchair. Insets show the voltage
response of the electrodes for each eye movement. g) Confusion matrix for conventional
electrodes. h) Confusion matrix for fractal electrodes showing the comparable accuracy for each
class based on the detected EOG signals. b-e) Reproduced with permission.[!33] Copyright 2018,

Springer Nature. f-h) Reproduced with permission.['®?] Copyright 2017, Elsevier.
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Figure 11. Tactile and motion sensors for virtual control. a) Mountable touch panel developed
on a VHB substrate that served as insulation from the skin. b) Working mechanism of the
stretchable, transparent ionic touch panel. When the finger contacts the panel, a closed circuit
is created, resulting in a current flowing from both ends of the panel to the contact point.
Reproduced with permission.!'#! Copyright 2016, American Association for the Advancement

of Science. ¢) The mounted touch panel controlling various computer applications for writing
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words (left), playing music (middle), and playing a game (right). Reproduced with

[183] Copyright 2016, American Association for the Advancement of Science. d)

permission.
Wearable keyboard based on PEDOT:PSS patterned onto a knitted textile and encapsulated by
PDMS, mounted on the forearm of a subject (left). Setup for evaluating the input to the
keyboard (right). e) Capacitance change when pressing the number 5 electrode. f) PEDOT:PSS
based TENG on glove. g) Response of the TENG based on bending degree. h) Images of the
hand motions to write the letter ‘N’ in a computer program. i) Scrolling up and down on an
online shopping website. j) Real-time output from six TENGs to control the scrolling. a-c)

(18] Copyright 2016, American Association for the Advancement

Reproduced with permission.
of Science. (d,e) Reproduced with permission.!'®*! Copyright 2016, Wiley-VCH. f-j)

Reproduced with permission.['¥) Copyright 2019, Elsevier.
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Figure 12. Physiological sensors for virtual control. a) Long-term epidermal (LTE) electrodes
based on Au and PI designed in fractal layouts placed on the auricle (left) and magnified fractal
layout (right). b) Schematic of experimental setup for controlling a brain-computer interface
(left) and speller interface showing the visual stimulation, classification scheme, and subject

performing the experiment. ¢) Performance of the subjects while trying to spell the word
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‘computer’ using the LTE electrodes, average rate was 2.37 characters per minutes and average
accuracy was 93%. The rate was about 2 times slower using the LTE electrodes as compared
to that of a cap of 8-10 traditional electrodes. d) P300 based speller experiment used to detect
event-related potentials which were used to identify the intended selections of the subject. )
Epidermal mechano-acoustic device schematic (left) and inset shows cross section. The device
mounted on the vocal cords of a subject (right). f) Recorded speech with the mechano-acoustic
and PC microphone showing comparable performance (left). EMG and vibrational signals
measured simultaneously from the vocal cord (middle). Control of a video game using speech
(right). a-d) Reproduced with permission.!'8”) Copyright 2015, United States National
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Academy of Sciences. e,f) Reproduced with permission.!'®¥! Copyright 2016, American

Association for the Advancement of Science.
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Soft electronics is mechanically compliant and thus allows for intimate interfacing
with human skin as health monitors and human-machine interfaces (HMIs), which clearly
outperforms the conventional rigid and bulky electronics. This article reviews the recent
development in soft skin-mountable electronics for health monitoring and HMIs and discusses
the challenges and future directions.
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