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A wireless optoelectronic skin patch
for light delivery and thermal monitoring

Han-Joon Kim,! Yunxia Jin,” Sippanat Achavananthadith,’ Rongzhou Lin,” and John S. Ho'-2.3.4.*

SUMMARY

Wearable optoelectronic devices can interface with the skin for applications in
continuous health monitoring and light-based therapy. Measurement of the ther-
mal effect of light on skin is often critical to track physiological parameters and
control light delivery. However, accurate measurement of light-induced thermal
effects is challenging because conventional sensors cannot be placed on the skin
without obstructing light delivery. Here, we report a wearable optoelectronic
patch integrated with a transparent nanowire sensor that provides light delivery
and thermal monitoring at the same location. We achieve fabrication of a trans-
parent silver nanowire network with >92% optical transmission that provides
thermoresistive sensing of skin temperature. By integrating the sensor in a
wireless optoelectronic patch, we demonstrate closed-loop regulation of light
delivery as well as thermal characterization of blood flow. This light delivery
and thermal monitoring approach may open opportunities for wearable devices
in light-based diagnostics and therapies.

INTRODUCTION

Skin-mounted optoelectronic devices offer important capabilities for remote health monitoring and deliv-
ery of light-based treatments. Owing to their intimate integration with skin, such devices can precisely mea-
sure tissue optical properties and continuously monitor a wide range of physiological parameters, such as
heart rate, oxygen saturation, and hemodynamic activity (Kim et al. 2017b, Kim et al., 2016, Webb et al.
2015a; Yu et al., 2020; Kang et al., 2021). They can also provide light delivery for therapeutic applica-
tions—through the activation of chemical reactions (photodynamic) (Bansal et al., 2018; Fritsch et al.,
1998; Dolmans et al., 2003), generation of heat (photothermal), or modulation of biological processes
(Shao etal., 2016; Ren et al., 2015; Juarranz et al., 2008) (photobiomodulation) (Chung et al., 2012; Hamblin
et al.,, 2019)—with greater convenience and versatility than standard light sources currently used in the
clinicin the form of wired handheld or fixture-mounted lamps (Terman and Terman, 2005). When integrated
with wireless technologies such as near-field communication (NFC), such devices can further achieve digital
data transmission and be wirelessly recharged, which can enable diagnosis and treatment to take place in a
variety of settings outside of the clinic (Watthanawisuth et al. 2010; Garbarino et al. 2014; Yu et al., 2020;
Safaie et al., 2013; Kang et al., 2021; Jeong et al., 2019).

Integrating thermal monitoring capabilities with wearable optoelectronic devices is critical for many clinical
applications. For example, measuring the thermal effect of light on skin can provide important information
about dermatological health, such as skin hydration, structure, and thermoregulation (Gao et al., 2014; Kim
etal., 2016; Jeong et al., 2019). By measuring the heating profile induced by light at multiple points on the
skin, hemodynamic activity such as blood flow and perfusion can also be revealed (Webb et al. 20153,
2015b; Kim et al., 2016; Devor et al., 2012). These diagnostic applications generally involve low optical po-
wer densities (<10 mWcem ™) and minimal thermal effect (<1°C) (Wyser et al., 2017), whereas therapeutic
applications generally involve higher optical power densities (ranging from 20 mWem™ to 1.9 Wem™,
Table 1) that may involve risk of thermal damage to tissues. In these applications, thermal monitoring is
essential to regulate the optical output and maintain safe levels of exposure (IEEE 2006; Bashkatov
et al.,, 2005). However, accurate measurement of light-induced thermal effects is currently hindered by
the lack of a suitable sensor. Infrared sensors, for example, are widely used in the clinic and are capable
of non-contact thermal measurement, but require stable optical configurations that are difficult to achieve
with a wearable device (Webb et al. 2015b; Beigzadeh et al., 2020; Wilson and Patterson 2008). Alterna-
tively, contact-based thermal sensors, such as thermocouples and thermoresistors, can be fabricated in
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Table 1. Requirements for light-based diagnostic and therapeutic applications

Skin penetration depth
Light intensity Wavelength (mm) (Bashkatov

Techniques (mWem™) (nm) et al., 2005) Ref.

Pulse oximetry <1 600-1,000 1.5-2.8 Khan et al., 2018; Jinno et al.,
2021; Kim et al., 2016

Functional near- <10 700-1,000 2-2.8 Wyser et al., 2017

infrared spectroscopy

UV light therapy 20-80 290-320 <0.1 Zhang et al., 2021

Photobiomodulation < 100 400-1,200 ~0.3-3.5 Zein et al., 2018

Photodynamic 50-150 400-700 ~0.3-2 Baumler (2001)

Photothermal 900-1900 700-1,000 2-2.8 Cortezon-Tamarit et al. (2017);

Eskiizmir et al. (2017)

Applications generally require >1 cm? illumination area.

flexible formats and placed directly on the skin for monitoring auxiliary and ambient temperature (Jeong
etal., 2019; Kang et al., 2021; Kim et al., 2016; Wang et al., 2020; Yun et al., 2019). However, existing forms
of these sensors are optically opaque and obstruct light delivery, which introduces uncertainty due to the
need for calibration models and limits their utility for monitoring light-induced thermal effects. Highly mini-
aturized thermal sensors have also been developed, but either provide monitoring at only a single point or
require an array of sensors with complex interconnects.

Recent advances in transparent electronics have yielded a wide range of strategies to fabricate flexible and
transparent sensors (Langley et al., 2013). These strategies are based on nanomaterials, such as metallic
nanowires, carbon nanotubes, and reduced graphene oxide (rGO), to achieve flexible transparent films
that overcome the brittleness of conventional transparent conductive oxides (Wu et al., 2020). In particular,
silver nanowires (AgNWs) have been used to realize films with high optical transparency, electrical conduc-
tivity, and mechanical flexibility. Such films have been explored for solar cells (Thomas et al., 2018; Zhang
et al. 2019a), touch panels (Yang et al., 2019), organic light-emitting diodes (LEDs) (Kim et al. 2017a), and
sensors (Shin et al., 2020; Choi et al., 2020), but their integration to wearable optoelectronic devices has not
been previously demonstrated.

Here, we report a wearable optoelectronic patch that provides wireless light delivery with thermal moni-
toring of skin. In particular, we fabricated an AGQNW network that exhibits >92% optical transmission across
the visible spectrum and senses temperature through the thermoresistive effect. We integrated this
transparent sensor into a wirelessly powered optoelectronic patch to realize light delivery and thermal
monitoring at the same location on the skin. With this device, we demonstrate closed-loop light delivery
in which feedback from the thermal sensor is used to regulate the optical output and maintain a target
skin temperature with a faster response time than a non-transparent thermocouple. We also demonstrate
the capability of the optoelectronic patch to monitor blood flow by measurement of the heating profile of
skin resulting from optical illumination.

RESULTS

System concept and design

Figure 1A shows a schematic of the wearable optoelectronic patch for light delivery and thermal moni-
toring on skin. The device comprises an LED array, a transparent thermal sensor, a wireless energy harvest-
ing circuit, and a planar inductor embroidered on a fabric skin patch. Wireless power transfer from a nearby
transmitter, which can be a smartphone or a coil placed on the surface of a chair or bed (Blouin et al., 1996),
enables the device to operate in a battery-free manner and achieve a thin, lightweight form factor suitable
for mounting onto the skin. For continuous use during daily life, a small battery may be incorporated into
the patch such that proximity with the wireless transmitter is required only during recharging (Lee et al.
2020b). The LEDs were selected to have a peak emission wavelength at 660 nm, which is relevant to a
wide range of applications including pulse oximetry, photodynamic therapy, and photobiomodulation
(Table 1). The transparent thermal sensor is mounted directly on the LED array where it can interface
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Figure 1. Wireless optoelectronic patch and integrated transparent sensor
A) lllustration of the skin-mounted optoelectronic patch and wireless power transfer system.
B) Image of the wirelessly powered optoelectronic patch. Inset shows the LED array with integrated transparent temperature sensor.

D) Image of the transparent sensor on a uniform background.

(
(
(C) Schematic of the wireless system. The optoelectronic patch is wirelessly powered by external controller, which uses sensor data to regulate light delivery.
()
(E) Image of the transparent temperature sensor array placed on an inactive LED array. The white dotted line outlines the sensor above an LED.

(

F) Image of the transparent sensor array with activated LED array.
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with the skin to monitor temperature at the location of light delivery (Figure 1B). Upon activation, the LED
array emits light through a transparent temperature sensor, which provides digitized temperature data
through a data logger. These data can be wirelessly communicated via NFC or Bluetooth to the wireless
power transmitter, enabling the LED output to be regulated by a control algorithm (Figure 1C). We imple-
mented a simple, threshold-based binary control algorithm to maintain the time-averaged temperature at
the targetlevel, although the system is compatible with a broad range of control techniques. Figures 1D-1F
show that the thermal sensor allows high transmission of light from the LED array.

Fabrication of the transparent thermal sensor

The transparent sensor is fabricated by patterning AgNW film with laser-induced ablation (Figure 2A). This
process provides one-step, non-contact, and computer-controlled patterning with microscale resolution
without the cost and complexity of photolithography. By controlling the laser energy and scanning speed,
AgNW film can be patterned to conductive meandered lines with width as small as 150 um (Figure 2B). Fig-
ure 2C shows a scanning electron microscopic (SEM) image of the AgNW networks after laser ablation. The
surface morphology shows highly consistent, randomly distributed AgNWs that are free of damage from
laser energy. The image also shows a layer of rGO coated on the AgNW film, which improves the conduc-
tivity of the film by increasing contact between the nanowire junctions.

Figure 2D shows a transparent sensor array fabricated using this process. We evaluated the transparency of
the array using optical transmission measurements (Figure 2E). The transmittance is 92% at 660 nm, which is
among the highest achieved in a conductive film to date (Table S1 (Jin et al., 2015, Jin et al., 2018; Zhang
etal. 2019b; Tang et al., 2019; Yang et al., 2020; Bi et al., 2019), and is highly uniform across the visible spec-
trum. Optical images of the array placed over a colored blue mark (Figure 2F) and background text (Fig-
ure 2G) highlight the visual transparency of the fabricated sensor. We characterized the sensitivity of the
thermal sensor in terms of the thermal coefficient of resistance «, defined as (Cui et al., 2019),

o= R(1To) m‘l)'—i’;fm (Equation 1)
where R(Tp) is the resistance at room temperature To=25°C and R(T) is the resistance at the operating tem-
perature T. Bulk Ag has an « of 3.8x107*C~" at 20°C, which is close to that of other widely used thermor-
esistive materials, such as Pt. To realize transparent sensor, however, the areal density must be reduced,
which generally results in lower & compared with the bulk material. Figure 2H shows the resistance of
6-turn sensor pattern (dimensions 1.5 mm X 2 mm) compared with that of the unpatterned film as a function
of temperature. When the temperature is increased from 21°C to 100°C, R increases linearly from 809 to
942 Q for the sensor pattern and 212 to 246 Q for the unpatterned film. This indicates that « is similar for
the patterned sensor (2.05x107*°C~") and the unpatterned film (@=2.00x107*°C~"), suggesting that the
patterning process preserves the nanostructure of the film (Figure 2I). As expected, «a for the transparent
sensor is lower than that of bulk silver owing to the reduced density (about 14 nanowires pm~2), but the
small patterned sensor works as well as the big unpatterned film. We further tested the response of the
sensor in free space when driving current through the LED array (Figure 2J). The sensor exhibits a relative
change in resistance of 0.5% 1073 per 1 mW of input power to the LED, which can be primarily attributed to
the diffusion of electrically generated heat from the LED through the polydimethylsiloxane (PDMS) encap-
sulation layer.

Design of the optoelectronic wireless power transfer system

We designed a wireless power transfer system to enable the optoelectronic path to operate in an
untethered manner. Figure 3A shows the design parameters of the system comprising two inductively
coupled coils operating at 13.56 MHz, which is compatible with NFC technology in smartphones. The
transmitter coil is connected with a signal generator via an L-type matching network, whereas the receiver
circuit consists of a half-wave voltage doubler and an LED array (Figure 3B). The voltage doubler and
impedance matching circuit between the load and coil are implemented using two Schottky diodes
(BAT2402LSE6327XTSA1CT-ND, Infineon Technologies) and surface-mount capacitors. The load consists
of an array of 660-nm LEDs (SML-LX0603SRW-TR, Lumex) connected in parallel with series resistors. We
optimized the geometry of the coil and the impedance matching network for maximum power transfer
efficiency under size and material constraints. The selected design parameters, summarized in Table 2,
yield an Sq4 spectrum (measured from the input of the LED array) that indicates optimal operation at the
desired operating frequency (Figure 3C). To provide conformal adhesion to the skin, the designed inductor
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Figure 2. Fabrication and characterization of the transparent nanowire sensor

(A) Schematic of the fabrication process. AGQNW film is selectively removed by laser-induced ablation to yield the desired pattern.
(B) Optical microscopy image of the sensor. White arrows show the nanowire path.

(C) SEM image of an intact region of the AGNW film after patterning.

(D) Image of the fabricated sensor array.

(E) Transmittance and absorbance spectra of the AgQNW film before and after ablation following sensor design pattern.

(F) Optical microscopy image of the sensor. The bottom side of the sensor is marked in blue to highlight the transparency.
(G) Image of the sensor array on a lettered background.

(H) Resistance of the patterned sensor and AgNW film as a function of temperature.

(1) Relative change in resistance as a function of temperature.

(J) Relative change in resistance of the integrated sensor as a function of electrical power input to the LED array in free space.

is fabricated by embroidering thin copper thread (t,,=0.16 mm) onto a medical skin patch composed of
nonwoven fabric and an adhesive layer using a digital embroidery machine (NV180, Brother). The width
of the patch is 100 mm and the height is 80 mm, which enables the inductive coil to be large enough to
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Figure 3. Design and performance of the wireless system

A) System design parameters.

B) Circuit diagram of the wireless transmitter (left) and optoelectronic patch (right).

D) Power transfer efficiency n as a function of the distance d between transmitter and device for C,,1=737 pF and C,,,=80 pF.
E) Measured optical radiant power as a function of current I in the LED array with and without the transparent sensor.

(

(

(C) Reflection coefficient Sq1 of the optimized circuit measure from the load. The operating frequency is 13.56 MHz.
©)

(

(

F) lllustration of the experimental setup using an adjacent thermocouple.
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Figure 3. Continued

(G) Thermal monitoring comparison with a distant thermocouple. g is the distance between the thermocouple and LED array using setup in (F).

(H) Temperature change measured by the transparent sensor with and without thermal insulation (PDMS) using setup in (F). Graphs show mean and SD (n = 3
technical trials).

() Nlustration of the experimental setup using infrared camera and subdermal thermocouple.

(J) Thermal monitoring comparison with an infrared (IR) sensor and a subdermal thermocouple using the setup in (I).

(K) Relative change in resistance of the transparent sensor when illuminating porcine skin at different power densities.

receive sufficient wireless power for light delivery while providing stable fixation on the back or wrist. The
size and shape of the skin patch can be further customized for adhesion onto different body regions and
wireless operating range.

Using a vector network analyzer configured with a 50-Q matching circuit, we measured the wireless power
transfer efficiency to characterize the range of the system. Figure 3D shows that the power transfer system
achieves a maximum power transfer efficiency of 36% at a distance of 55 mm, which is sufficient for remote
operation of the patch using a smartphone or a transmitter integrated into a bed. When the transmitter is
brought closer to the patch, the efficiency decreases due to frequency splitting effects such that the
efficiency drops to 4.6% when the distance is 0. Beyond 55 mm, the power transfer efficiency decreases
monotonically because of weak coupling between the coils.

Owingtoits high transparency, the presence of the sensor has a minimal impact on the radiant power trans-
mitted through the LED array (Figure 3E). This property allows the sensor to accurately measure light-
induced thermal effects on the skin, which is challenging to perform with sensors not co-located with
the illumination region. We tested this capability by comparing temperature measurement using the trans-
parent sensor and a thermocouple placed at different distances from the LED array when illuminating
porcine skin (Figure 3F). For thermal insulation and encapsulation, the LED array is embedded within
PDMS (Sylgard 184, Dow Corning USA) (Figure 3H), which minimizes heat transfer to the sensor due to resis-
tive heating of the LED array (Zhang et al., 2018). Applying 36 dBm to the transmitter coil at a distance of
3 cm from the patch, thermal measurements from the transparent sensor detect tissue heating with a
response time about 10 s earlier than the thermocouple. The measurements from the thermocouple are
delayed and show a lower maximum temperature due to the distance from the light source (Figure 3G).
This result highlights the importance of co-locating the sensor with the LED array to accurately assess
the thermal effects of light delivery on tissue temperature. We also assessed the accuracy of the transparent
sensor by comparing thermal measurements on porcine skin with an infrared thermal camera (E4, Teledyne
FLIR LLC) and a subdermal thermocouple (Figure 3I). Although the infrared camera can provide a similar
accuracy and response time to the transparent sensor, the resulting data have a higher noise due to the
lack of contact with the target region. In contrast, the transparent sensor provides high-fidelity thermal
monitoring and a form factor that can be integrated into a wearable device (Figure 3J). Measurements
from the transparent sensor also show similar response times compared with the thermocouple, although
the maximum temperature recorded by the thermocouple is slightly (~0.2°C) lower due to the subdermal
location (Figure 3J). Measurements at varying levels of optical power further demonstrate the ability of the
sensor to monitor different rates of light-induced heating on porcine skin (Figure 3K).

Demonstration of closed-loop light delivery and blood flow monitoring

We next demonstrate operation of the wireless optoelectronic patch on the human body for closed-loop
light delivery and blood flow monitoring. The optoelectronic patch is mounted onto the back and the arm
of the subject, as shown in Figures 4A and 4C. A transmitter placed above the patch provides wireless po-
wer transfer to activate the LED array, which emits light through the transparent sensor to the tissue surface.
Thermal imaging in Figures 4B and 4D can be used to localize heating at the location of the LED array at the
center of the skin patch during wireless power transfer at 41 dBm of input power on the transmitter coil.
However, these images do not allow the skin temperature to be accurately measured because of confound-
ing resistive heating effects and visual obstruction of the skin surface.

Figure 4E shows a flow diagram of the closed-loop control algorithm. The algorithm uses binary threshold
control in which the LED is deactivated when the temperature exceeds a preset threshold, which can be
determined depending on therapeutic and safety considerations (IEEE 2006). This simple technique is suf-
ficient to maintain the time-averaged temperature at the set point, ensuring the long-term safety of the
protocol. The system is also compatible with more advanced control algorithms based on fine-tuning of
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Table 2. Parameters for coil design and equivalent circuit

Parameters Length (mm) Parameters Description
Iix 50 Vs AC source (13.56 MHz)
N 2 Ly 1.158 uH

to 1 Con 1.8 nF

P =0 Coo 130 pF

Wi 79.9 L 1.78 uH

e 56.7 Coa 680 pF

t 0.16 Cro 82 pF

Prx 3 Coa 680 pF

D 0-55 R, 51Q

- - D, Schottky diode

the optical output power. For ease of experimentation, the set point temperature of the control loop is set
to 36.2°C, which is well below the threshold for tissue damage (42°C). Figure 4F shows the temperature as
the LED array is operated continuously without active control and with closed-loop control using the trans-
parent sensor for the thermal measurement. Without control, the temperature of the LED array increases
above 37°C, which exceeds the target of 36.2°C, whereas the closed loop maintains the time-average tem-
perature near the target temperature. These results demonstrate that the transparent sensor can be used
to regulate temperature in real time without requiring careful setup (such with the infrared camera) or
compensation methods (optically opaque sensors). This capability has important implications for therapies
involving high optical intensities, which pose risk of thermal damage to tissues, as well as diagnostic appli-
cations in which the sensor’s accuracy can be improved by thermal calibration.

Continuous monitoring of hemodynamic activity is clinically relevant for the real-time detection of periph-
eral artery disorders (Webb et al. 2015b). Several wearable devices for blood flow monitoring have been
developed based on electrical (Etemadi et al., 2015; Rosa et al., 2019; Cluff et al., 2017), mechanical (Ete-
madiet al., 2015; Wiens et al., 2014), acoustic (Rosa et al., 2019; Kenny 2021; Kenny et al., 2020), and optical
(Abtahi et al. 2016; Saikia and Mankodiya 2018) approaches. In particular, photothermal method-based
measurement of temperature gradients due to light-induced heating holds promise for integration into
alightweight wearable device, but currently relies on optically opaque thermal sensors that hinder accurate
measurement. We applied the wireless optoelectronic patch in combination with four additional thermal
sensors for measuring blood flow-related temperature gradients directly under the light source. Figure 4G
shows the measurement setup in which the LED array is placed on the skin of a subject with visible left fore-
arm veins directly above the radial artery. Two additional thermal sensors are placed proximally and distally
at 10-mm intervals. The LED array optically elevates the temperature of the target artery, while the distrib-
uted thermal sensors measure the resulting thermal profile. Blood flow can then be quantified from the
asymmetry in the spatiotemporal temperature distribution arising from anisotropic convective heat trans-
fer. Figure 4H shows the measured temperature profiles resulting from a 1.8°C increase in skin temperature
at the LED array. The temperature profiles exhibit clear asymmetry in both the time and amplitude of the
peak, which can be used to estimate the blood flow (Webb et al. 2015a). Figure S1 presents additional re-
sults using a different arrangement of sensors. Proximal and distal thermal sensors placed around the LED
show the same asymmetric temperature profile, whereas thermal sensors at equal distance away from the
vein show symmetric thermal profiles because the blood flow is equal at the two points.

DISCUSSION

We have demonstrated a wireless optoelectronic patch that can be interfaced with the skin for light delivery
and thermal monitoring. The patch integrates a transparent AQNW thermal sensor, fabricated using a
laser-induced ablation process, which exhibits >92% optical transmission over the visible spectrum. The
high transparency of the sensor allows direct measurement of the temperature of the skin without obstruct-
ing light delivery, enabling modes of operation that cannot be achieved using conventional sensors. Exper-
imental studies demonstrate the use of the patch for closed-loop, thermally regulated light delivery as well
as measurement of light-induced heating profiles to monitor blood flow dynamics. These capabilities can
expand the function of wearable technologies for light-based sensing of hemodynamics, skin properties,
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Figure 4. Closed-loop photothermal control and blood flow monitoring with a wireless patch

(A) Image of the optoelectronic patch attached to the lower back. The patch is wirelessly powered by a transmitter at a distance of 4 cm.
(B) Infrared thermal image of the activated patch during wireless powering. Dotted white circle indicates the position of the LED array.
(C) Image of the patch attached to the arm.

(D) Infrared thermal image of the activated patch on the wrist.
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Figure 4. Continued

(E) Schematic of the closed-loop control algorithm.

(F) Skin temperature with and without closed-loop control using the setup in (A). The yellow dotted line indicates the target temperature of 36.2°C

(G) Schematic of the sensor placement along the radial artery using the setup in (C). The sensors are placed on the skin directly over the artery with spacing
ds=10 mm.

(H) Temperature as a function of time from each sensor when the LED array is activated for 120 s.

and other physiological properties, as well as for treatments such as photodynamic therapy and
photobiomodulation.

The device can be further optimized for specific applications in optoelectronic sensing and therapy. For
instance, the range and reliability of wireless power transfer can be improved for specific configurations,
such as integration into a bed, and incorporating power management circuits. A rechargeable small bat-
tery can also be integrated into the patch to allow use outside of the range of the wireless system. The LED
array can be customized considering the desired wavelength and optical irradiation power and the
tolerated thermal effect. For example, photodynamic therapy may require multiwavelength emission to
optimally activate photosensitizers (Bansal et al., 2018), whereas near-infrared wavelengths may be prefer-
able to deliver energy into deeper tissue regions for sensing applications (Lee et al. 2020a). Clinical valida-
tion studies will be required to establish the performance of the wearable optoelectronic device compared
with the gold standard, such as Doppler ultrasound for blood flow monitoring (Kenny 2021; Kenny et al.,
2020). Additional modalities, such as impedance cardiography (Cluff et al., 2017) and reflectometry (Saikia
and Mankodiya 2018), can also be incorporated to improve sensing accuracy.

The transparent sensor can also be optimized to achieve different ranges of resistance and geometric pat-
terns by tuning the density of the AGNW network. Such optimization could be used to maximize the sensi-
tivity of the digital readout by operating within the ideal range of the amplifier and analog-to-digital
converter. Beyond the visible spectrum, applications in the near-infrared and UV regions are also of interest
for the treatment of psoriasis (Stern 2007), mood disorder (Parry and Maurer 2003), wound infections (Eells
et al., 2004), and neurodegeneration (Johnstone et al., 2016), although further characterization and optimi-
zation of the sensor’s transparency at these wavelengths is required. Future work may also explore implant-
able versions of the device for clinical applications in metronomic therapy and monitoring of deep tissue
sites.

Limitations of the study

Although the frequency of wireless operation is compatible with smartphone-based NFC, NFC chipsets
need to be integrated to allow bidirectional communication. Furthermore, rigorous clinical studies are
required to determine the impact of the technology for different use cases in light-based diagnosis and
therapy.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, peptides, and recombinant proteins

Silver paint Ted Pella, INC. Pelco silver paint (16062)
Sylgard 184 DOW Corning USA Material Number 1024001
Epoxy adhesive Araldite Ara5m

Software and algorithms

Embroidery design software Brother PE-DESIGN 10

3D Electromagnetic software

Dassault Systemes

CST Studio Suite

Other

Laser cutter

Embroidery machine

UV/Visible spectrum

Optical power meter
Photodetector

Scanning electron microscope

DC power supplier

Signal generator

Power amplifier

Vector network analyzer
Multimeter

Thermocouple

Infrared camera

Polyethy- lene terephthalate (PET) film
Copper thread

Light emitting diode (LED) 660 nm
Schottky diode

Universal Laser Systems
Brother

Shimazu

Newport

Newport

Thermo Scientific
Tenma

Rohde & Schwarz

Mini circuit

Keysight

Fluke

Omega

FLIR

Zhejiang Kechuang Advanced Materials Co., LTD.
Belden Inc.

Lumex

Infineon Technologies

VLS 2.30

NV 180

UV-1800

2935-C

918D-UV-OD3R

FEI Verios 460

72-2690

SMA 100A

LZY-22+

N9915A FieldFox Handheld Microwave Analyzer
289

HH506RA

E4

100 pm

BEL 1985-ND
SML-LWO603RW-TR
BAT2402LSE6327XTSA1CT-ND

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, John S. Ho (johnho@nus.edu.sg).

Materials availability

This study did not generate new unique reagents.

Data and code availability

@ All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

METHOD DETAILS
Materials and reagents

Silver nanowire (30 nm diameter, 10-15 um length) dispersion was purchased from Zhejiang Kechuang
Advanced Materials Co., Ltd. 100 um thick polyethylene terephthalate (PET) film was used as the substrate
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for the transparent sensor. Electrical connections to the sensor used Pelco silver paint (16062, Ted
Pella, Inc).

Fabrication and characterization of transparent temperature sensors

Conductive film preparation: The AGNW dispersion was diluted from 1 wt% to 0.1 wt% with isopropyl
alcohol. The dispersion was sonicated for 5 sec to uniformly disperse the nanowires in solvent, followed
by 5 min of manual shaking. PET was cleaned with deionized water, alcohol, and acetone, and then
oven-dried. To increase hydrophilicity, the surface was treated with plasma (50 W, 30 s). The AgNW disper-
sion was rod-coated on PET film to form a conductive nanowire network, and a thin layer of rGO further
applied to weld the nanowire junctions. Conductivity was adjusted by varying the coating time to tune
the density of the nanowire network.

Sensor patterning: AQNW patterns were formed using a laser cutter (VLS 2.30 Universal Laser Systems). The
laser was scanned in raster mode at 4% energy and 3% moving speed. The total footprint area of the sensor
was 1.5X2 mm. The sensor was connected to the device by encapsulating metal wires on the pads using
Pelco silver paint cured at 100°C on a hotplate for 5 min.

Characterization: Surface morphology was obtained using a scanning electron microscope (FEI Verios 460).
Transmittance in the UV/Visible spectrum was obtained using a UV-Vis Spectrophotometer (Shimadzu
UV-1800). Electrical resistance data was acquired using a multimeter (Fluke, 289).

Fabrication of the skin patch

The inductor pattern was designed using electromagnetic design software (CST Studio Suite, Dassault
Systemes). The final pattern was transferred as a vector image (Figure S2A) to a digital embroidery tool
(PE-DESIGN 10, Brother). The pattern was reproduced on a fabric skin patch (Ai Yi Shi) using an embroidery
machine (NV180, Brother) fed with copper thread (BEL 1985-ND, Belden Inc). The LED array and wireless
powering circuit was assembled on a custom flexible printed circuit board (Interhorizon Corporation Pte
Ltd) by manual soldering. The circuit board was connected to the embroidered inductive pattern by solder-
ing the copper wires to the ports indicated in Figures S2C and S2D. Epoxy adhesive (AraSm, Araldite) was
applied to the junction and the circuit board for protection. The fabrication process was easily reproducible
(2 devices) because it is based on standard processes.

Wireless power transfer system

Wireless powering used a transmitter coil operating in the 13.56 MHz industrial, scientific, and medical
band. The transmitter coil was driven using a signal generator (SMB100A, Rohde & Schwarz) connected
to a power amplifier (LZY-22+, Mini Circuits). The wireless performance was evaluated by measuring the
scattering parameters between the device and the transmitter coil using a vector network analyzer
(N9915A FieldFox Handheld Microwave Analyzer, Keysight). The impedances of the coils were matched
to the source and load using L-type matching circuits. The power transfer efficiency was measured via
the scattering parameter Sy. Displacement measurements were performed by clamping the device to a
translational stage while keeping the position of the transmitter coil constant.

Light delivery design and characterization

Light delivery used an array of four red surface-mounted LEDs (SML-LX0603SRW-TR, Lumex) driven in par-
allel by the wireless power system or, in characterization experiments, a DC power supply (72-2690, Tenma).
A voltage doubler, comprising Schottky diodes (BAT2402LSE6327XTSATCT-ND, Infineon Technologies)
and chip capacitors, was used to rectify the signal at the output of the receiver coil. The LED array was
encapsulated in PDMS and the transparent temperature sensor attached onto the PDMS surface. Charac-
terization experiments used an optical power meter (2935-C, Newport) and photodetector (218D-UV-
OD3R, Newport) for optical transmission measurements. On-skin experiments used porcine skin and either
a thermocouple (HH506RA, Omega) or infrared camera (E4, FLIR Systems) for comparisons.

On-body demonstration

The wireless skin patch was attached to the back of the subject (healthy male volunteer, age between
30-40) and powered by the wireless transmitter. The transparent sensor data was acquired using a multi-
meter (289, Fluke). The skin patch is attached above the radial artery near the wrist for blood flow mapping.
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The transparent sensor was located under the LED and connect to a multimeter (289, Fluke). The temper-
ature at other measurement points was monitored using a thermocouple (HH506RA, Omega). Thermal im-
ages were acquired by an infrared camera (E4, FLIR Systems). All experiments complied with a protocol
approved by the National University of Singapore Institutional Review Board. The subject was a volunteer,
was informed of risks and benefits, and provided informed consent.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Optical and electrical characterization of the transparent thermal sensor (Figures 2E-2G) show representa-
tive results from one out of four fabricated sensors. No significant variability was observed between sen-
sors. Wireless system measurements (Figures 3C-3E) show results obtained from one device assembled
from commercially available circuit components. Thermal experiments using porcine skin show single trial
(Figures 3G, 3J, and 3K) or mean and standard deviation from three technical trials (Figure 3H). On-body
thermal measurements (Figure 4) were obtained from one subject as this was sufficient to demonstrate
the optoelectronic functionality of the device.
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