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ABSTRACT: A soft body area sensor network presents a promising
direction in wearable devices to integrate on-body sensors for physiological
signal monitoring and flexible printed circuit boards (FPCBs) for signal
conditioning/readout and wireless transmission. However, its realization
currently relies on various sophisticated fabrication approaches such as
lithography or direct printing on a carrier substrate before attaching to the
body. Here, we report a universal fabrication scheme to enable printing and
room-temperature sintering of the metal nanoparticle on paper/fabric for
FPCBs and directly on the human skin for on-body sensors with a novel
sintering aid layer. Consisting of polyvinyl alcohol (PVA) paste and
nanoadditives in the water, the sintering aid layer reduces the sintering

(5"? ’\\:,,_*?’

temperature. Together with the significantly decreased surface roughness, it allows for the integration of a submicron-thick
conductive pattern with enhanced electromechanical performance. Various on-body sensors integrated with an FPCB to detect

19 health conditions illustrate a system-level example.

20 KEYWORDS: body area sensor network, flexible printed circuit boards, directly printed on-body sensors, room-temperature sintering,
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sintering aid layer

1. INTRODUCTION

22 Skin-interfaced, wearable electronics have attracted significant
23 attention because of their unique role from preventative
24 monitoring and diagnostic confirmation to convenient
25 therapeutic options.”” The ultimate application of these
26 biointegrated devices for practical and convenient applications
27 hinges on the seamless integration of on-body sensors with
28 wireless transmission modules. Multifunctional on-body
29 sensors can precisely and continuously monitor the health
30 conditions of the human body, whereas the wireless trans-
31 mission modules can wirelessly power up the sensors and
32 transmit the data generated from them to the cloud for the
33 healthcare professionals. As a promising direction toward this
34 class of integrated systems, the soft body area sensor network
35 includes on-body sensors for physiological signal monitoring
36 and flexible printed circuit boards (FPCBs) for signal
37 conditioning/readout and wireless transmission. In contrast
38 to the conventional PCBs, the paper/textile-based FPCBs are
39 essential for the wearable electronics because of their flexible
40 and biocompatible properties.’ > Although the textile-based
41 FPCBs can be directly integrated into clothing, the low-cost
42 paper-based FPCBs also allow temporary use and easy
43 replacement on different clothing locations.”” Compared
44 with other wearable devices, the on-body sensors that pliably
45 laminate on the skin surface can precisely capture the clinically
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relevant data for health monitoring.*” Realization of the soft 4
body area sensor network currently relies on various 47
sophisticated fabrication approaches from lithography and 4s
transfer printing'”'" to direct printing,'>"® especially when 49
stretchable sensors are separated from readout circuits (e.g., 50
FPCBs).'”" In particular, extensive efforts have been devoted s1
for exploring the integration of wearable electronics on paper/ s
fabric'*'®'” or human skin."®'® However, there lacks a simple s3
yet universal approach to fabricate all of the modules relevant s4
to the soft body area sensor network because of the challenging ss
requirements of low-temperature processing on textured se
surfaces with easy removal capabilities. Although many existing s7
studies have demonstrated the room temperature processing of ss
Ag nanoparticle (NP) ink with laser, high pressure, microwave, s
or chemical treatment,”**’ they cannot be used to directly 6o
fabricate sensors on the human skin. By considering the 61
expensive equipment, complicated procedures, and increasing 62
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Figure 1. Schematic and proof-of-the-concept demonstration of a soft body area sensor network consisting of various on-body sensors and a FPCB.
(a) Design concept of the soft body area sensor network. The paper/fabric-based FPCB on clothing can integrate wireless data and power
transmission modules (e.g., bluetooth or near-field communication module), along with COTS chips for extended collection and processing of data
(green box). The red box illustrates the simple process of preparing the directly printed on-body sensors sintered at room temperature. (b) Optical
image of a hand with multiple on-body sensors (e.g., electrodes and temperature/hydration sensors) directly printed and sintered on the skin
surface. (c) Optical image of a blood oxygen saturation measurement unit consisting of one red and one infrared LED and a photodiode on the
fingertip. (d) Optical image of the paper-based FPCB that includes the SL900OA UHF RFID sensing IC chip and the antenna.

electronic wastes from the existing fabrication approaches, it is
even more pressing to develop a new fabrication technique to
address all of these challenges.

In this article, we report a simple yet universally applicable
fabrication technique with the use of a novel sintering aid layer
to enable direct printing and room-temperature sintering of
various metal inks for constructing paper/fabric-based FPCBs
and on-body sensors. Consisting of the polyvinyl alcohol
(PVA) paste and functional nanoadditives (e.g, TiO, or
CaCO;, among others), the sintering aid layer reduces the
surface roughness of various substrates to allow printing of an
ultrathin layer of metal patterns with improved electro-
mechanical performance against bending and folding. More
importantly, the metal NPs printed on the sintering aid layer
have significantly decreased sintering temperature to form an
FPCB on paper/textile or on-body sensors directly on the skin
surface. Various on-body sensors integrated with an FPCB
illustrate a system-level example of this technology.

2. INTEGRATED WEARABLE SYSTEM WITH VARIOUS
ON-BODY SENSORS AND FPCBS

The schematic in Figure 1a presents an overview of the directly
printed, room temperature-sintered, and hybrid skin-interfaced
electronic devices, illustrating the design and working principle
of the proposed system. The electronic system consists of
sensors for vital signal measurements, commercial off-the-shelf
(COTS) chips for extended data collection and processing,
wireless data and power transmission modules, and paper/
fabric-based FPCBs for system integration. The proof-of-
concept demonstration includes representative sensors to
measure temperature, hydration, electrocardiogram (ECG),
electromyography (EMG), and blood oxygen saturation. As
accurate assessment of human health conditions requires
pliable sensor integration on the skin surface, the sensors
directly printed on various positions of the human body
establish the capability toward the envisioned functional
operations (Figure 1b). Although the integration of various
sensors (e.g, temperature, humidity, ECG, and EMG) can be

easily achieved on a relative flat skin surface, the blood oxygen
saturation measurement relies on the use of light-emitting
diodes (LEDs) and a photodiode on a 3D curvilinear surface
such as the fingertip (Figure 1c). Further miniaturization of the
system is possible with the use of microscale LEDs (u-
LEDs).”* A proof-of-concept demonstration of one paper-
based FPCB consists of the SL900A UHF RFID sensing IC
chip (SL900A-DK-STQFN 16, AMS, Austria), the antenna,
and conductive traces with contact pads to connect the chip
and various sensors (Figure 1d). Because the SL900A RF chip
can be used to capture the resistive and capacitive sensing
signals (Figure S1), this paper-based FPCB can be directly
used for the wireless readout from the temperature and
hydration sensors presented in this work. Both the direct
sensor fabrication on the skin and preparation of the paper/
fabric-based FPCBs are building on a sintering aid layer that
enables low-temperature or even room-temperature sintering
of directly printed metallic patterns (e.g, Ag). The sintering
aid layer composed of nanoadditives (e.g,, TiO, and CaCO;)
in the PVA paste not only reduces the sintering temperature of
the metal NP inks printed on top but also improves the
mechanical property of the substrate and electromechanical
performance of the resulting electronic devices.

1. Design and Fabrication of Paper/Fabric-Based
FPCBs. In contrast to the sensors conformal to the skin for
accurate measurements, the paper- or fabric-based FPCBs can
be placed nearby and connected to the sensors for data
collection, processing, and transmission. As an alternative to
the wires between the sensors and FPCBs, a body area sensor
network (bodyNET) can be exploited to wirelessly link on-
body sensor tags to readout circuits on the FPCBs.” Because
of their affordable (~0.01 $/m”) and lightweight properties,
the paper is first selected and demonstrated as the substrate for
fabricating the FPCBs. Although electronic circuits have
previously been printed onto the paper substrate,”*™® the
electrical resistivity of the metal pattern on the paper substrate
substantially increases as the surface roughness of the substrate
increases because of the increased length in the conductive
pathway.”

https://dx.doi.org/10.1021/acsami.0c11479
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX

99

00
101
102
103
104
105
06
107
108
109
10
111
12
13
14
115
16
117
118
119
120
121
22
123
24
125
26
27
128

—

—

—

—

—

—

—

—

—

_ =


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c11479/suppl_file/am0c11479_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c11479?ref=pdf

f2

138
139
140
14
142
143
144
145
146
147
148
149
150
15
152
153
154
15
156
157
158
159
160
16
16
163
164
165
166
167
168
169
170

=

—

[

R

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

T=673K
No coating layer

gb gb
De73x > D573

4}
o
(=8
©
=
=3
0

No coating layer

sat e ¥
B e — ¢

100 106° 100 10° 10° 10' 10° 10° 10
Bending cycles Folding Cycles

[ T | ) s 0
s v
k4 e g 6
hﬁ‘.
o

s
BNEP S

R/RQ

.

X 10° 1 10 700°
Crumpling Number Soaking Time (h)

T=573K m T1=373K
On coating layer

gb
D373K>

9%/ 4O UOIDEIY dlWO)e

Figure 2. Performance demonstration of the paper/fabric-based FPCBs. SEM images of the copy paper (a) before and (b) after applying the
sintering aid layer consisting of PVA paste and the TiO, nanoadditive and (c) its cross-sectional area of the interface with the sintering aid layer
sandwiched between the copy paper and the sintered Ag NPs. Optical images of 3D origami paper structures folded into (d) heart and (e) flower
shapes with the conductive Ag pattern intact to light up LEDs and (f) various printed patterns on the copy paper. Electromechanical performance
of printed patterns against (g) bending for 10* times at a radius of R = 0.5 mm, (h) folding of the same sample for 10* times for origami/kirigami
applications, and (i) crumpling and unfolding for 140 times. (j) Printing the conductive Ag pattern on a fabric substrate further demonstrates a
stable conductive property after soaking in water for up to 100 h. Phase-field simulations of the sintering process between Ag NPs without the
sintering aid layer at sintering temperatures of (k) 673 and (1) 573 K or (m) with the sintering aid layer at 373 K.

Prepared by dewatering a dilute suspension of natural
cellulose fibers, the paper with a hierarchically porous structure
surface (Figure 2a) presents challenges for direct ink printing
during the fabrication of the FPCBs. Although the sintering aid
layer can be coated on both hydrophobic and hydrophilic
surfaces, the hydrophilic surface such as the paper (Figure S2)
would enable a more uniform sintering aid layer. Coating the
paper with a mixture of the PVA paste and TiO, nanoadditives
significantly reduces its surface roughness (Figure 2b). The
root mean square roughness measured by atomic force
microscopy (AFM) decreases from 1573 to 412 nm after
coating (Figure S3). The significantly reduced surface
roughness allows for easy subsequent printing of Ag NP inks,
followed by sintering at 120 °C. This observation is consistent
with the previous literature report,30 which also concludes the
reduced sintering temperature of Ag NPs on the high-
temperature-resistant paper with TiO, as the main component
(Figure S4). As indicated by the scanning electron microscopy
(SEM) image of the cross-sectional area, the sintering of Ag
NPs occurs on the sintering aid layer with a thickness of ca. 1
um (Figure 2c). It is interesting to note the Ag NPs away from
the sintering aid layer remain unsintered, whereas those close
to the sintering aid layer clearly show sintering necks. The
solid-state sintering of Ag NPs with enhanced strength and
electrical/thermal conductivities is likely attributed to the
increased grain boundary diffusion of NPs, which will be
explained in detail in the subsequent discussion. Nevertheless,
removing the unsintered Ag NPs away from the sintering aid
layer yields the designed conductive pattern with a much-
reduced thickness (i.e., <1 ym in Figure 2c). The significantly
reduced thickness further improves the mechanical property of
the resulting patterns to ensure their robust property against
bending because the bending stiffness or resistance scales with

the cubic of the structure thickness. The remarkably stable
electromechanical performance of the conductive pattern on
paper enables the demonstration of various 3D origami or
kirigami circuits, with LEDs brightly lit during shape
transformation (Figure 2d,e). The electromechanical property
of various printed patterns on paper (Figure 2f) has been
characterized against bending with a radius of curvature of 0.5
mm (Figure 2g) and folding in origami/kirigami applications
each for 10,000 cycles based on the same sample that has been
bent (Figure 2h). The conductivity of various patterns based
on sintered Ag NP ink on a paper with a size of 20 X 20 mm*
also remains relatively stable as the paper is arbitrarily
crumpled and unfolded for over 100 times (Figure 2i). The
electrical and electromechanical properties of the sintered Ag
pattern from this work compare favorably with those reported

in the literature (Figure S5): metal NP ink with a diameter of 1s6

less than 10 nm'”°"** and with nanoadditives in the ink.>®

Although many other studies have demonstrated the room
temperature processing of Ag NP ink with laser, high pressure,
microwave, or chemical treatments,””~>> they cannot be used
to directly fabricate sensors on the human skin. The versatility
of the proposed approach is demonstrated using inks with
different metal particles on various papers (e.g., printing, copy,
and weighting papers) or porous substrates such as the fabric
(e.g, cotton, chemical fabric, and silk) (Figure S6). The
sintering aid layer is effective to reduce the surface roughness
of all six substrate materials (Figure S7). In the proof-of-
concept demonstration, six types of metal micro/nanoparticles
(MPs/NPs) have been explored, including Ag NPs of ~50 nm,
Ag MPs of ~2 or ~40 um, Ni NPs of ~100 nm, Cu MPs of ~1
pum, and Ni/Ag core/shell NPs of ~50 nm. Although metal
MPs/NPs with increasing sizes involve higher sintering
temperatures because of lower surface activity, all six metal
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MPs/NPs selected in the demonstration can form conductive
patterns with sintering temperatures lower than 120 °C
(Figure S8). Owing to the small thickness of the sintered
pattern and robust adhesion to the substrate, printed patterns
based on these different metal particle inks on copy/printing/
weighting paper substrates also exhibit excellent electro-
mechanical performance (Figure S9). Compared to the cotton
substrate, the patterns based on Ag NPs of ~50 nm on the
chemical fabric or silk substrate only show small changes in the
normalized resistance change upon bending with a radius of
curvature of 0.5 mm for 10° times (Figure S10a). Owing to the
excellent washability of the fabric, the conductive Ag pattern
on the fabric substrate remains functional and relatively stable
even after soaking in water for up to 100 h (Figures 2j and
S10b). The performance of the fabric-based Ag pattern in
solutions with different pH values from 4 to 9 and with a step
size of 1 is further investigated. Although the relative resistance
rapidly increases with the soaking time in the solution with a
pH value of 8 or 9, the conductive Ag patterns on the fabric
substrate are more stable in the acid solution (Figure S10c),
with a pH value more relevant to sweat.”* Further improve-
ment could include the use of encapsulation layers as those
commonly explored for transient materials.*>*® The excellent
electromechanical performance of the demonstrated FPCBs on
paper or fabric highlights their potential for integration with
various sensing modules on the clothing or skin that may
undergo complex natural motions (e.g., bending, twisting, or
wrinkling). Additionally, the robust performance against water
or high moisture levels also ensures their application in
biointegrated electronics during sweating conditions.

System investigation of the proposed approach based on a
sintering aid layer and subsequent ink printing involves the use
of various nanoadditives in the PVA paste at different
concentration ratios (Tables S1 and 2). The electromechanical
performance of the conductive pattern on the substrate with a
sintering aid layer is improved as the ratio of PVA powder to
water increases from 1:9 to 1:4, the ratio of TiO, to PVA paste
decreases from 1:5 to 1:20, or the annealing temperature
reduces from 160 to 120 °C (Figure S11). The reduced
sintering temperature of Ag NPs with the use of the sintering
aid layer can be attributed to the increased grain boundary
diffusion coefficient (D®*)*” from charge neutralization®*~*’
than that with charged ions. It is apparent that anions (e.g,
SO;*7, COO~, and PO;*") exist in the Ag NP ink to cause the
Ag NPs negatively charged. Although there are no intrinsic
cationic groups in the sintering aid layer with the TiO,
nanoadditive and PVA paste, cationic radicals can form from
the interaction between TiO, and PVA (Figure SI12). As
organic compounds with conjugated chains, the PVA has 7-
electrons in the conjugated p orbital of a double bond (C=C
or C=0)"" as a charge carrier to result in charge mobility
along the chain of the polymer backbone.*” In the PVA/TiO,
system, the active —OH group on the surface of TiO, at
relatively low temperature (100—200 °C) reacts with the —OH
groups in PVA molecular chains to form C—O-Ti bonds
through a dehydration reaction. The formed C—O—Ti bonds
can act as the pathway to quickly transfer the excited electrons
from PVA to TiO,, resulting in cationic radical PVA* for
charge neutralization.”” The important role of the cationic
radical can be confirmed in the experiment with the radical
inhibitor (r-ascorbic acid) (Figure S13). After coating the
sintering aid layer with L-ascorbic acid on the paper, the Ag NP
ink printed and annealed at a temperature of 120 °C yields a

nonconductive sample, which indicates that the sintering of the
Ag NP ink is inhibited. The influence of the grain boundary
diffusion coefficient (D®) in the sintering process of Ag NPs
on the sintering aid layer is investigated via phase-field
simulations. Without the sintering aid layer, the decreased
temperature from 673 to 573 K leads to a substantial reduction
to invalid in the grain boundary diffusion coefficient (i.e., D&s¢
> DB5x). As a result, sintering of Ag NPs occurs after diffusion
evolution for 1 h at 673 K (Figure 2k), whereas no sintering
necks are observed at 573 K (Figure 21). As charge
neutralization on the sintering aid layer increases the grain
boundary diffusion coefficient of Ag NPs (i.e., D3¢ > DEsy),
sintering necks still form at a temperature of 373 K (Figure
2m), which supports the experimental results (Figures S14 and
15).

Because the cationic groups are needed for charge
neutralization, additional nanoadditives have been chosen to
demonstrate the concept, including metallic oxides (Al,0; and
MgO), salts (CaCO; and BaTiO;), and metal (Cu) (Table
S1). With cationic groups provided by metallic oxide (ALO;
and MgO) and salt (CaCO; and BaTiO;), the sintering
temperature of Ag NPs of 50 nm significantly reduces on the
coated paper. When the CaCO; nanoadditive is used in the
sintering aid layer (Figure S16), the sintering temperature is
further reduced to room temperature, although its exact
mechanism of the performance enhancements over the other
nanoadditives needs to be revealed in future studies. Although
the sheet resistance of the sintered Ag patterns based on the
sintering aid layer with TiO, nanoadditives at 120 °C and
CaCOj; nanoadditives at room temperature is slightly higher
than those sintered at elevated temperatures (Figures S17 and
S18), the values are comparable to those in the literature
reports (Figure S5).'7?%*»*%3173% In contrast, when no
nanoadditives or nanoadditives without cationic groups (e.g.,
Cu) are used in the sintering aid layers, the low-temperature
sintering of Ag NP ink is not observed.

2.2. Integration and Demonstration of Various
Biointegrated Sensing Modules. The integration of various
sensing modules directly on the human skin surface involves
the use of a simple, low-cost, and repeatable stamp-based
transfer printing (Figure S19). In brief, dipping a soft
elastomeric polymer shaped to the desired patterns on a
wooden stamp into a commercial Ag NP ink picks up the Ag
NPs on the patterned polymer. After coating the skin with the
mixture of PVA paste and the CaCOj; nanoadditive, bringing
the inked stamp in contact with the skin, followed by pressing
and retrieving of the stamp, leaves the patterned ink on the
skin. A relatively hydrophilic surface of the sintering aid layer
with different nanoadditives (Al,O;, MgO, BaTiO; TiO,,
CaCO;, and Cu) (Figure S20) helps ensure a successful
transfer printing process. Applying the air blower on the skin
surface with ink patterns accelerates the evaporation of the
solvents in the commercial Ag NP ink (ie, reduced from
several minutes to several seconds) to prepare the printed
sensors on the skin. The drying process with the air blower
(i.e, an electric hair dryer in this study) from a significantly
large range of distances is relatively robust with a small
variation in the sheet resistance of the obtained Ag patterns
(Figure S21). As an alternative to the stamp-based transfer
printing, extrusion of NP inks in an adaptive 3D printing
process can also be exploited to directly fabricate skin-
interfaced sensors on the movin% human skin by real-time
tracking of its rigid-body motion."
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Figure 3. Design and demonstration of various on-body sensors to measure the temperature, humidity, and blood oxygen saturation. (a)
Calibration of the temperature sensor indicates a linear dependence between the measured relative resistance change with the temperature from —5
to S0 °C. Cooling down of the skin from S0 °C to the room temperature highlights the sensing performance of the temperature sensor. (b)
Dependence of the capacitance of the humidity sensor on the relative humidity at various frequencies (20 Hz, 1 kHz, 10 kHz, and 1 MHz). (c)
Demonstration of the humidity sensor that measures the local moisture change after breathing out the moisturized air toward the sensors for 5 and
10 s. (d) Measured pulsating photoplethysmogram (PPG) voltage output signals from the photodetector for the red and infrared LEDs. (e)
Measurements of human pulse rates and arterial blood oxygen saturation levels before and after an upward leg swinging exercise.

The proof-of-concept demonstration consists of temperature
sensors, electrodes for electrophysiological (EP) signals,
humidity sensors, and blood oximetry sensors (Figure S22).
The sensing mechanism of the temperature sensor relies on the
temperature-dependent resistance change that stronger
vibration of the atoms at a higher temperature results in
more electron collisions with reduced scattering time for the
increased resistance. Characterization of temperature sensors
with a manual/semiautomated probe system (FormFactor
11000) vyields a linear dependence between the relative
resistance change normalized by its initial value AR/R, at
the reference temperature T, and the temperature from —5 to
50 °C (Figure 3a, inset). Calculated from the slope of the
calibration curve, the temperature coefficient of resistance o of
the temperature sensor of 0.195%/°C is over 50% of its silver
bulk counterpart (i.e, 0.38%/°C), consistent with literature
reports.””** The temperature sensor on the skin captures the
local skin temperature increase caused by blowing hot air up to
50 °C, followed by cooling down to body temperature after
removing the air blower (Figure 3a).

Skin hydration is another important indicator of human
physiology to evaluate cosmetics and assess mental health. It is
also related to thermoregulatory sweating and emotional
sweating conditions to inform temperature control and
emotion through the physiological and psychological pro-
cesses.**® The calibration of the hydration sensor against
saturated salt solution at prescribed relative humidity relates its
capacitance to the humidity at various frequencies (20 Hz, 1
kHz, 10 kHz, and 1 MHz) at a room temperature of 25 °C and
an applied voltage of 1 V (Figure 3b). Besides a relative
humidity of 29.0% in the ambient environment, saturated salt
solutions of Na,Cr,0,, NaCl, KCIl, and Na,HPO, provide
relative humidities of 54, 75, 85, and 98%, respectively, in the

sealed glass containers at the room temperature. Although the
measured capacitance rapidly changes with the relative
humidity at a lower frequency (e.g, 20 Hz and 1 kHz
compared to 10 kHz and 2 MHz), the capacitance measure-
ment at a lower frequency of 20 Hz also takes a much longer
time before reaching equilibrium. Thus, the measurement at 1
kHz is selected for the on-body demonstration because of the
relatively large response and quick measurement. The humidity
sensor on the skin captures the local moisture change from
slowly breathing out the moisture air toward the sensor for §
and 10 s (Figure 3c). In addition to the direct comparison
between the Ag-based sensors from this work and their
commercial counterparts, the performance of our directly
printed on-body temperature and humidity sensors compares
favorably against those from literature reports in terms of their
deposition technique, substrate material, and composite
sensing materials (Table S3).

Measurements of the human pulse rate and arterial blood
oxygen saturation rely on an optoelectronic sensor that
consists of two LEDs with different peak emission wavelengths
(e.g, red at 660 nm and infrared at 940 nm) and a single
photodiode. Although the LEDs with a relatively larger size are
selected in this proof-of-concept demonstration, they can be
easily replaced by microscale LEDs (u-LEDs) to further
miniaturize the system.”* The use of the Ag ink-based
conductive pattern connects the two LEDs placed on the
fingertip with the photodiode on the opposite side, which can
be used to measure the tissue-mediated light transmission.
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Based on the measured periodic cycles with amplitudes of 391

approximately 100—200 uV (Figure 3d), blood oxygen
saturation (8,0,) is calculated to be ca. 98.7% with a pulse
rate of 58 beats/min. A comparison with the measurements
(60 beats/min, 99%) from a commercial finger pulse oximeter
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Figure 4. Design and demonstration of the Ag electrodes directly printed and room temperature-sintered on the human skin with enhanced contact
quality to measure the EP signals such as ECG or EMG. (a) Impedance measurements as a function of frequency from two Ag electrodes of the
same size separated by a given distance of 10 cm directly printed and room temperature-sintered on the human skin surface with the sintering aid
layer. The inset shows the equivalent circuit model. (b) EMG and (c) ECG signals collected using the Ag electrodes on the sintering aid layer with
15 wt % PVA paste (blue) with a larger SNR than those from the commercial electrodes (red). (d) Applying a digital infinite impulse response
(IIR) of 20 Hz to the ECG signal before exercise clearly identifies the clinically relevant P, QRS, T, and U waves. (e) PSD of the ECG indicates that
the power is mostly below 20 Hz, where our electrodes show a much smaller contact impedance as measured in (a).

validates the results. Applying the pulse oximetry sensor on the
fingertip of a healthy male young volunteer during an upward
leg swinging exercise captures the decrease in S,0, from 98.7
to 95.2% (Figure 3e, blue), as validated by the commercial
device (Figure 3e, red). The pulse rate also increases from 58
to 76 beats/min, with amplitudes of red and infrared lights
measured to be around 100 and 200 pV, respectively (Figure
$23).

Coupling the electrodes on the skin surface through the
sintering aid layer allows the capacitive sensing of the EP
signals,47’48 including ECG, EMG, or electroencephalogram
(EEG). Capacitive sensing of EP signals involves measure-
ments of electrical coupling between biological tissues and
electrodes, mediated by the dielectric sintering aid layer. As the
EP signal quality hinges on the contact impedance between the
electrode and skin, the contact impedance is first characterized
as a function of frequency. The electrode—skin interface is
commonly modeled with a resistor R; and a capacitor C; (i =1
or r for left and electrodes) in parallel.” By considering the
equivalent resistor (R,,) and parasitic capacitor (C,) of the
human model between two electrodes (Figure 4a), the
measured impedance between two electrodes can be written

1Zl = [(R)™> + (@C)*T™"* + [(R) + (wC) T3,

+ (R, + (@C,) 12
where @ is the frequency. The electrode—skin contact
impedances are often the leading terms with much larger
contribution than the tissue impedance. Applying two
electrodes of the same size separated by a given distance of
10 cm, the impedance measured from the Ag ink-based
electrodes on the sintering aid layer is compared with that from
the commercial gel electrodes. The impedance from our
electrodes with 10 wt % PVA paste (magenta line) in the
sintering aid layer is higher than that of the commercial gel

as

electrodes (and thus worse EP signal quality in Figure S24).
Because high impedance often causes increased noise at the
low frequency, the lower interfacial impedance is desirable to
ensure reliable EP signal acquisition.”” As one of the major
factors, the contact interface has a significant impact on the
interfacial impedance. A significant reduction of impedance
can be achieved with improved contact at the electrode—skin
interface.”’ Furthermore, the increased viscosity of the
sintering aid layer (termed as paste previously) improves the
skin contact at the electrode—skin interface (with a reliable

conductive pathway).” Therefore, the increased viscosity of 43

the sintering aid layer is expected to result in decreased
impedance for improved EP signal quality. In fact, the increase
of the PVA powder from 10 wt % (purple) to 1S wt % (blue)
in the PVA paste of the sintering aid layer reduces the
impedance to be even smaller than that of the commercial gel

electrodes (Figure 4a). In contrast to the impedance values of 444

>100 kQ from other studies,”> > the impedance of our Ag-
based electrode sintered on the sintering aid layer with 15 wt %
PVA paste is about 70 k€2, which would lead to a higher signal-
to-noise value and enhanced EP signal quality.

Using the sintering aid layer with 15 wt % PVA paste, high-
fidelity EMG/ECG signals have been collected by the Ag ink
electrodes (Figure 4bc, blue), with a larger signal-to-noise ratio
(SNR) than those from the commercial electrodes (Figure 4bc,

red). The measurements of EMG signals involve a series of 453

muscle contractions from the arms of a healthy female
volunteer, whereas the ECG signals are measured before and
after running exercise. The ECG signals exhibit an increase in
both amplitude and frequency, with the heart rate increased
from 75 to 105 bpm after running exercise (Figure 4c).
Applying a digital infinite impulse response (IIR) filter of 20
Hz to the ECG signal before exercise (Figure 4c, blue) clearly
highlights the clinically relevant P, QRS, T, and U waves
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462 (Figure 4d). Power spectral density (PSD) of the ECG
463 indicates that most of the power concentrates in the region
464 below 20 Hz (Figure 4e). The smaller contact impedance from
465 our sintering aid layer explains the improved high-fidelity ECG
466 signals (Figure 4a).

467 The integration of these directly printed on-body sensors
468 with the FPCB in a fully passive operating mode (i.e., without
469 the battery) also allows for wireless detection of their sensing
470 signals. After determining the read range from the SL900A
471 chip as a function of the working frequency (Figure S25a), 882
472 MHz is selected in the wireless measurements. When operated
473 at 882 MHz, the temperature (Figure S25b) and humidity
474 (Figure S25¢) can be wirelessly measured with high precision
475 and accuracy from a distance of 30 cm. In addition to the fully
476 passive mode, the SL900A can be assisted by a paper-based
477 battery to work in the semi-passive mode. The use of a battery
478 can further increase the communication range with the reader
479 and enable data logging. Nevertheless, the simple demon-
480 stration illustrated here showcases the feasibility of fabricating
481 the FPCBs with the proposed method, which may also be
482 applied to more complicated FPCBs*> " in future studies.
483 Furthermore, the high-fidelity ECG signals can also be
484 wirelessly captured. Without the complicated paper-based
485 FPCB, a commercial wireless module with a small footprint is
486 used here to further capture the ECG signals wirelessly (Figure
487 525d).

48 2.3. Demonstration of Sensing Module Removal and
489 Disposal. As future wide adoption of wearable devices would
490 lead to electronic wastes, proper disposal of these devices starts
491 to gain momentum, especially considering the recent develop-
492 ment of transient electronics in the past decade.”®*” Toward
493 this end, the aforementioned on-body sensors are also
494 demonstrated to be suitable for easy removal and disposal
495 (Figure S). Peeling off the thin-film device from the skin
496 removes the device with negligible effects on the skin (Figure
497 5b). The skin texture on the back surface of the thin film
498 highlights the excellent adhesion between the device and skin.
499 Although the thin-film device remains relatively stable at room
so0 temperature in water for over 2 h [Figure Sa(i)],
so1 decomposition begins after the temperature increases above
s02 60 °C [Figure Sa(ii)] and dissolves completely after stirring for
503 S min [Figure Sa(jii)]. Because of the water solubility of the
504 PVA powder in the sintering aid layer at elevated temperature,
sos washing hands in warm water flow conveniently removes the
s06 device from the skin (Figure Sc). The materials exploited in
507 the device system are biocompatible with minimal toxicity,
s08 which enables their use for green electronics, biointegrated
509 electronics, or even implantable devices. For instance, PVA
s10 powder and CaCOj are commonly used in a variety of medical
si1 applications because of their biocompatibility and low
s12 toxicity. """ Ag NPs with low mammalian cytotoxicity and
513 antibacterial properties become common additives for
s14 applications in catalysis, tissue/tumor imaging, biosensing,
s1s and drug delivery. Additionally, the PVP-coated Ag NPs can
si6 effectively block the transmission of cell-free and cell-
517 associated HIV-1, although a high dose of 0.6 mg/mL does
513 not cause acute inflammatory and cell death.®”

—_

—

[
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3. CONCLUSIONS

519 In summary, we have reported the design and demonstration
520 of a simple yet universal manufacturing approach to fabricate
s21 and integrate paper/fabric-based FPCBs at low temperature
522 and multifunctional on-body sensors directly on the human

—_

a (i) (ii) (iii)

2hat25°C 10 mins at 60 °C 5 mins at 60 °C

. + Stirring

3 , ‘
& & ® e

3 3

Figure 5. Removal and disposal demonstration of the on-body
sensors. (a) Optical images of the thin-film on-body sensors show the
sequence of device dissolution: (i) stable in water at room
temperature, (ii) initiation of the decomposition above 60 °C, and
(iii) completely dissolved after stirring for S min. (b) Peeling off the
on-body sensing film with negligible effects on the skin conveniently
removes the device. (c) Sequence of optical images shows easy
removal of the device from the skin by washing hands in warm water
flow.

Ve

skin at room temperature for a soft body area sensor network.
The fabrication scheme relies on a sintering aid layer consisting
of the PVA paste and nanoadditives (e.g, TiO, or CaCO;,
among others). Using the sintering aid layer on various paper/
fabric substrates or the human skin, the sintering temperature
of metal NPs is significantly reduced even to room temper-
ature. The conductive metal pattern sintered at the metal/
sintering aid layer interface has an ultrathin geometry, leading
to an excellent electromechanical performance of the resulting
devices against bending and folding for origami/kirigami
applications. When applying the same fabrication scheme to
integrate metal patterns on the fabric substrate, the resulting
device with a robust performance in the water or moisture
environment (>100 h) enables the application in biointegrated
electronics during sweating. Moreover, printing and room-
temperature sintering of metal NP ink directly on the human
skin surface demonstrate the extended capability of the
fabrication scheme to prepare various on-body sensors for
physiological signal monitoring. The demonstrated high-
performance sensors could precisely and continuously capture
temperature, humidity, or local moisture change, blood oxygen
saturation, and EP signals such as EMG/ECG. With enhanced
signal quality and improved performance over those from their
commercial counterparts, these proof-of-the-concept sensors
with other expanded modules provide a repertoire of wearable
electronics for health monitoring. Additionally, the system with
demonstrated modules of on-body sensors for physiological
signal monitoring and FPCBs for wireless transmission can be
potentially applied to signal progression and severity in
COVID-19 patients.
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4. EXPERIMENTAL SECTION

4.1. Materials. The metal micro/nanoparticles (MPs/NPs),
including Ag NPs of ~50 nm, Ag MPs of ~2 or ~40 um, Ni NPs
of ~100 nm, Ni NPs of ~50 nm, and Cu MPs of ~1 um, all with a
purity of 99.9%, were purchased from Shanghai Aladdin. Poly-
vinylpyrrolidone (PVP-K30), AgNO; (99.99% metals basis),
hydrazine hydrate (80%), and L-ascorbic acid (99.0%) were purchased
from Shanghai Aladdin. Polyvinyl alcohol (PVA) powder (molecular
weight: 89,000—98,000; 99+% hydrolyzed), titanium dioxide (TiO,)
with a particle diameter of 20—50 nm, and calcium carbonate
(CaCO;) with a particle diameter of 20—50 nm were purchased from
Sigma-Aldrich, USA. Other nanoadditives (i.e., Al,Oj particles of ~50
nm, MgO particles of ~50 nm, and BaTiOj particles of ~50 nm), all
with a purity of 99.9%, were purchased from Shanghai Aladdin.

4.2. Preparation of the Inks with Ni/Ag Core/Shell NPs and
Other NPs. Ni/Ag core/shell NPs were prepared by hydrazine
reduction of AgNO; in deionized water with PVP as the protective
agent. First, 1.7 g of AgNO;, 1.7 g of PVP, and 180 g of deionized
water were added to a 300 mL beaker with a mechanical stirrer. Next,
1.17 g of S0 nm Ni NPs was added into the dispersion. The
calculation indicates that 1.7 g of AgNO; would require 0.46 g of
hydrazine hydrate to be fully reduced. However, a minimized use of
the hydrazine hydrate is desired because of its toxicity. By considering
the possible inhomogeneous dispersion, we added 0.8 g of hydrazine
hydrate into the Ni NP—PVP/AgNO; solution for the reduction
reaction. After about 0.5 h, the reaction products were separated by
centrifuging at 4000 rpm for 5 min. The obtained Ni/Ag core/shell
NPs were further purified with centrifuging separation and
redispersion in pure ethyl alcohol for three cycles. Dissolving the
commercial or obtained metal particles in glycol at a mass ratio of 1:4
yielded a high-quality metal particle ink.

4.3. Preparation of the Sintering Aid Layer. The PVA paste
was prepared by mixing the PVA powder with deionized water at
different weight ratios: 10, 1S, or 20 wt % (ie, PVA powder/
deionized water = 1:9, 3:17, or 1:4), followed by stirring at 70 °C to
yield a viscous, transparent solution. The solution of the sintering aid
layer was prepared by adding the nanoadditives into the PVA paste
with continuous stirring at 700 rpm at 70 °C for a homogeneous
mixture. For the TiO, nanoadditive, it was added to the 10 wt % PVA
paste at weight ratios of 1:20, 1:15, 1:10, and 1:5 for TiO, to PVA
paste. As for the CaCOj; nanoadditive, it was added to the 10 or 15 wt
% PVA paste at a weight ratio of 1:10 for CaCO; to PVA paste. After
coating the sintering aid layer solution on the paper or skin, it was
kept to yield the sintering aid layer, by drying in atmospheric air at
room temperature unless specified otherwise.

4.4. Demonstration of the Effect of the Cationic Radical on
the Sintering of Ag NPs. First, 1 g of PVA powder and 9 g of
deionized water were added to a 25 mL beaker, followed by stirring at
70 °C to yield a viscous, transparent solution (Figure S13a). Next, 10
g of L-ascorbic acid was added to the obtained solution, resulting in a
color change of the solution from transparent to white (Figure S13b).
After stirring for about 3 min, the solution changed back to
transparent (Figure S13c). Next, 1 g of TiO, was added to the
mixture with continuous stirring for 15 min to yield the ivory mixture
(Figure S13d). After coating this sintering aid layer on the paper, the
Ag NP ink was inkjet-printed and annealed at a temperature of 120
°C. The obtained sample was observed to be nonconductive (Figure
S13e).

4.5. Preparation of the Paper-Based FPCB. The Ag NP ink
was first inkjet-printed on the coated paper as conductive lines with
contact pads (0.4 mm X 0.355 mm with a spacing of 0.8 mm between
pads) in the FPCB. Next, the SL900A package (S mm X S mm X 0.9
mm) was mounted onto the paper with conductive Ag patterns, where
the anisotropic conductive paste was used to connect the chip and the
Ag pads to result in the paper-based FPCB.

4.6. Phase-Field Simulation of Particle Sintering. The
microstructural evolution is driven by the minimization of the free
energy function F that is defined as

N
F= /{f(c, n,) + ch Vel + 12 K,7|V}7a|2}dv
” g o= (1)

where the conserved field parameter ¢ describes the Ag concentration
field, the nonconserved order parameter 7, describes the morpho-
logical evolution of the particles, @ is the index of a particle, and f is
the local bulk chemical free energy function. k. and «, are the gradient
energy parameters for the conserved and nonconserved fields,
respectively.”® N is the total number of the order parameter.

The conserved field ¢ can be written as

% _vlmv2F
ot Sc(x, t)

)

where x is the spatial position vector, t is the time, and M is the
concentration mobility tensor that can be expressed as

o’F

oc c=1 (3)

The diffusivity tensor D in eq 3 can be defined as

D=D +D°+ D% 4)

where DY, D*, and D® are the diffusivity tensors of volume, surface,
and grain boundary, respectively. Because the contribution of the
volume diffusion is negligible and the surface diffusion is only present
on the surface of the particle, the grain boundary diffusion is the
leading factor in the sintering at the interface between two particles.
The grain boundary diffusion is proportional to the grain boundary
diffusion coefficient D&, which is valid for the sintering temperature
above 573 K (e.g, D). As the sintering temperature reduces to be
below 573 K, the grain boundary diffusion coefficient (D$3;¢) tends to
approach the volume diffusion coefficient, leading to the unsintered
NPs. As the sintering aid layer increases the grain boundary diffusion
coefficient at a temperature of 373 K (D), the sintering of Ag NPs
occurs with sintering necks formed. Here, all of these parameters in
the phase-field model are consistent with the literature reports.®*®®

4.7. Preparation of Saturated Salt Solutions. The Na,Cr,0,,
NaCl, KCl, and Na,HPO, salts were dissolved in glass containers of 4
L at 60 °C. Cooling down the solutions to the room temperature
yielded saturated salt solutions with precipitation. Sealing the
obtained solutions at room temperature prepared them for use later.

4.8. Drying Process with the Electric Hair Dryer. The electric
hair dryer was used as the air blower to dry the Ag pattern printed on
the skin via the stamp-based transfer process. The distance between
the air outlet of the hair dryer and the skin surface was about 1—2 cm.
The blower was set at the position of full power at medium
temperature (i.e., room temperature) for quick drying of about 20 s.
The electric hair dryer with a power of 1875 Watts could produce an
airspeed of 40 mph (measured at a couple of inches away from the
outlet). When the Ag ink patterns were dried using the hair dryer at
different distances from the outlet (i.e., ~1, ~5, ~10, and ~20 cm), it
took the hair dryer a longer time to dry the patterns (~20, ~45, ~60,
and ~120 s) as the distance was progressively increased. The sheet
resistance of the dried Ag patterns was observed to be slightly
different (~14, ~20, ~32, and 28 uQ cm), but the difference was
much smaller with a small variation in the distance and could also be
easily accounted for in the calibration of the sensors.

4.9. Calculation of Blood Oxygen Saturation (S,0,).
Calculation of S,0, was based on the photodiffusion analysis and
the modified Lamber—Beer equation®®

Sp O,(t)
— (A )DPR g — &y (dip)R(1)
lein(Zr) = b0, (AR)IDPE, 1 + [0, (Air) — &mp(Ar)IR(E)
()

where €p,0,(A) and €pp0,(Ar) [or &4y(Ar) and &4, (Aip)] are the

extinction coefficients of oxyhemoglobin (or deoxyhemoglobin) for
the red and infrared light with wavelengths of 640 and 950 nm,
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676 respectively. The quantity DPFy_pg is the influence coefficient of the
677 dissimilar optical path lengths at the two wavelengths. These

678 Parameters have been determined® to be €mvo,(Ar) = 0.011 mm™,

679 €up(Ar) = 0.106 mm™", &0 (Ar) = 0.028 mm™, ey, (4) = 0.018

680 mm~', and DPFp_j = 14. Applyin§ the same values for these
6

681 parameters as in the literature report,” eq S can be simplified to

0.1484 — 0.018 X R(t)
Sp O,(t) =

652 0.133 + 0.01 X R(t) (6)
683 where the ratio R(t) between the red and the infrared pulsatile
684 components can be expressed as

_ LI

=/ e
685 pc Ipc (7)
686 In eq 7, the alternating current component I, is the difference

687 between the peaks and troughs of the pulse wave, whereas the direct
688 current component I is the mean value.
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