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ABSTRACT

While the monitoring of pH has demonstrated to be an effective technique to monitor an individual’s health
state, the design of wearable biosensors is subject to critical challenges, such as high fabrication costs, thermal
drift, sensitivity to moisture, and the limited applicability for users with metal allergies. This work describes the
low-cost fabrication of waterproof electronic decals (WPEDs): highly conformable disposable biosensors capable
of monitoring sweat and vaginal pH. WPEDs contain a polyaniline/silver microflakes sensing layer optimized for
accurate impedance-based pH quantification across the clinically relevant range of variation of most biofluids.
WPED:s also contain a heating layer that serves to both stimulate sweating and prevent saturation of the sensing
area, reducing the variability of the measurements. The conformability of WPEDs enables their simple and
allergy-free attachment to skin, where they can monitor sweat pH, or to the surface of paper-based sample
containers, for the pH-based diagnosis of bacterial vaginosis. WPEDs are mostly transparent, self-adhesive,
breathable, flexible, moisture-insensitive, and able to maintain their accuracy under significant mechanical
and thermal stresses. A cost-effective wearable and portable impedance analyzer wirelessly transmits pH data in
real-time to the smartphone of the user, where a custom-developed App enables long term monitoring and
telemedicine applications. Our results demonstrate the feasibility of using inexpensive single-use WPEDs and a
reusable, wireless impedance analyzer to provide a wearable solution for the real-time monitoring of sweat pH
and the accurate at-home diagnosis of bacterial vaginosis, improving the capabilities of current low-cost, point-

of-care diagnostic tests.

1. Introduction

The development of flexible and wearable electronic biosensors has
garnered considerable attention due to their potential to provide early
diagnosis and monitor an individual’s health state. Most of the initial
wearable sensors focused on monitoring physiological signals such as
breathing and heart rates, temperature, or muscular activity due to their
simple acquisition methods (Bandodkar et al., 2015). The recent
development of wearable chemical sensors has demonstrated the
non-invasive quantification of a variety of biomarkers on sweat and
tears (Bariya et al., 2018; Fay et al., 2012; Koh et al., 2016; La Belle et al.,
2016; Yao et al., 2011). Unfortunately, the cost of these wearable
chemical sensors is often too high for single-use applications, especially
for at-home testing or point-of-care diagnostics, due to the costly ma-
terials and manufacturing techniques required for their fabrication, as
well as the expensive electronics required to acquire the measurements

(Gao et al., 2016; Koh et al., 2016; La Belle et al., 2016; Morris et al.,
2009; Yao et al., 2011). Here, we propose an inexpensive method to
fabricate conformable electronic decals comprising a thermal stimulator
and a flexible biosensor capable of monitoring the pH of most biofluids.
The simple interfacing between these single-use electronic decals and a
reusable wireless impedance analyzer enables the use of these bio-
sensors for the point-of-care monitoring of sweat pH and the at-home
monitoring of vaginal pH to detect vaginal infections.

Sweat contains a variety of analytes relevant for the assessment of
the biomolecular state of an individual (Bariya et al., 2018). Sweat pH is
particularly attractive as it is related to the concentration of different
electrolytes and serves as an indicator for dehydration (Sonner et al.,
2015), metabolic activity (Morris et al., 2009), and several diseases,
such as cystic fibrosis (Desax et al., 2008; Wu et al., 2017), dermatitis
(Schmid-Wendtner and Korting, 2006), or alkalosis (Patterson et al.,
2002). Additionally, pH monitoring of vaginal fluid has been
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demonstrated to be an effective way to provide early diagnosis of bac-
terial vaginosis (BV) (Hemalatha et al., 2013). Unfortunately, while
rapid test strips have been developed to identify BV, their limited ac-
curacy impedes early diagnosis and only allows the proper identification
of BV after significant bacterial proliferation (Hemalatha et al., 2013;
Khandalavala and Van Geem, 1999).

To decrease the cost of wearable chemical sensors, several portable
and on-skin colorimetric tests have been proposed using disposable
microfluidic devices (Caldara et al., 2016; Choi et al., 2019; Koh et al.,
2016). Wearable sweat tests are often fabricated using low-cost sub-
strates such as textile (Caldara et al., 2016; Morris et al., 2009; Parrilla
et al., 2016) or thin silicone layers (Koh et al., 2016) and rely on the
capillary filling of sensing zones containing reagents that change color
depending on the concentration of their target biomarker. These de-
vices, however, have limited resolution and cannot provide continuous
or hands-off measurements. To address these limitations, several wire-
less potentiometric and amperometric sensors have demonstrated the
accurate transduction of their electrochemical interaction with analytes
into voltage or current signals (Bandodkar et al., 2013; Guinovart et al.,
2014; Novell et al., 2012; Oh et al., 2018; Parrilla et al., 2016; Rahimi
et al., 2017). Electrochemical sensors, however, require complex elec-
tronics that are often difficult to miniaturize into cost-effective wearable
systems. Additionally, potentiometric sensors have a limited resolution
for pH (~55 mV/pH) (Bandodkar et al., 2013; Guinovart et al., 2014; Oh
et al., 2018; Rahimi et al., 2017), impeding the accurate detection of
small variations of pH for most biofluids across their clinically relevant
physiological range (3-8.5) (Huang et al., 2011; Novell et al., 2012;
Rahimi et al., 2016). Electrical chemical sensors have recently demon-
strated to provide a sensing resolution and accuracy similar to electro-
chemical sensors using relatively simple and easy-to-miniaturize
measuring electronics, facilitating their use as wearable sensors (Kassal
et al., 2018). These sensors rely on the change of their electrical prop-
erties, such as capacitance or resistance, when in contact with the target
analyte. The prolonged use of these sensors on skin, however, can lead to
irritation and allergies due to their limited breathability and the con-
stant contact between skin and metals. Furthermore, environmental
moisture, variations in temperature, and the saturation of the sensing
area often increase the variability of measurements of electrical chem-
ical sensors, compromising their accuracy.

Latest advances in wireless communication (RFID, NFC, BLE) have
facilitated the development of reusable reading and display platforms
that significantly simplify the electronics of the wearable chemical
sensor, reducing their overall cost (Pal et al., 2018, 2017). These passive
wearable sensors, however, exhibit relatively short read ranges (from
few cm to several meters), limiting the motion of the user.

Our previous work in wearable electrochemical sensors demon-
strated the use of pH as a biomarker to monitor chronic wound in-
fections (Pal et al., 2018). Here, we present waterproof electronic decals
(WPEDs): highly conformable low-cost biosensors capable of monitoring
pH levels across the clinically relevant range of variation of most bio-
fluids. WPEDs can be easily mounted on skin to monitor sweat pH levels,
or on the surface of paper-based sample containers to detect anomalies
in the vaginal pH caused by bacterial vaginosis. The combination of
WPEDs with a wireless impedance analyzer enables the accurate mea-
surement of pH at the point of care. WPEDs also offer several advantages
as follows: (i) Their flexibility, conformability, and breathability elimi-
nate their somatosensory perception; (ii) their simple manufacturing
and low cost (~0.08 USD) enable their use as disposable, single-use
diagnostic devices; (iii) their hydrophobic outer surface eliminates the
variability of the acquired measurements due to environmental mois-
ture; (iv) the reusable wireless measurement and communication system
enables the wearable monitoring of sweat pH and the at-home detection
of vaginal infections.
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2. Materials and methods
2.1. Chemicals and instrumentation

We purchased two conductive inks, Ag/AgCl (AGCL-675) and carbon
(C-200), from Applied Ink Solutions. We procured silver microflakes
(AgyF, particle size 2-5 pm) from Inframat Advanced Materials LLC.
Polyaniline emeraldine base (PANi-EB, Mw = 50 kDa), ethyl cellulose
(EC, 48.0% ethoxyl basis), poly(dimethylsiloxane) (PDMS, SYLGARD-
184), poly(vinyl alcohol) (PVA, 4% aqueous solution), ethanol
(CoHsO0H), hydrochloric acid (HCl), disodium phosphate (sodium
hydrogen phosphate), and citric acid (2-hydroxypropane-1,2,3-tricar-
boxylic acid) were purchased from Sigma Aldrich Inc. To render
cellulose-based paper (Whatman #1, GE Healthcare Inc) omniphobic, a
4.76% v/v solution of trichloro(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,
11,12,12,12 henicosafluorododecyl)silane (“C'?F”, from Gelest Inc.) in
isopropanol was used as fluoroalkylated silanizing agent. We used a
commercial, benchtop potentiostat (Reference 3000; Gamry Instruments
Inc.) to test the performance of the WPEDs and the wearable impedance
analyzer. All thermal infrared (TIR) images were captured using a
handheld thermal camera (FLIR-E8, thermal sensitivity = 0.05 °C, FLIR
Inc.)

2.2. Fabrication of the wearable and portable impedance analyzers

We fabricated a wearable impedance analyzer using an integrated
circuit capable of performing electrical impedance spectroscopy
(AD5933, Analog Devices Inc.) controlled by a Wi-Fi enabled micro-
controller (Photon, Particle Inc.). The impedance analyzer is powered by
a rechargeable lithium-ion battery (LP401230, Adafruit Industries LLC).
The microcontroller uses an in-built Wi-Fi module (BCM43362, Cypress
Semiconductor Corp.) for wireless communication on the 802.11 b/g/n
band. The electronic components of the wearable impedance analyzer
were mounted on a flexible printed circuit board and housed inside a
wearable cotton sweatband (Suddora LLC) or a portable 3D printed
housing (Form 2 SLA, FormLabs Inc.). To interface the impedance
analyzer to the WPED, we embroidered connectors and contact pads
using conductive fabric thread (Lyofil 166, Unige Aviation Inc.).

2.3. Fabrication of WPEDs for pH sensing

We created a decal transfer substrate by spraying a ~50-pum-thick
layer of PVA on a sheet of calendered paper (ELE-300, Elements Inc.)
and allowing it to dry at room temperature. We made a 2.5% (w/w)
solution of EC in ethanol and added PDMS prepolymer to this solution in
a 5% (w/w) concentration, stirring the mixture for 10 min until full
dispersion was achieved. The EC/PDMS ethanolic solution was then
spin-coated over the PVA layer of the transfer substrate at 1000 rpm for
40 s. After curing the transfer substrate at 60 °C for 2 h, the ethanol
evaporated leaving a ~10-pm-thick transparent layer of EC/PDMS
coating the PVA layer. We stencil printed two flexible, parallel elec-
trodes on the EC/PDMS layer using Ag/AgCl ink and coated the region
between the parallel electrodes with carbon ink to create a resistive
heating element (Figs. S1 and S2). We encapsulated the heating element
by spin coating a 2.5% (w/w) EC solution in ethanol at 1000 rpm for 30
s. On top of this ~10-pum-thick EC layer, we stencil printed two flexible
parallel electrodes smaller than those printed on the EC/PDMS layer. We
created a conductive polymeric composite by mixing 150 mg of a pH
responsive polymer (PANi-EB) with 300 mg of AgpF in 5 mL of iso-
propyl alcohol (IPA) and sonicated the mixture for 2 h to achieve a
uniform suspension. A 15 pL drop of this blue-colored, pH-sensitive
suspension was used to coat the region between the parallel electrodes.
After curing the PANi-EB/AgpFs at 60 °C for 30 min, we doped it by
exposing it to HCl vapors in a desiccator at 36 Torr for 30 min. The
diffusion of the H+ ions (doping agents) from the HCI vapor into the
blue-colored PANi-EB of the PANi/AguFs composite transforms it into a
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green-colored PANi-ES (polyaniline emeraldine salt, Fig. S6), which
exhibits a higher conductivity (~10® S/m) than the PANi-EB form (~10
S/m) (Sukitpaneenit et al., 2007). The PANi-ES/AgpFs composite and
the Ag/AgCl electrodes were coated with 20 pL of a 2.5% (w/w) solution
of EC in aqueous ethanol (65% w/w), which, after drying at room
temperature, created a hydrophilic, 50-pm-thick, porous ethyl cellulose
(p-EC) layer (Fig. S3).

2.4. Calibration of the WPEDs

To calibrate the WPEDs, we prepared Mcllvine buffers with pH
ranging 2.8-8.6 by mixing a 0.2 M solution of disodium phosphate and a
0.1 M solution of citric acid in different ratios (Pearse, 1968) (Table S1).
A commercial pH meter (Model 1Q125, IQ Scientific Instruments) was
used to verify the pH of each Mcllvine buffer. To find a relationship
between the impedance of the PANi/AguFs composite and the envi-
ronmental pH level, we pipetted 10 pL of the different Mcllvaine buffers
on nine different WPEDs and performed impedance spectroscopy by
applying sinusoidal signals with an amplitude of 100 mV and fre-
quencies ranging 10 Hz-100 kHz using a commercial, benchtop
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potentiostat.

2.5. Wireless pH monitoring of sweat and vaginal fluid using WPEDs

On-skin sweat pH measurements were collected from the forearms of
an exercising volunteer using WPEDs. Sweatband-like impedance ana-
lyzers worn on each arm were used to interface the WPEDs and collect
and wirelessly transmit the sweat pH measurements. To enhance sweat
production, the skin of the participant was thermally stimulated by
locally applying heat (38.5 °C) with the heating element of the WPED.
Sweat pH measurements were collected along each of the phases of a 1-h
workout (at rest, high, moderate, and low intensity exercise). To
monitor the pH of vaginal fluid, we created a portable WPED-based
device comprising two components: A re-usable measuring base con-
taining a wireless impedance analyzer and a single-use omniphobic
paper-based sample container with a WPED attached to its bottom. A
female volunteer out of her menstrual cycle collected vaginal fluid in a
tampon by wearing it for 3-5 h. After its removal, the tampon was
placed over the WPED, on the omniphobic paper container, and this
container was placed on the measuring base during 5 min. The collected
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wet to remove paper
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WPED

Fig. 1. WPED fabrication process and its integration onto skin and sanitary tampons. (A) Schematics of the multilayered structure of the WPED. (B) Schematics of the
cross-section of the WPED, before and after its transfer to a measuring platform. (C, D) Scanning electron microscopy images of the porous EC layer (top) and the
PANi/AgpF composite (bottom). (E) WPED withstanding mechanical stresses after being transferred onto skin. (F) WPED transferred onto skin, undergoing flexion.
The dashed line shows the boundary of the WPED. (G, H) WPEDs mounted on sanitary tampons for the detection of BV by monitoring the pH of vaginal fluid. WPEDs
remain conformally attached to the tampon even after their expansion due to fluid absorption. Two conductive threads coiled around the strings of the tampon and
coated with PDMS are secured to the WPED on one end and to the flexible paper-based connector on the other end using epoxy.
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measurement of vaginal pH was then wirelessly transmitted to a laptop
computer (Figs. S4 and S5). After the test is performed, the paper-based
container holding both the tampon and the WPED can be easily
disposed, facilitating the cleaning of the wireless measuring stage.

3. Results and discussion
3.1. pH sensing using WPEDs

Fig. 1A shows the exploded view of a WPED, which comprises three
different layers: (i) a breathable p-EC layer (Figs. 1B, C, S9), which can
be easily attached to a variety of deformable surfaces (such as the skin of
the user or other cellulose-based materials) and is capable of driving
biofluids from its surface to the pH sensing layer; (ii) a pH sensing layer
containing the PANi/AguFs composite (Fig. 1D) and two Ag/AgCl
electrodes printed on EC; (iii) a heating layer with a resistive heating
element that stimulates sweating and, prior to collecting the pH mea-
surement, dries the pH sensing area to reduce the variability of the
measurements (Niarchos et al., 2017). WPEDs are fabricated on top of a
PVA coated paper substrate, which facilitates the manipulation and
transfer of the electronic decal onto the measuring platform (Fig. 1B,
top). To measure sweat pH, the WPED is placed on the skin of the user
and the paper substrate is wetted with water, which dissolves the
sacrificial PVA layer and releases the WPED on the skin of the user
(Fig. 1B, bottom). The low thickness of the WPED (~80 pm) and the
hydrophilic behavior of the p-EC layer in contact with the skin of the
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user readily secure the electronic decal to the skin of the user without
requiring any glue layer to prevent delamination (Fig. 1E). Additionally,
WPEDs readily conform to the surface of the skin without constraining
the natural movements of the wearer (Fig. 1F), eliminating the so-
matosensory perception of these electronic decals. Forearms and calves
are ideal locations for attaching WPEDs, since they facilitate interfacing
with the wearable impedance analyzer housed in sweatband and mini-
mize the stretching of the WPEDs.

To measure the pH of unknown buffer solutions, WPEDs can be
attached to any conventional sanitary tampon (Fig. 1G). The hydrophilic
cellulose fibers of the sanitary tampon act as a coarse filter for the so-
lution and enable the uniform wetting of the WPED. The flexibility,
small thickness, and self-adhesion of the WPEDs facilitate their firm
attachment to the surface of the tampon even after its significant
expansion due to fluid saturation (Fig. 1H). After removing the tampon
from the unknown solution, the heating layer of the WPED dries the
sensing layer prior to the collection of a pH measurement using a
wearable or portable impedance analyzer (Fig. 2).

To effectively stimulate sweating (Benjamin, 1953), the heating
element of the WPED applies a localized heat stress (38.5 °C for 3 min)
on the skin of the user. The microporous structure of the EC layer drives
biofluids in contact with it (Fig. 1C) to the pH sensing layer by capillary
action. Additionally, the small pore size (~0.5-1.0 pm) of the EC layer
prevents the metals of the measuring electrodes or the sensing layer
from coming in direct contact with the skin of the user, avoiding irri-
tation and allergic reactions for users sensitized to metals. The
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Fig. 2. Wearable and portable impedance analyzers for wireless pH monitoring. (A) Transparent, hydrophobic EC/PDMS layer encapsulating the WPED. Inset shows
a static contact angle (6;) of 100° with water. (B) Incorporation of the impedance analyzer inside a sweatband, which is worn on top of the WPED to monitor sweat
pH. (C) Schematics showing the interfacing between the wearable impedance analyzer and a WPED through embroidered conductive fabric connectors. (D) WPED
mounted on a sanitary tampon. (E) Portable impedance analyzer capable of measuring the pH of unknown solutions by interfacing with a tampon-mounted WPED.
This portable impedance analyzer measures and transfers pH data after the user pushes its top button (circled) (F) Mobile App developed to receive, display, store,
encrypt, and transmit the results. (G) Schematics of the electronics in the wireless impedance analyzer used to monitor pH using WPEDs. Test parameters and

measured pH data are transferred wirelessly via Wi-Fi.
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biocompatibility of PANi (Sun et al., 2016) and the antibiofouling
properties of silver (Pietrzak et al., 2016) also ensure that WPEDs are
consistent with epidermal applications. Once a fluid reaches the PAN-
i/AgpFs sensor, the pH of the fluid regulates the relative equilibrium
between the PANi-ES and PANi-EB states via H+ exchange, propor-
tionally modifying its conductivity, and allowing us to correlate the
changes in impedance of the PANi/AguFs composite to the pH value
(supplementary information S6). Most biofluids, as ionic aqueous solu-
tions (Montain et al., 2007), are good conductors of electricity and can
compromise the accuracy of the impedance-based sweat pH monitoring
by short-circuiting the electrodes of the sensor, especially after long
monitoring sessions. To maximize the stability of the pH sensor and
enable reliable monitoring of pH over long periods of time, the heating
element over the pH sensor (Fig. 1B) evaporates the analyte that has
reacted with the PANi/AguFs composite, preventing any short-circuit.
The fluid evaporated at the pH sensing area is released to the atmo-
sphere through the porous structure of the breathable p-EC layer and the
gas permeable EC layer (supplementary section S4). Only after the
heating layer completes the drying of the sensing area, is the pH mea-
surement collected. The outermost layer of the WPED is a transparent
EC/PDMS film which protects the WPED from environmental moisture
and during water immersion due to the hydrophobic properties of the
PDMS (Fig. 2A, D) (McDonald et al., 2000).

3.2. Fabrication of wireless impedance analyzers

To interface with the electronic decal while it is mounted on the skin
of the user, we fabricated a flexible impedance analyzer circuit and
embedded it between the textile layers of a highly conformable sweat-
band. This wearable impedance analyzer enables the wireless collection
and transmission of pH measurements using WPEDs without causing
significant constraints to the natural movements of the wearer. The
sweatband conforms to the wrist of the user, facilitating the interface
between the impedance analyzer circuit and the WPED using embroi-
dered conductive fabric connectors (Fig. 2B and C). To measure the pH
of unknown solutions or to monitor pH levels of vaginal fluid, the
components of this impedance analyzer were placed on portable 3D-
printed cases that simplify their interfacing with WPEDs.

The impedance analyzer comprises an impedance spectrometer IC,
programed and controlled by a Wi-Fi enabled microcontroller, powered
by a rechargeable 3.7 V Li-ion battery (Fig. 2D). The microcontroller
also controls the resistive heating element in the WPED. The pH mea-
surements are transmitted by Wi-Fi to the user’s phone, where an App
which we developed displays and stores the information (Fig. 2F,
Figs. S4 and S5). Additionally, if the pH measurements are outside the
clinically normal range, the App encrypts and transfers the data to
relevant care givers (Pal et al., 2017).

The low cost of the WPEDs (~0.08 USD, see Table S2) ensures that
they can be deployed as single-use devices. After sweat pH monitoring,
the user can delaminate one corner of the WPED with their nails and peel
off the whole device (without causing skin irritation) and dispose it.
Upon incineration, WPEDs generate minimal amounts of solid byprod-
ucts (Fig. S10). While the WPEDs are single-use devices, the miniatur-
ized impedance analyzer circuit (~26 USD, see Table S3) can be reused
multiple times with different WPEDs and by different users.

3.3. Electrical performance of the PANi/AguFs composite

Although the pH-responsive properties of PANi are well known
(Rahimietal., 2017, 2016), its resistance in the PANi-EB form is too high
(~50 MQ for the dimensions of the WPED) to be measured accurately,
hampering the development of wearable, impedance-based pH sensors
using PANi. To overcome this drawback, we optimized a PANi-based
polymer composite previously developed by our team (Pal et al,
2018) to accurately measure pH over the clinical range of variation of
most biofluids (sweat (Nyein et al., 2016): 5.5-7.5, vaginal fluid (King
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and Brucker, 2010): 3.8-4.5, wound exudate (Ochoa et al., 2014; Rahimi
et al., 2016): 5.5-8.5, gastroesophageal reflux (Frazzoni et al., 2017):
3.0-7.0, urine (Rose et al., 2015): 5.5-7.0). In this work, we enrich the
PANi-ES polymer with 200% (w/w) AgpFs. The high surface area and
random orientation of the AguFs enable the formation of efficient charge
percolation networks through the PANi/AguFs matrix, reducing its
resistance to values (<10 MQ) that can easily be measured using inex-
pensive, miniaturized instrumentation.

To characterize the changes in the impedance of the PANi/AgpFs
composite due to changes in environmental pH, we exposed the WPED
to various pH buffers (2.8-8.6) and measured their complex impedances
across a broad range of frequencies (1 Hz-1 MHz). Fig. 3A shows the
dependence of the resistance (real component of the complex imped-
ance) on the frequency for WPEDs exposed to different pH levels. The
proposed PANi/AgpFs composite exhibits minimal dielectric dispersions
at low pH values, since the concentration of AgpFs efficiently reduced
the dielectric behavior of PANi. Even for high pH values (6-8), dielectric
dispersions only appear at frequencies greater than 100 kHz, demon-
strating that the PANi/AgpFs composite remains sensitive to pH changes
over a larger frequency range than that of pure PANi (Lee et al., 1993;
Singh et al., 1999; Soares et al., 2006). The reactance spectra (imaginary
component of the complex impedance) shows a single peak at high
frequencies (Fig. 3B). The shifting to higher frequencies of these reac-
tance peaks, as well as their reduction in amplitude when acidity is
increased, can be explained by the faster charge transfer in the proton-
ated PANi-ES/AgpFs composite. The increasing negative phase angles
(Fig. 3C) at higher pH values show the increasing capacitive character of
the PANi/AgpFs composite as the conductivity of the PANi decreases.
The Nyquist plots of the PANi/AgpFs composite shown in Fig. 3D exhibit
a single arc (in agreement with the single reactance peak), demon-
strating that there is a single relaxation time for the frequencies being
considered. We hypothesize that the incorporation of AgpFs to the PANi
matrix shifted the second (weak) relaxation peak of PANi (Lee et al.,
1993; Singh et al., 1999; Soares et al., 2006) to frequencies higher than
the range used to operate the PANi/AguFs pH sensor, enhancing the
stability of the pH values measured by WPEDs.

3.4. Thermal performance of the sweat stimulator

The heating layer of the WPEDs (Fig. 1A) contains a resistive heating
element lying on top of the PANi/AgpFs based pH sensor, separated by a
non-conductive layer of EC. Fig. 4A shows TIR images of an on-skin
WPED with the active heating element in OFF and ON conditions.
Prior to collecting a pH measurement, the heating layer of the WPED is
activated, which locally increases the temperature of the underlying skin
up to (38.5 °C, see Fig. 4A). This increase in temperature, stimulates the
production of sweat up to 180 pL/cmZ/hour (Bariya et al., 2018; Wingo
et al., 2010). This sweat rapidly wicks through the p-EC layer helped by
capillary action and reaches the sensing layer of the WPED. Fig. 4D
shows how, after the sensing layer is wetted, the thermal layer requires
to be active for a certain amount of time (3-15 min, depending on the
volume of liquid to evaporate) until the evaporation rate exceeds the
sweating rate of the user, drying the PANi/AgpF composite. Only after
the sensing layer is completely dry, is the pH measurement is collected,
which ensures that the measured impedance corresponds to the inter-
action between the pH of the biofluid being measured and the PAN-
i/AgpFs composite. Additionally, the evaporation of the analyte from
the pH sensing layer prevents the electrodes from being short-circuited.
Since the heater is separated from the pH sensor by an ~10-pm-thick
layer of EC, the temperature at the PANi/AgpFs composite reaches a
steady state in ~10 s (Fig. 4B). The temperature at the pH sensor can be
controlled by tuning the voltage applied to the resistive element of the
heating layer. Fig. 4C shows the control and repeatability of the tem-
peratures induced at the sensing layer over multiple heating cycles as
well as its rapid cooling due to the efficient heat dissipation of WPEDs.
We characterized the performance of the heaters by soaking the pH
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Fig. 3. Electrical performance of the pH sensitive layer of the WPEDs. (A, B, C) Dependence of the resistance (A), reactance (B), and phase (C) of the PANi/AguFs
composite on the reading frequency at different pH levels (2.8-8.6) (D) Nyquist plot of the PANi/AguFs composite.

sensors with water and maintaining the heater at different temperatures
until complete evaporation. During the application of heat, the wearable
impedance analyzer continuously monitors the resistance of the pH
sensor, identifying its drying to be complete when the increments in
resistance become smaller than 5% in 30 s. We characterized the drying
time of the pH sensor at different temperatures induced by the heating
element of the WPED (Fig. 4D). WPEDs, when used as skin-mounted
devices, dry after maintaining a wearer-safe constant temperature of
40 °C for 15 min. When used as ex-vivo pH sensors, WPEDs dry in only 3
min at 60 °C.

3.5. Wireless monitoring of sweat and vaginal pH using WPEDs

Fig. 5 shows how WPEDs, in combination with a wearable or
portable impedance analyzer, can monitor pH levels of sweat or vaginal
fluid. We first calibrate the impedance analyzers with pH buffers at a 10
kHz frequency to maximize the contrast between impedances due to pH
values (Fig. 5A). Working frequencies higher than 10 kHz result in
impedance values decreasing with frequency, especially at high pH
levels, due to the capacitive effects exhibited at those frequencies by the
PANi/AgpFs composite.

The impedance of the PANi/AguFs composite depends on the relative
composition of the two phases of PANi (PANi-EB and PANi-ES), which is
regulated by the concentration of H+ ions. Since pH is defined as the
decimal logarithm of the reciprocal of the H+ concentration, the loga-
rithm of the impedance modulus exhibits a linear correlation with pH
values (Fig. 5B). Therefore, we can describe the relationship between the
modulus of the impedance and pH as: log,,|Z| =A + - pHwhere A and
are experimentally determined fitting parameters depending on the
composition of the PANi/AguFs composite and the design of the WPED
(supplementary section S6). Using experimental results obtained at 10

kHz (indicated by the dashed line in Fig. 5B), we calibrated the pH
sensing capabilities of WPEDs according to the following equation:
log;o|Z| = 2.64 + 0.407-pH (Fig. 5B). This equation describes WPEDs
across the 2.8-8.6 pH range, which covers the clinical range of variation
of pH for vaginal fluid (King and Brucker, 2010) (3.8-4.5) and sweat
(Nyein et al., 2016) (5.5-7.5).

Once we verified that WPEDs are able to accurately quantify pH
levels of buffers, we tested their pH sensing performance with real
biofluids. WPEDs were attached to each of the forearms of a volunteer
and sweatband-like wearable impedance analyzers were used to monitor
his sweat pH across the different phases of a 1-h workout (Fig. 5C and D).
At rest, the sweat pH of the volunteer was ~6.3, which increased to ~7.2
during exercise (Fig. 5E). This increment in pH can be explained by the
decrease of lactic acid concentration in sweat during exercise (Gao et al.,
2016). All pH values measured by WPEDs were verified using a com-
mercial pH tester.

Periodic vaginal pH monitoring enables the detection of BV
(Hemalatha et al., 2013). We also demonstrate the use of WPEDs, in
combination with a portable impedance analyzer, to monitor vaginal pH
at home. This point-of-care testing device comprises two components: A
re-usable measuring base containing a wireless impedance analyzer and
a single-use omniphobic paper-based box with a WPED attached to its
bottom (Fig. 5F). The electrical contacts of the WPED are folded so that
they are in contact with the conductive pads printed on the measuring
base, which enable the interfacing between the WPED and the imped-
ance analyzer. We rendered the paper-box omniphobic using a fluo-
roalkyl organosilane (C!2F), following the experimental procedure
described by our group in previous publications (Pal et al., 2018; Sala de
Medeiros et al., 2019). Prior to collecting measurements of the vaginal
pH, a healthy female volunteer out of her menstrual cycle wore a sani-
tary tampon for 5 h. The tampon was simply placed on the omniphobic
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paper box and this box was placed on the measuring base during 5 min.
The collected measurement of vaginal pH was then wirelessly trans-
mitted to a laptop computer through the app (Fig. 5G). After the test is
performed, the paper-based container holding both the tampon and the
WPED can be easily disposed, maintaining the wireless measuring stage
clean.

3.6. Mechanical and thermal stability of WPEDs

WPEDs are intended to be transferred to highly deformable plat-
forms—such as skin or cellulose-based sanitary products—to monitor
pH levels. Therefore, the usability of WPEDs depends on their ability to
maintain their accuracy under mechanical deformation. Fig. 6A shows
the insensitivity of the analytical performance of the pH sensor to 300
loading and unloading cycles, while bending the WPED to a radius of
curvature of 3 mm (Fig. 6B). The capability of WPEDs to bend to small
curvatures demonstrates their suitability as wearable devices (Takei
et al, 2010). Additionally, we observed minimal thermal drifts
(<0.06%/°C) on the pH measurements caused by the temperature
induced on the PANi/AguFs composite by the heating element of the
WPEDs (Fig. 6C and D). The thermal stability of the PANi/AguFs pH
sensor spans over the range 20-80 °C. This demonstrates that the
application of heat to induce sweat or dry the pH sensor (40 °C on skin,
60 °C on tampons) does not compromise the accuracy of WPEDs.

4. Conclusions

In summary, this work reports the low-cost fabrication of highly

conformal, waterproof electronic decals (WPEDs) that can be easily
mounted on skin or on the surface of paper-based sample containers to
monitor sweat and vaginal pH. The sensing layer of the WPEDs consists
of a pH sensitive PANi/AgpFs composite whose impedance range min-
imizes thermal drift. Additionally, the impedance of this PANi/AguFs
composite matches the low currents typically provided by low-power
wearable electronics, exhibiting a pH sensitivity of 0.407 log(Q)/pH.
An independent resistive heating element on top of the PANi/AguFs
composite serves to first stimulate sweating (for sweat pH monitoring
WPEDs) and then evaporate excess of fluid in the PANi/AgpFs com-
posite, avoiding short-circuits and reducing the variability of the mea-
surements. WPEDs have five significant advantages over previously
reported sweat pH sensors: (i) The flexibility, low thickness, and self-
adhesive behavior of WPEDs facilitate their conforming to curved and
irregular substrates, eliminating the somatosensory perception of these
electronic decals when mounted on skin; (ii) the decoupling between the
disposable WPEDs and a reusable wireless impedance analyzer with
integrated data processing and transmission modules, enables the use of
WPED as single-use biosensors at the point of care. A user-friendly
mobile App receives, displays, encrypts, and stores the results of the
pH measurements, informing the patient and transferring the data to
relevant care givers so that they can provide early preventive treatment;
(iii) the transparency and the breathability of WPEDs makes them barely
perceptible and prevent skin irritation even when the same sensor is
worn on skin for up to 3 h; (iv) the lamination of the contact pads, and
the sensing and stimulating elements of the WPED with biocompatible
polymers prevents metals from contacting the skin of sensitized users,
further minimizing skin irritation; (v) WPEDs are moisture-insensitive
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Fig. 5. Monitoring pH of sweat and vaginal fluid using WPEDs. (A) Bode plot for the magnitude of impedance measured by a WPED for pH levels of different buffers.
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monitor sweat pH. (D) Exercise intensity of the volunteer over 1 h. (E) Sweat pH values obtained from the volunteer over different phases of exercise intensity. (F)
Portable WPED-based device for the at-home monitoring of vaginal pH. (G) pH of vaginal fluid of a volunteer measured over 5 consecutive days.

and exhibit high thermal and mechanical stability, conforming to the
natural motions of the wearer in a variety of environments and avoiding
the Nernstian thermal drift commonly observed in potentiometric pH
sensors. The reported WPEDs and the wearable and portable impedance
analyzers, at their present level of development, also have two limita-
tions: (i) A measuring time of ~15 min is required to measure sweat pH
at rest as the heater is limited to 42 °C, the maximum temperature which
can be safely applied to the skin of the user (Zhang et al., 2017); (ii)
when using WPEDs to identify vaginal infections during menstrual pe-
riods, it needs to be taken into account that the presence of blood (pH
~7.4) will naturally increase the pH of vaginal fluid. WPEDs, however,
are simple to apply and to interface and can allow the accurate wireless
monitoring of pH over the clinical range of a variety of biofluids such as

sweat, vaginal fluid, wound exudate, or gastroesophageal reflux. We
expect that WPEDs, with further development, will be able to expand the
sensing capabilities of sanitary products (such as pads, tampons, or di-
apers) in home environments and at the point of care, and also be useful
in various industrial applications, such as monitoring food and dairy
quality.
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