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Abstract—Noninvasive sweat sensor integrated with electronic devices has great potential to monitor health conditions
and diagnose several diseases in their early stages. In this letter, we present multiplexed flexible skin patches consisting
of electrochemical sensors for monitoring potassium (K+), calcium (Ca2+), and pH levels in sweat with Internet-of-Things
(IoT) connectivity. The sensor suite demonstrates dynamic and repeatable characteristics with a high degree of sensitivity
(S+

K = 64.17 mV/dec., S2+
Ca = 38.33 mV/dec., and SpH = −46.33 mV/dec.) and selectivity for the detection of desired ions.

The sensor suite was tested for on-body during running exercise for over 60 min; results show an increasing trend in K+

and pH levels and decreasing trend of Ca2+ levels in real sweat, as expected. The developed device can be a pivotal tool
for point-of-care applications for in-field sweat ionic content and pH analysis.

Index Terms—Chemical and biological sensors, calcium sensor, flexible electronics, ion selective electrode, Internet of Things (IoT),
multiplexed sensor, pH sensor, potassium sensor, sweat.

I. INTRODUCTION

Wearable biosensor development has accelerated in recent years
due to its potential to improve one’s health and wellness with-
out the need for specialized equipment or personnel [1], [2], [3].
Despite the advancement of several cutting-edge sensor technologies,
commercially viable biosensors are predominantly limited to physical
activity or biopotential monitoring due to the ease of integrating with
electronics. On the contrary, biosensor integration with electronics
has been challenging [4]. This is primarily because in most cases,
the collection of human bodily fluids, such as blood, serum, and
interstitial fluids (ISF) requires invasive approaches, which makes
real-time analysis of biomarkers in these fluids, using said biosen-
sors, not only more difficult but also poses a risk of infection at
the collection site. However, collecting bodily fluids, such as sweat
and saliva from human subjects is relatively easy, noninvasive, and
most importantly, they contain several electrolytes and metabolites
that are major biomarkers of mental and physical health conditions
and correlated strongly with levels in blood [5]. To be more specific,
sweat’s sodium (Na+), potassium (K+), and pH can provide insight into
the individuals’ hydration state, which can further be utilized to detect
fatigue or disorders related to electrolyte imbalance [7]. Similarly,
improper calcium ion (Ca2+) levels in sweat can endanger the correct
functioning of numerous organs and systems, including but not limited
to myeloma, cirrhosis, and normocalcemic hyperparathyroidism [8],
[9], [10]. Thus, real-time monitoring of the pH and ionic content of
sweat can be used to both detect various medical disorders in patients
and to improve athletes’ performance during competitions [11].

For a healthy person, the sweat pH changes from 4.5 to 6.5 [12], [13].
There is an increase in sweat pH with physical activity [13]. Similarly,
the concentration of sweat calcium varies from 0.5 to 2.0 mM [14],
[15], [16], while the concentration of sweat potassium ranges from 3.0
to 10.0 mM [17].
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Our research focus is on the development of sweat biosensors based
on an electrochemical approach, specifically using potentiometry,
due to its simplicity and compact wearable realization. There have
been several examples of wearable biosensors, such as battery-less
multiplexed pH, lactate, glucose, and chloride sensors [11], as well
as H+, Na+, K+, and Cl- sensors for sweat [18], [19], [20]. Also,
recently an interesting approach based on the textile thread for sweat
monitoring of Na+, NH+

4 , pH, and lactate was reported [21]. However,
very few configurations have been reported for the specific multiplexed
detection of cationic contents (K+ and Ca2+ levels) in sweat with inte-
grated Internet-of-Things (IoT) functionality. Addressing this research
gap in the work, we illustrate the construction of a multiplexed sensor
for these ionic species. The contributions of this work are 1) real-time
detection of K+, Ca2+, and pH in a multiplexed sensor format with IoT
integration, and 2) improved low-cost roll-to-roll sensor fabrication in
flexible polyimide substrate.

II. SENSOR FABRICATION

A. Screen-Printed Electrode Fabrication

The proposed sensor has three planer working electrodes (WE) and
one common reference electrode (RE). The three working electrodes
are dedicated to potassium (WE+

K ), calcium (WE2+
Ca ), and pH (WEpH)

detection. The size of the whole sensor patch is 4 × 4 cm, while the
diameter of the working and the reference electrode is 2 mm. First, the
transfer tape (Chartpak, DAF8) is kept inside of the CO2 laser (BOSS
Model No: LS1416). Next, the origin is selected, the laser is focused,
and framed to begin laser cutting. Finally, the transfer tape is cut
according to the designed pattern. Then, the individual sensor pattern
is separated from the main roll using a pair of scissors. Thereafter, the
patterned transfer tape is attached to the polyimide sheet (thickness
0.002”).

The next step is the traditional screen-printing stage. To fabricate
a reference electrode made of silver/silver chloride (Ag/AgCl), the
Ag/AgCl paste (Kayakli, AG-500A) is applied on one of the electrodes.
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Fig. 1. (a) Stencil is cut on a transfer tape using a laser cutter.
(b) (i) Polyimide with screen mask is screen printed with (ii) Ag/AgCl ink
for RE, and (iii) carbon ink for WE followed by functionalization or drop
casting of (iv) functional inks to realize sensors. Diameter of electrodes
is 2 mm.

Fig. 2. (a) PANI deposition in 0.50-M aniline and 1.0 M of HCl using
cyclic voltammetry by sweeping the voltage from −0.40 to 1.0 V at
50.0 mV/s. SEM image of (b) carbon-coated WE and (c) PANI-coated
WE.

The paste was uniformly spread using a squeegee and the electrode
was baked on a hot plate at 60 °C for 30 min. Thereafter, carbon ink
(Kayakli, C-250J) is applied on to the other three electrodes to fabricate
WE’s and baked again at 65 °C for 30 min. Finally, the transfer tape is
removed, and the bare electrodes are prepared. Fig. 1 shows the overall
process of the fabrication process of the electrodes.

B. Synthesis of K+ and Ca2+ ISM Coating

To prepare the K+ ion-selective membrane (ISM) cocktail, 2.0%
potassium ionophore I (valinomycin), 0.6% Sodium tetrakis[35-
bis(trifluoromethyl) phenyl] borate, 64.7% bis(2-ethylhexyl) sebacate
(DOS), and 32.7% polyvinyl chloride (PVC; high molecular weight)
(w/w%) is dissolved in 1.0 mL of THF followed by 10 min of vortex
shaking and 15 min of sonication.

The calcium ISM is made on 660 µL of THF, where 1.0% cal-
cium ionophore, 65.45% DOS, 0.5% Sodium tetrakis[35-bis (trifluo-
romethyl)phenyl]borate, and 33.0% PVC is dissolved. The resulting
cocktail is centrifuged at 750 r/min for 3 h to make a uniform cocktail.

C. pH Sensitive Coating Synthesis

Our previous reports have detailed the procedure of formation of
polyaniline (PANI)-based nanofiber coated WEpH. Briefly, 1.0 M of
HCl with 0.50 M of aniline is applied over the WEpH, WE+

K , and RE.
PANI was potentiometrically deposited by sweeping voltage −0.4 to
1.0 V at 50.0 mV/s [Fig. 2(a)] and further grown at a fixed potential
of 0.80 V for 600 s to facilitate the fabrication of uniform PANI
nanofiber [22]. Then, the electrode was washed thoroughly to remove

Fig. 3. Open-circuit voltage (OCV) responses for different concentra-
tions of (a) potassium ion and (b) calcium ion. The calibration curve
shows (c) OCV versus K+ concentrations and (d) OCV versus Ca2+
concentrations.

Fig. 4. (a) Open-circuit voltage (OCV) responses for different pH and
(b) calibration curve for pH sensor: OCV versus pH.

the unbound monomers and acid impurities. Furthermore, the surface
modification was characterized using scanning electron microscopy
(SEM). Fig. 2(b) and (c) confirm that the electrode surface is fully
covered after PANI deposition.

D. Electrode Fabrication

5.0 µL of PEDOT: PSS (1.3wt% in water) is applied over the WE2+
Ca

and dried overnight. Similar to the pH coating PANI layer is deposited
over a working electrode to fabricate a cation exchange membrane
for the potassium sensor (WE+

K ) and also kept at room temperature
overnight.

Finally, 5.0 µL of K-ISM and Ca-ISM is applied over WE+
K and

WE2+
Ca , respectively. The electrodes were kept in the dark overnight

at 25 °C for further use. The real-time data on the body is taken by
separating the electrodes by using a clinical gauge.

III. RESULTS AND DISCUSSION

A. Potentiometric Detection of K+, Ca2+, and pH

All the calibration is done in artificial sweat which was prepared
using the protocol described in the previous report [23]. The K+ is
calibrated for the range 10-1–10-5 M (Fig. 3). Similarly, the Ca2+ sensor
is calibrated for the 0.25–2.0 mM range (Fig. 3), and the pH sensor
is calibrated from pH 5.0–pH 8.0 range (Fig. 4). The sensors show
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Fig. 5. Selectivity coefficient of (a) K+; (b) Ca2+ in the presence of
various interfering species.

both repeatability and dynamic behavior for both low-to-high concen-
trations, and high-to-low concentrations. The monovalent cation (K+)
as well as the pH sensor shows near Nernstian behavior while due to
the divacancy of Ca2+, sensitivity to Ca2+ is less than the expected
Nernstian limit [24]. The coefficient of variance from cycle to cycle is
less than 0.381%.

B. Selectivity Test

The selectivity coefficient is calculated using the Nernst equation
[25]

E = E 0 + RT

ziF
ln

[
ai +

∑
KPOT

i j a
zi
z j
j

]

where E, E0, R, T, z, and F are denoted by electrode potential, standard
electrode potential, gas constant, absolute temperature, valance of the
ion, and Faraday constant, respectively. In addition, a is the activity of
the ion, and i and j represent the target and interfering ion, respectively.
In all cases, 0.1 M of cations are chosen for the selectivity testing. While
PANI improves the selectivity of the K+ ions [26], [27] by working
as a cation exchange membrane, PEDOT: PSS similarly improves the
selectivity for Ca2+. The overall selectivity results are shown in Fig. 5.
According to the abovementioned equation, the coefficient kij is the
measure of the selectivity of the sensor. In the case of the interfering
ions, the value of the kij will be higher and in the case of the ion
of interest it will be lower. In our case, the working electrodes are
modified for selective detection of K+ and Ca2+. As shown in Fig. 5,
the value of kij for K+ and Ca2+ is lower, and the value of kij of the
interfering ions (Na+, Fe3+, Mg2+, and NH+

4 ) is higher. The reported
kij levels in Fig. 5 are adequate to conclude the said sensors for K+ and
Ca2+ ions are selective and have less sensitivity to interfering ions.

C. System Architecture and Real-Time Measurement

Arduino nano 33 microcontrollers operating at 3.3 V is used as
an IoT interface to measure the sensor’s open-circuit potential (OCP)
with a built-in ADC (10 bit). It then calculates the concentration and
pH levels and finally sends the data to the Blynk cloud platform from
where the data are displayed on the user’s smartphone. To monitor
the ionic content and pH in sweat in the field, an additional OLED
display has been added, while the Android Blynk app user interface
is modified to monitor the data remotely. The OLED communicates
with the microcontroller through I2C communication while the data
are transmitted from the Arduino nano 33 IoT using Wi-Fi to the virtual
port of the Blynk platform. The microcontroller-measured data and the
commercial potentiostat (CHI 760)-measured data have a 0.0366% co-
efficient of variance. The system consumes almost 88.58 mW of power
and has a latency (the time difference between data acquisition to the

Fig. 6. (a) Sensor patch on hand with data acquisition unit. (b) System
architecture. (c) Data to the blynk cloud. (d) Developed IoT app for
real-time monitoring of the sweat ionic content and pH.

Fig. 7. Real-time on-body measurement of the sweat. (a) Potassium,
(b) calcium, and (c) pH for a period of 1 h.

data update on the smartphone screen) of almost 3.05 s, which can be
decreased with increased data rate (i.e., increased power consumption).
The detailed system architecture and the real-time data acquisition are
shown in Fig. 6.

The system is also tested for on-body measurement in a single human
volunteer under informed consent in a preapproved protocol. The sen-
sor was affixed on the arm having a gauge underneath to continuously
sample the sweat and data are acquired through the developed system
described earlier. To perform on-body test, continuous running (856.35
calories burnt in total) for 1 h at 22 °C and 55%RH environment is
performed. The first 15-min data were not considered as the body needs
time to sweat. After the initial rise, the K+ and Ca2+ concentration in
the sweat decreased during physical exercise. Similarly, the pH of
the sweat becomes less acidic as the time of exercise increases. This
phenomenon (Fig. 7) is in good agreement with existing literature
[18], [28].

IV. CONCLUSION

In this letter, we demonstrate accurate measurement of two cationic
elements (K+ and Ca2+) and pH in the sweat using a multiplexed
flexible sensor coupled with an embedded IoT platform. The sensor
platform was validated using artificial sweat on the body during an
exercise. However, more real-time on-body data needs to be collected
to further validate the sensor performance and to correlate sweat ionic
patterns to optimal athletes’ performance in sports, and to several
medical conditions to prevent life-threatening events. In the future,
systems will be developed for multiplexed detection of several other
sweat biomarkers (cortisol, uric acid, lactate, glucose, tyrosine, etc.)
along with other ionic elements using advances in flexible electronics
and electroanalytical chemistry.
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