
Multifunctional Wearable System for Mapping Body Temperature
and Analyzing Sweat
Md. Sajjad Alam, Jung Kyung Kim, and Jungil Choi*

Cite This: ACS Sens. 2023, 8, 1980−1988 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Integrated wearable bioelectronic health monitoring
systems have revealed new possibilities for collecting personalized
physiological information. Wearable sweat sensors have the
potential to noninvasively measure valuable biomarkers. Mapping
sweat and skin-temperature throughout the body can provide
detailed information on the human body. However, existing
wearable systems cannot evaluate such data. Here, we report a
multifunctional wearable platform that can wirelessly measure local
sweat loss, sweat chloride concentration, and skin temperature.
The approach combines a reusable electronics module to monitor
skin temperature and a microfluidic module for monitoring sweat
loss and sweat chloride concentration. The miniaturized electronic
system takes temperature measurements from the skin and wirelessly transmits the obtained data to a user device using Bluetooth
technology. In contrast, the microfluidic system provides accurate colorimetric analysis of the chloride concentration and sweat loss.
Thus, this integrated wearable system has great application potential in individualized health management systems for sports
researchers and competitors and can also be applied in clinical settings.
KEYWORDS: sweat, microfluidics, colorimetric, temperature mapping, wireless communication

Nowadays, the design and advancement of wearable
bioelectronic devices capable of real-time monitoring of

physiological and biochemical signals have attracted significant
attention. Wearable physical sensors facilitate wireless monitor-
ing of several physiological parameters such as blood pressure,1

heart rate,2 and temperature.3 Temperature is an important
physiological parameter as it effects almost all human body
activities related to metabolism.4 A stable body temperature is
crucial to maintain proper metabolism in the human body as
hyperthermia or hypothermia adversely affects the enzymes
responsible for metabolism.5 Moreover, skin temperature
provides information regarding skin injuries and diseases.6

In contrast, wearable chemical sensors offer noninvasive
simultaneous monitoring of several crucial analytes in human
biofluids, such as sweat,7 saliva,8 and interstitial fluid,9 instead of
invasive blood. Due to its ease of access and lack of invasiveness,
sweat has gained greater attention than other biofluids in recent
years. Human sweat secreted by eccrine glands is an analyte-rich
fluid. Sweat contains several crucial biomarkers such as
electrolytes (Cl−, Na+, and K+), metabolites (urea, lactate,
glucose, and ammonia), nutrients (Ca2+, Mg2+, vitamin c, and
iron), toxins (ethanol), and hormones (cytokines and
cortisol).10 Sweat lactate provides information about physical
stress and can be used to detect pressure ischemia.11 Recent
studies suggest that sweat glucose qualitatively indicates blood
glucose levels and can thus be used for simultaneous monitoring
of diabetes.12 Sweat chloride concentration is a standard marker

to test genetic conditions such as cystic fibrosis (CF) in
newborns.13 In addition, sweat rate indicates hydration state,
physical exertion, and stress.14

Generally, sweat and temperature mapping studies are
performed in a clinical laboratory environment that requires
benchtop instruments. Conventional methodologies for sweat
collection are related to use of wicking gauzes, centrifuge
systems, and absorbent pads. However, these techniques cover
only a small region of the body and do not offer real time sweat
information. Moreover, these approaches suffer from contam-
ination, and loss of samples during several analysis steps. Recent
advances in microfluidic,15 electrochemical,16 and electronic17

platforms have overcome these limitations by enabling real time
analysis of sweat utilizing wireless near-field communication
(NFC) or Bluetooth Low Energy (BLE) technologies. Tradi-
tionally, skin thermography utilizes an infrared (IR) digital
camera system; however, it requires an expensive system.
Recently developed skin-interfaced wearable temperature
sensors enable continuous monitoring of skin temperature.18
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Monitoring the sweat loss, sweat chloride, and temperature is
essential to have a total understanding of the physiological
health condition. For instance, mapping sweat chloride
concentration throughout the body can help identify the CF, a
genetic disorder that affects the lungs, pancreas, and other
organs. Since a patient with this disease generally has 60−150
mM chloride concentration in sweat, for diagnosis of CF
mapping chloride concentration is necessary to identify the
severity and distribution of the disease.19,20 In addition,
monitoring sweat chloride concentration can help assess the
effectiveness of treatment. By tracking changes in sweat chloride
concentration over time, doctors can adjust medication dosages
and other therapies to optimize outcome. Mapping the local
sweat rate across the body is important while monitoring
patients who have suffered from a stroke.21 Furthermore,
mapping the temperature throughout the body during sleep is
useful to investigate the circadian rhythm sleep-wake
disorders.22 By mapping skin temperature over time, healthcare
providers can monitor the infection and inflammation status of a
wound.23,24 Mapping sweat rate and sweat chloride concen-
tration can provide information about the body’s fluid and
electrolyte imbalance, while mapping skin temperature can
provide information about body’s thermoregulatory process.
Together, these parameters can provide a comprehensive
assessment of individual’s hydration status, which can be useful
to prevent hyponatremia.25,26

Usually, full body sweat rate is determined by calculating the
change in body weight before and after physical exercise.
However, these methods need to consider several parameters
such as food/water intake throughout the exercise period and
are not useful in real-world cases. The existing sweat sensors
mainly focus on individual monitoring of targeted analytes. In

contrast, the existing temperature sensors mostly focus on body
temperature measurement for a small area. However, monitor-
ing sweat and skin temperature together can provide vital
information about the human body. To the best of our
knowledge, no effort has been made for mapping sweat and
skin temperature throughout the body. Such monitoring
requires integration of wearable chemical and physical sensors
that can transfer data wirelessly.
Here, we introduce a multi-skilled wearable system for

monitoring sweat loss, chloride concentration, and skin
temperature. The system integrates physical and chemical
sensors. The physical sensor utilizes an electronic module to
measure skin temperature, and the chemical sensor utilizes a
microfluidic module for sweat analysis. A custom developed
smartphone application evaluates the sweat chloride concen-
tration. Moreover, the system can measure skin temperature in a
wireless manner for 10 h. A custom computer program is also
developed to monitor these data in a single screen. This
integration offers a facile way to monitor temperature and sweat
for personalized healthcare systems.

■ MATERIALS AND METHODS
Fabrication of the Microfluidic Module. The microfluidic

channels were fabricated using standard soft photolithography
techniques. More precisely, a 200 μm SUEX TDFS photoresist (DJ
Microlaminates, USA) was coated on a 500 μm thick, 4 in. silicon wafer
at 70 °C. Afterward, the SUEX-coated silicon substrate was subjected to
ultraviolet (UV) light at a power of 200 mJ m−2 through a predesigned
photomask. Following photolithography, the coated silicon substrate
was baked at 90 °C for 20 min on a pre- heated hot plate. After that, the
silicon wafer was developed for 10 min utilizing an SU-8 developer
(Kayaku Advanced Materials, USA). The polydimethylsiloxane
(PDMS) base, curing agent (Sylgard 184, Dow Corning), and white

Figure 1. Schematic illustrations and photographs of wireless epidermal sensors used for monitoring body temperature and sweat. (a) Exploded view
of schematic illustration of multifunctional sweat and temperature sensing platform. (b) Optical image of the system showing integration of
microfluidic and electronic module. (c) Optical image of the complete system under bending condition. (d) Illustration of the epidermal sensors
connected throughout the body with simultaneous, wireless data transmission capabilities. (e) Image of complete sensor attached to human skin
during sweating.
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silicone dye (Silc Pig, Smooth-On) were then mixed in a 10:1:1 weight
ratio and put in a vacuum chamber for 15 min to remove generated air
bubbles. Then, the degassed PDMS mixture was spin-coated on the
developed mold at 200 rpm for 30 s, followed by baking at 140 °C for 3
min, to form the desired channel thickness. Following this, the channel
layer was cut into the device size using a CO2 laser cutter (Universal
Laser Systems, USA). Pouring PDMS (10:1, base: curing agent) on a
poly(methyl methacrylate) (PMMA)-treated silicon wafer and then
spin-coating at 200 rpm for 30 s with subsequent curing at 140 °C for 3
min produced a 400-μm-thick uniform transparent cover layer. Later,
the cover layer was cut into the temperature sensor block size. To create
a sticky layer, we first prepared a 200-μm-thick PDMS layer (spin-
coating at 400 rpm) on a PMMA-treated silicon wafer utilizing the
procedure described above. On top of this, another layer of PDMS
(40:1 base: curing agent ratio) was spin-coated at 1000 rpm for 30 s; the
structure was cured at 140 °C for 3 min. The cover and sticky layers
were bonded to the PDMS channel layer using a plasma treatment
machine (BD-20 V, Electro-Technic Products, USA). A medical-grade
adhesive layer was bonded to the back of the sticky layer after exposure
to the plasma treatment machine. The detailed assembly of the system
is included in the (SI) Supporting Information (Figure S1).

Fabrication of the Wireless Electronics Module.The electronic
module consists of a microcontroller, an RF antenna, a USB connector,
a Li-ion polymer battery, a low-dropout voltage regulator, a battery
charge controller, a light-emitting diode, a digital temperature sensor,
and passive components. A digital temperature sensor (MAX30208,
Maxim Integrated, USA) with ±0.1 °C accuracy from +30 to +50 °C
and 16-bit resolution (0.005 °C) detected the skin temperature of the
human body. It utilized the standard interintegrated circuit (I2C) serial
communication bus to communicate with a microcontroller. The
microcontroller block used a STM32WB55RGV6 (STMicroelec-
tronics, Switzerland) chip, which is a low-power platform with
Bluetooth 5 support. The chip transferred the temperature values to
a computer program via the BLE protocol utilizing an RF antenna
(ANT3216 LL00R2400A). A Li-ion polymer battery (TW601015-60
mAh) was used to power the system. The battery was charged with a
linear charge management controller (MCP73830LT) and could be
fully charged within 2 h. The battery could supply sufficient power to
the system to simultaneously transmit temperature data for
approximately 10 h. The circuit was designed in the OrCAD 9.2
capture platform. Afterward, a printed circuit board (PCB) layout was
designed utilizing the PADS 9.4 layout platform. Subsequently, a four-
layer PCB (area: 25 mm × 25 mm) that contained all the essential
components for the electronics module was manufactured. The circuit
diagram, routing at difference layers, PCB outline, and list of
components are available in the Supporting Information (SI) (Figures
S2−S4 and Table S1).
To monitor the temperature sensor data, a desktop application was

developed using the C programming language in Microsoft Visual
Studio 2017 development environment. The application displays the
data of the 20 sensors simultaneously and allows the user to export the
temperature data into a file in the comma-separated value (CSV)
format. The materials and methods are provided in the SI.

■ RESULTS AND DISCUSSION
Multifunctional, Skin-Interfaced, Wearable System for

Sweat Analysis and Temperature Mapping. An exploded
view of the proposed hybrid sweat and temperature sensor is
illustrated in Figure 1a. The prepared system is an integration of
a microfluidic module for analyzing local sweat loss and chloride
concentration and an electronics module for sensing skin
temperature.
The dimension and weight of the device are 26 mm × 45 mm

and 4.8 g (microfluidic module 1.7 g, electronics module 3.1 g),
respectively. The microfluidic module is for single-time use,
whereas the electronics module is reusable. The electronics
module contains a wireless temperature sensor platform. A hole
is created on the cover layer to attach the temperature sensor

block on the bottom sticky layer. A chloride colorimetric assay is
placed on the microchamber of microfluidic channel layer to
detect the sweat chloride concentration. Moreover, a 5 mm-
diameter hole on the bottom sticky layer allows the temperature
sensor to remain in contact with the skin via adhesive layer for
measuring skin temperature. A double-sided adhesive layer lies
between the back of the sticky layer and epidermis, which offers
comfortable attachment of the whole system on the skin. In our
device, the temperature sensor is not in direct contact with the
skin and if it did, it would measure the temperature of sweat on
the skin rather than the skin temperature itself. Hence, we
utilized the medical adhesive layer between the skin and the
temperature sensor to ensure accurate skin-temperature
measurement, as it provides good thermal contact without any
air gaps that could affect the temperature reading.
Figure 1b demonstrates the integration of the microfluidic

and electronics modules. The electronics module is attached
through the hole of the cover layer to the bottom sticky layer.
Figure 1c illustrates the flexibility of the system under bending
conditions. The microfluidic module is flexible, whereas the
temperature module is inflexible. However, the miniaturized
temperature sensor in combination with the microfluidic
module offers sufficient flexibility to attach the system on
different curved regions of the human body. Figure 1d shows
schematic of the sensors attached across the body, with wireless
data transmission capabilities. Twenty devices were attached to
different regions of the human body. The temperature sensors
measure the skin temperature and transmit the data utilizing
Bluetooth technology to a host computer. A custom computer
application is developed to demonstrate the 20 temperature
sensor values on a single screen.
During exercise, the body produces sweat to regulate its

temperature by releasing heat from the body through the process
of evaporation. This can potentially affect the accuracy of skin-
temperature measurements, depending on various factors such
as physical activity, sweat production, and sensor location. As
our temperature sensor contacted to skin via the adhesive layer
and covered by several PDMS layers, the evaporative cooling
effect is not feasible for our device. The generated sweat enters
the microfluidic channel via an inlet hole, and it fills the
microchamber containing the colorimetric assay system. The
amount of obtained color and chloride concentration are
proportionate to each other. A color analysis smartphone
application detects the chloride concentration based on the
generated color values. The system does not require any color
reference marker as it use the substrate to compensate the color
in different lighting conditions. Moreover, the system facilitates
quantitative monitoring of regional sweat loss. The amount of
sweat in the microfluidic channel represents the local sweat loss.
Figure 1e shows a complete photograph of the proposed hybrid
system attached to the human skin during sweating.

Fundamental Characteristics of Wireless Temperature
Sensor. Thermocouples, heat flux, and IR thermometry are
commonly used skin-temperature sensors. Thermocouples
generate a voltage proportional to the temperature difference
between the two ends of the sensor when exposed to a
temperature change. Heat flux sensor measures the flow of heat
by detecting the temperature difference between two points on
the surface being measured. IR thermometers measure temper-
ature by detecting the infrared radiation emitted by an object.
Among them we choose max30208 temperature sensor as it has
small size, and suitable for wearable application. It utilizes an
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integrated thermistor, and the thermistor’s resistance changes
with temperature.
The basic characteristics of the temperature sensors are

investigated by evaluating the performance, calibration, long-
term stability, and different environmental condition tests. The
temperature sensor performance is compared with a commercial
T-type thermocouple, and a commercial IR camera. Further-
more, the long-term stability test investigates the reliability of
the temperature sensor in a 10 h test period. Figure 2a shows the
block diagram of the proposed temperature sensor platform.
The construction includes a temperature sensor, a micro-
controller, an antenna, and a power supply for the system. A
contact-based digital temperature sensor measured the skin
temperature with 1 Hz sampling rate and utilized I2C to
communicate with a microcontroller. The microcontroller
transfers the data to a host device using Bluetooth. Figure 2b
shows photographs of the front and back view of the overall
temperature sensor platform.
Figure 2c compares the performance of the temperature

sensor with a commercial thermocouple from 30 to 36 °C.
Notably, there is small difference (around 0.2 °C) in between
the thermocouple and temperature sensor measurements. The
experimental configuration is in the SI (Figure S5). Figure 2d
shows the calibration graph between time and temperature for
five different temperature sensors. It is noticeable that there is
small difference between the five sensors measurement in 10 h
period. Figure 2e displays the continuous 10-h performance
results of the temperature sensor. The result indicates that the
temperature sensor is reliable for 10 hmeasurement. In addition,
we performed a 10 h comparison between the sensors and a
thermocouple to assess the sensor’s reliability further, which is in
the SI (Figure S6).

Figure 2f compares the performance of the two sensors with
an IR camera. Two sensors, one with a hole in the adhesive layer
and another without hole were prepared and attached to the
forearm of the human body. Afterward, an IR camera was used to
monitor the forearm temperature. The sensor with a hole has
direct contact with the skin, whereas the sensor without a hole is
attached to the skin through an adhesive layer. The sensor with a
hole measured a higher temperature compared to that without a
hole. Moreover, some discrepancy is noticeable between the IR
camera and temperature sensor results. This might be attributed
to the different measurement techniques and effect of
surrounding environment on the IR camera readings. The
experimental setup is depicted in the SI (Figure S7). If the
temperature sensor is exposed to sweat, it may affect the
measurement of skin temperature. Therefore, we used an
adhesive layer to block physical contact between the sweat and
the temperature sensor throughout the experiment.
Besides, we investigated the effect of environmental condition

on our device. We attached two devices on the left forearm and
exposed them to different conditions, including a laboratory
environment at 16 °C and 26% humidity, an outdoor
environment at 4 °C and 23% humidity, a laboratory
environment again at 16 °C and 27% humidity, and a warm
room at 29 °C and 18% humidity. We also used a Fluke 62MAX
+ (Fluke Corp, USA) IR thermometer to measure skin
temperature and a Braun ThermoScan 7 (Braun, Germany)
ear thermometer to measure core temperature using the left ear.
We found that core body temperature decreased slightly in a
cooler environment and that the skin temperature of the
exposed forearm area was more affected by the surrounding
environment compared to the unexposed sensor area. The

Figure 2.Wireless system for simultaneous measurement of body temperature. (a) Block diagram of temperature sensing platform. (b) Photograph of
the complete temperature sensing system. (c) Comparison of the temperature sensor with a commercial thermocouple from 30 to 36 °C. (d)
Calibration graph between time and temperature for five different temperature sensors. (e) Continuous 10 h performance comparison with that of an
IR thermometer. (f) Comparison between the IR camera and temperature sensors with and without a hole in the adhesive layer.
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experimental setup and results are presented in the SI (Figure
S8).

Microfluidic Channel for Measuring Sweat Chloride
Concentration and Local Sweat Loss. The microfluidic
channel allows measurement of the sweat chloride concen-
tration and local sweat loss. The width and depth of the
microfluidic channel are 1 mm and 200 μm, respectively. Figure
3a illustrates an optical image of the microfluidic sensor filled
with NaCl solution using a syringe infusion pump (KdScientific,
Legato 200) at a volumetric rate of 1 μL/min. Notably, the first
column of the microfluidic channel was filled in 6 min, and it
took approximately 26min to fill the entire microfluidic channel.
Figure 3b demonstrates the colorimetric assay of chloride
developed to evaluate the standard color of chloride at known
concentration. A microfluidic system for chloride detection was
prepared by drop-casting a 4 μL mixture comprising 200 μL of
2% polyhydroxyethyl methacrylate (pHEMA) and 50 mg of
silver chloranilate into a microfluidic chamber. When sweat
enters via the inlet and passes through the microchamber, it
reacts with the silver chloranilate and produces purple color. The
generated color density is proportional to the chloride
concentration in sweat. An image processing algorithm was
used to develop the color analysis software. The technique
includes capturing images of the microfluidic channel, selection
of region of interest, and comparison of color with predefined
standard colors. The algorithm allowed facile conversion from
typical RGB (red, green, blue) color space to CIE LAB color-
space, which represents color in lightness (L), green to red color
(a), and blue to yellow color (b). The algorithm used the hue-
independent parameter lightness, which was later compared

with the known lightness values. Sweat chloride concentration
evaluation process using the smartphone application is
demonstrated in the SI (Figure S9).
Figure 3c shows color reference marker at various ambient

lighting conditions. To eliminate the difference in lighting
conditions, the algorithm uses the white PDMS substrate as a
reference color marker. However, around 5 mM uncertainties
were found for variable lighting conditions. Figure 3d shows the
overall procedure of sweat collection and analysis of color values
utilizing the smartphone application. By taking pictures at each
time point, we can monitor changes over time. Continuous
measurement of chloride levels is not feasible with our current
colorimetric method, as it necessitates manual measurements.
An alternative solution is to incorporate an ion-selective
electrochemical sensor into the system for continuous measure-
ments.
The local sweat loss was determined utilizing the microfluidic

channel. The exercise continued until sweat filled one
microfluidic device fully. Later, we captured images of
microfluidic channel to determine the filled volume of the
channel via AutoCAD 2022 software. The total volume of a filled
microfluidic channel is 26.5 μL, and the filled volume represents
the local sweat loss for that region. The sweat loss evaluation at
different bending condition is presented in the SI (Figure S10).

Full Body Temperature Mapping by Wearable Tem-
perature Sensors. We measured the skin temperature during
sleeping and daily life activities to explore the mapping
capabilities of the temperature sensor. Figure 4a illustrates the
measured body temperature during the 10-h daily life
monitoring study. We observed a relatively stable core body

Figure 3. Skin-interfaced microfluidic platform for analyzing sweat. (a) Optical images of the microfluidic sweat sensor filling with time. (b) Optical
image of colorimetric assay for sweat chloride detection. (c) Validation of the color reference marker at different lighting conditions (white light,
sunlight, evening light) utilizing smartphone application. (d) Whole procedure of collecting and analyzing sweat chloride concentration.
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temperature over the course of study. Wemeasured temperature
using a Braun ThermoScan 7 ear thermometer and took
measurements at 10 min intervals from the left ear. We found
that core body temperature decreased by 0.1 °C immediately
after breakfast but increased by 0.1 °C after lunch and dinner.
After 30 min, the temperature remained unchanged. In contrast,
skin temperature in the forehead, chest, and abdomen regions
increased by an average of 0.16, 0.04, and 0.26 °C immediate
after breakfast, lunch, and dinner, respectively. After 30 min, it
increased by 0.31 and 0.14 °C for breakfast and dinner,
respectively, but remained relatively stable for lunch. The slight
increment in temperature observed after meals is due to an
increase in metabolic rate.27

The consumption of cool drinks resulted in a 0.2 °C decrease
in core body temperature 15 min after ingestion, due to the body
expending energy to heat the cool water to its optimal
temperature. Meanwhile, the forehead and abdomen skin
temperature decreased by 0.31 and 0.12 °C, respectively,
while chest temperature remained relatively stable. The study
involved the consumption of 500 mL of iced water with a
temperature of 1.1 °C. Consuming cold water can trigger body’s
thermoregulatory mechanisms to reduce blood flow to the skin
and increase heat production, resulting in a drop in core body
temperature.28 Furthermore, it is though that absorption rate of
cold water is slower compared to warm water, which may lead to
decrease in skin temperature.29

In contrast, consumption of 500 mL of a hot drink such as
milk at 57.5 °C results in a 0.2 °C increase in core body
temperature 15 min after consumption, along with a
corresponding rise in skin temperature in the forehead, chest,
and abdomen regions by 0.34, 0.39, and 0.17 °C, respectively.
The increase in core and skin temperature suggests that the body
increased its metabolic rate and blood flow to the skin to
dissipate excess heat generated by the hot drink.30,31 Addition-
ally, we observed that consuming frozen desserts like ice cream
led to a slight reduction in both core and skin temperature, while
eating snacks such as cookies resulted in a minor elevation in
core and skin temperature.
Figure 4b demonstrates the color mapping of body temper-

ature during the morning, afternoon, and evening periods. It is
noticeable from Figure 4b that the overall body temperature
increases from morning to evening. The measured temperature
data for 10 h in the daily life monitoring study are available in the
SI (Figure S11). Figure 4c presents the graphical illustration of
body temperature during the 7 h sleep study. The sleep study
period is indicated by the gray boundary. The body temperature
decreases from the beginning of sleep and reaches a minimum
value 2 h prior to waking, which is similar to the results reported
earlier.32,33 The dashed-border rectangle box represents the
minimum body temperature regions during sleep. The average
body temperature of the forehead, chest, and abdomen regions
experienced a decrement of 0.87 °C during the sleep period.
Figure 4d shows the heat color map of the entire body

Figure 4.Wireless whole body temperature mapping. (a) Graphical illustration of skin temperature during daily life activities. (b) Color maps of skin
temperature during the morning, afternoon, and evening in the study period. (c) Graphs of skin temperature at different body regions during the sleep
study period. (d) Color mapping of temperature throughout the body regions before sleep, during sleep, and after awaking.
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temperature just before sleep, during sleep, and soon after
waking. Notably, the core region of the body has higher
temperature than the peripheral regions. Although the body
temperature decreased during sleep, it started to increase after
waking. The 7 h sleep-study data is situated in the SI (Figure
S12).

Full Body Sweat and Temperature Mapping during
Physical Exercise. To explore the versatility of the proposed
system, a physical exercise test was conducted, where two
volunteers were riding a stationary bike, and the corresponding
skin temperature was monitored wirelessly. The sweat loss and
chloride concentration values were also determined by employ-
ing the color values. The proposed sensors were used to obtain a
single measurement of the chloride concentration, which
represented the average value over the entire experiment. The
load of the stationary bike was kept constant as an increment, or
a decrement of load resulted in a change in sweat chloride
concentration.34 Figure 5a illustrates a schematic diagram of the
20 sensors located at the front and back of the body for the
physical exercise study. The body area is divided in different
section and relatively flat surface was chosen for better
attachment of sensors. Figure 5b and c demonstrates the heat
color map at the beginning, middle, and end of exercise for
subject #1 and subject #2 respectively. The color maps were
generated utilizing only the temperature sensors located on the
front side of the body. It is noticeable that for both cases at the
beginning (2 min of exercise), the body temperature is lower
than those in the middle and end of the exercise period.
Figure 5d shows the graphical illustration of the overall sweat

and temperature profile for subject #1. It is noticeable that the
head, chest, and back regions have a higher sweat chloride
concentration than other regions of the body, which is

consistent with the earlier reported findings.35,36 For instance,
the maximum chloride concentration was determined on the
forehead region, i.e., 35.54 mM (#1 device). Moreover, the
average chloride concentrations calculated for the chest and
back regions were 33.66 and 28.65mM, respectively. In contrast,
the measured chloride concentration on the forearm region was
22.54 mM. The sweat losses from the head, chest, and back
regions were found to be higher than those from other regions.
The maximum amount of sweat loss was calculated from the
upper back (#14 device) region, i.e., 26.51 μL. In addition, the
average sweat losses from the chest and forehead regions were
25.24 and 10.11 μL, respectively. In contrast, the average sweat
losses from the forearm and leg regions were 13.62 and 11.8 μL,
respectively. The temperature profile in Figure 5d shows the
average temperature values throughout the exercise period.
Notably, the head, chest, and back regions have a higher
temperature than the other regions. The full body temperature
results for subject #1 is available in the SI (Figure S13).
Figure 5e shows the overall sweat and temperature profile for

subject #2. It is noteworthy that the chest and back regions have
a higher sweat loss and chloride concentration than those of
other regions. For instance, the maximum sweat loss and
chloride concentration were found for the chest (#9 device), i.e.,
26.51 μL and 36.58 mM, respectively. In contrast, the average
sweat loss and chloride concentration from the forearm region
were determined to be 17.375 μL and 20.12 mM, respectively.
The average temperature profile in Figure 5e shows the high
temperature of the head, chest, and back regions of the body.
Therefore, we can conclude that, in most cases, higher sweat
losses lead to a higher sweat chloride concentration.
Furthermore, generally higher sweat chloride concentration
leads to a higher skin temperature.

Figure 5.Mapping sweat and body temperature during exercise. (a) Diagram of placement of 20 sensors on the front and back of the human body. (b)
Color map of skin temperature (subject #1). (c) Color map of skin temperature (subject #2). (d) Graphical demonstration of skin temperature, sweat
loss, and chloride concentration (subject #1). (e) Graphical representation of sweat loss, chloride concentration, and skin temperature (subject #2).
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For both subjects #1 and #2, the amounts of sweat in the leg
regions were lower. Due to insufficient sweat generation, the
sweat profile was not determined for some regions (denoted as
“ND”). The entire body temperature data for subject#2 can be
found in the SI (Figure S14).

■ CONCLUSION
We proposed and demonstrated a skin-compatible, multi-
disciplinary wearable wireless platform for monitoring sweat loss
and chloride concentration together with skin temperature. This
technique integrates a reusable electronics module and a
microfluidic module. The electronic system exploits a
miniaturized PCB technology that includes a precise temper-
ature sensor and a microcontroller with Bluetooth functionality
for wireless transfer of skin-temperature data. The microfluidic
module utilizes the colorimetric approach to monitor chloride
concentration. The set of 20 Bluetooth based skin-temperature
sensors can map the body temperature in daily life, sleep, and
exercise conditions. At the same time, the microfluidic sweat
sensor measures local sweat loss and sweat chloride concen-
tration. From the various tests performed in the lab and on the
body, the integrated device showed its capability to study body
temperature and sweating.
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