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Sweat-based physiological monitoring has been intensively explored in the last decade with the
hopes of developing real-time hydration monitoring devices. Although the content of sweat (elec-
trolytes, lactate, urea, etc.) provides significant information about the physiology, it is also very
important to know the rate of sweat at the time of sweat content measurements because the sweat
rate is known to alter the concentrations of sweat compounds. We developed a calorimetric based
flow rate sensor using PolydimethylSiloxane that is suitable for sweat rate applications. Our sim-
ple approach on using temperature-based flow rate detection can easily be adapted to multiple
sweat collection and analysis devices. Moreover, we have developed a 3D finite element analysis
model of the device using COMSOL Multiphysics™ and verified the flow rate measurements.
The experiment investigated flow rate values from 0.3 ul/min up to 2.1 ml/min, which covers the
human sweat rate range (0.5 pul/min—10 ul/min). The 3D model simulations and analytical model
calculations covered an even wider range in order to understand the main physical mechanisms of
the device. With a verified 3D model, different environmental heat conditions could be further

studied to shed light on the physiology of the sweat rate. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4977998]

I. INTRODUCTION

Athletes and military personnel constantly push them-
selves physically and emotionally during training as well as
in combat or a competition. Physical exertion often results
in improper levels of body fluids. One of the main mecha-
nisms of body temperature regulation occurs through sweat.
Sweating is a physiological process to regulate core body
temperature. It is known that losses of more than 2% of body
weight (BW) during an activity causes degradation in physi-
ological functions.' More than 3% loss of BW in a physi-
cally demanding task increases the risk of heat cramps, even
heat stroke.! Sweat contains mainly water and electrolytes
such as sodium, potassium, magnesium, calcium, urea, lac-
tate, and minerals.®” It has been reported that the concentra-
tion of sweat compound differs greatly with gender, fitness
level, location of the sweat sampling site on the human body,
and environmental conditions.®*'? Although knowing the
constituents of sweat provides significant information, the
rate of sweat is also crucial as it alters the sweat concentra-
tion significantly."?

The human body has two types of sweat glands; eccrine
(responsible mainly for thermoregulation) and apocrine (sweat
produced mostly due to excitement). Eccrine sweat glands are
distributed around the body surface whereas apocrine sweat
glands are located mostly on groin areas and under armpits.’
The distribution of eccrine sweat glands over the body is not
uniform. It is reported that volar surfaces of the hand and foot
have 500 glands/cmz, and the dorsal forearm skin has around
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135-145 glands/cm®.° An eccrine sweat gland has a secretory
and ductal region.m’14 Sweat produced in the secretory coil
(isotonic and similar to the interstitial fluid) travels to the dis-
tal duct where the electrolytes in sweat are mostly reabsorbed
and sweat becomes hypotonic.*”'* However, it is known that
electrolyte reabsorption depends on the sweat rate and also
on the capacity for the channel to reabsorb electrolytes.ls’16
Increased sweat rate decreases the electrolyte reabsorption in
the ductal region, which would eventually lead to an increased
electrolyte loss through sweating.'>'"~1°

Although the sweat electrolyte concentration is consid-
ered to be a good indicator for hydration status, it is known
that the sweat rate also impacts the sweat concentration.'**°
Getting sweat rate data would indeed provide us with addi-
tional information and help an athlete or soldier decide how
much water and electrolytes he/she should intake during a
physically demanding activity in order to keep him/her at
peak performance physically and mentally.'? The whole body
sweat rate can be measured by using a Whole Body Wash-
Down (WBW) technique, where sweat is collected during
exercise, following the wash-down of the equipment and sub-
ject with water containing ammonium sulfate which is not
present in sweat.”’ The sweat rate can also be obtained from
the body mass difference between before and after exercise.
Absorbent pads have also been utilized to collect sweat from
shoulders, chest, or thighs in order to determine local sweat
rates. 22726 However, both WBW and absorbent pad techni-
ques cannot provide real-time sweat rate data. A ventilated
capsule approach has emerged to measure the sweat rate in
real-time with relatively bulky measurement setups that
make them non-portable.''*"° Primarily used for infants,

Published by AIP Publishing.
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Macroduct sweat collectors can be useful for measuring both
the sweat rate and sweat data with additional equipment.*

Recently, engineers have begun to develop real-time
sweat rate sensors based on micromachined hygrometers and
capacitive sweat absorbers. A device was developed adding
a sweat absorber, a flexible substrate (kapton tape) with
interdigitated electrodes, and a communication hub for the
real time sweat rate sensor.’' As the absorber collects
the sweat, capacitance of the sensor changes to monitor
the sweat rate for a limited time (due to limited absorbance
on the absorbent).>! A textile based wearable sweat-rate sen-
sor was developed based on Fick’s diffusion law in which
the vapor pressure gradient was measured from two humidity
sensors at different heights from the skin to calculate the
sweat rate.”> Another capacitive humidity sensor with a vap-
ometer as a reference was used to determine the rate of
sweat.*>*? Image analysis for the detection of the sweat rate
has also been reported by utilizing Macroduct.**

It is widely accepted that microflow sensing (flow rates
around ul/min) can be implemented with thermal flow rate
sensors, particularly calorimetric or thermal pulse flow sen-
sors.>>* A thermal anemometer flow sensor was conceptu-
alized and validated with simulations.® The theory of the
thermal flow sensors and effects of geometry were also
reviewed.>>*® A few studies used COMSOL Multiphysics
for 2D computational modeling of calorimetric flow rate
meters.>”>° Furthermore, Sabate et al. built a micromachined
flow sensor and conducted some preliminary numerical sim-
ulations.** Their 2D simulations provided very useful
insights but needed improvement by considering 3D effects
and boundary conditions. Additionally, the heater tempera-
ture selected for their simulations was 150 °C, which is con-
sidered quite high for human applications. Lastly, Sabate’s
experiments were performed using Nitrogen gas.*?

For liquid micro flow rate sensors, only a limited
amount of research has been carried out. In Lammerink’s
study, the flow channel for measuring micro-liquid flow was
I mm x 0.5 mm and they used temperature sensors symmet-
rically distanced from the heater.*> A supporting beam was
used for the heater and the sensors in the x—y plane, and the
geometry was designed in a way that the heat transport in the
side walls was less than the heat transport in the ceiling and
the floor of the model. Different types of media (water,
2-propanol, and air) were used in the experiment, and the
sensitivity of the device was found to be dependent on the
thermal diffusivity of the medium.*> Two additional resistors
were used to avoid parasitic series resistances. This work did
not elaborate on boundary conditions of the numerical model
and not discuss the heater power and cooling effects of the
flow. Nguyen and Dotzel introduced the concept of heater
and temperature sensor arrays positioned asymmetrically in a
1.33mm X 0.5 mm channel. As they mentioned, the assump-
tions in approximating the thickness of the thermal boundary
layer in their analytical model were not suitable for micro-
flow sensing; hence, their model only provided insights into
the trend of the data. The flow range was from 25 ul/min to
160 ml/min and they used constant heater power as the heat
source instead of constant temperature.*!
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In an improvement over the previous studies, our work
features an application-oriented design and a 3D model
where experiments and analytical results were verified. A
sweat rate focused thermal flow rate sensor has yet to be
investigated. In this study, we present a calorimetric sensor
design for sweat rate detection based on theoretical calcula-
tions, finite element analysis simulations using COMSOL
Multiphysics, and verification of the simulations with experi-
mental data. With a number of sweat-based sensors being
developed, sweat rate sensing offers a unique advantage of
understanding the data from physiology perspective.

Il. MATERIALS AND METHODS

The flow rate testing platform was built using a polydi-
methylsiloxane silicone elastomer kit (PDMS, Dow Corning).
A 10:1 mixture of PDMS and curing agent was stirred for
5 min and placed in a vacuum degasser to remove air bubbles
in the solution. The mixture was then poured into a mold for
creating the sweat collector and channel and cured in an oven
(Humboldt 30GC) at 70 °C for 2-3 h. The mold was prepared
by using cut glass pieces that were glued on Silicon wafers.
Channel dimensions were 26mm X 3mm X | mm. Inlets
and outlets were created using a 1.2 mm puncher. 18 and 20
gauge tubings were used for inlets and outlets, respectively.
A 10 Q resistor (with 1 mm lead wiring) was used as the heat-
ing element. The ceramic coating of the resistor was removed
to increase the heat transfer efficiency. Copper-Constantan T-
type thermocouples (Omega) with 30 gauge (0.25 mm) wiring
were used as the heating sensors. The standard limit of error
was reported as 1°C or 0.75% of the measurement value.*
A Harrick plasma cleaner PDC-32G (RF frequency of
8—12 MHz, input power of 100 W) was used to attach the pat-
terned PDMS onto a glass slide substrate. Vinyl flexible adhe-
sive (Loctite) was used around the base of the thermocouples
and the heater on top of the PDMS surface.

Deionized water (resistivity 18.3 MQ cm) was pumped
through the channel with a syringe pump (KDS Scientific
100) to apply flow rates from 0.06 ul/min to 6 ul/min, which
was considered to cover the range of human sweat rates.”*
3ml and 10 ml BD syringes were used for slow and fast flow
rates, respectively. Air circulation and heat dissipation were
limited by covering the setup loosely. The resistor was first
heated to the desired temperature (47°C) and the syringe
pump was turned on once the temperature readings from the
upstream and downstream thermocouple readings were stable.
A power transistor (NPN MJE 200GOS) was used to provide
the necessary current (approximately 80 mA) to the heating
element. 5V and 2.5V were applied to the collector and base
of the transistor, respectively, using a BK Precision 1651A
power supply. Temperature values were measured with a digi-
tal multimeter (Mastech MS 8268) and manually recorded
every 15s. MATLAB was used for further data processing.

Three dimensional numerical simulations were carried
out using COMSOL Multiphysics. Dimensions for the sim-
ulation geometry were chosen to match the actual device.
Laminar flow and heat transfer in fluids and solids were
incorporated in the simulations. The heating element, i.e.,
the resistor, was represented by a Nichrome cylinder, while
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Copper was chosen for the wires of the heating. Water was
used as the fluid, since its thermal properties are very close to
those of sweat. A layer of air was built around the device and
its outer boundary temperature was set to 0 heat flux.

The volumetric flow rate (Q) can be given as:

O=whv, (1)

where w =3 mm and /= 1.05 mm are the width and length of
the channel, respectively, and v is the flow velocity. The volu-
metric flow rate used in the experiments was between
0.3 ul/min (5 x 1072 m?/s) and 2.1 ml/min (3.5 x 10~ % m¥/s).
However, simulations were carried out up to 11/min (1.667
x 107 m3/s). Therefore, flow velocity for the device simula-
tions was calculated between 5.29 um/s and 5.29 m/s using Eq.
(1). In the COMSOL model, the resistor heating element was
set as the heat source with a fixed power density in W/m?>.
Since a R=10 Q resistor (a cylindrical shape of height
hg = 5.3 mm and radius g = 0.8 mm) was used for the experi-
ments, a similar structure was designed in the 3D model. With
a heater current of /=78 mA, the heater power per volume
was calculated as P/V = I> X R/(trg® hg) = 5.7 MW/m">.

In order to keep the simulations relevant with the real
device, 10% of the resistor’s cylindrical part was embedded
in the channel. The rest of the resistor and its wires were also
included in the 3D model. This cylindrical part was used as
the heat source of the device, which depends on the power
provided to the heater resistor and the volume of the heater.
The device was designed to be wearable; hence, it will be in
contact with the body. Therefore, the temperature of the bot-
tom part of the device was chosen as 298.5K (~25.4°C),
which is considered a typical skin temperature.

Finite element analysis applies the governing equations
on each mesh. The accuracy of the solution increases with the
number of increasing mesh elements, which results in longer
simulation execution times. However, if the mesh is applied
uniformly throughout the entire geometry, COMSOL auto-
matically chooses the smallest mesh to solve the sharp corners
in the geometry. However, this approach causes unnecessarily
dense meshing in the large volumes (such as air or the sub-
strate material). We used the Adaptive Mesh Refinement tech-
nique where the mesh size was determined depending on the
complexity of the geometry areas. Tetrahedral meshing was
utilized for the entire geometry and air blocks were coarsely
meshed. Simulations were carried out in steady state and
dynamic changes were not taken into account. The thermal
conductivities of the materials are given in Table L.

A thermal imaging camera was used to find out the tem-
perature profile of the heater and how it changes with the flow
rate. The resolution of the FLIR A20 Infrared Imaging System
was 0.6 mm with a minimum focus distance of 0.6 m. Similar
to flow experiments, the flow was introduced by the syringe
pump and temperature snapshots were taken for different flow
rates. The camera was focused on the heater of the device.

lll. PRINCIPLES OF CALORIMETRIC FLOW RATE
SENSORS

A calorimetric flow meter consists of one heating ele-
ment and two temperature sensors, namely, upstream and

J. Appl. Phys. 121, 094505 (2017)

TABLE I. Thermal conductivity values that were chosen for the materials
used in the COMSOL model.

Material Thermal conductivity [W/mK]
PDMS 0.16

Heating resistor 11.3
Thermocouples 400

Air 0.027 = 0.001*

“COMSOL Multiphysics takes into account the fact that thermal conductiv-
ity of air is dependent on temperature. However, within the range of simula-
tions (298 K-320K), thermal conductivity only changes by 0.001 W/mK
around the average value of 0.027 W/mK.

downstream sensors with respect to the heater. The tempera-
ture of the symmetrical upstream and downstream sensors
with reference to the heater would be the same if there is no
fluid flow. The length between the upstream sensor and the
heater is defined as /, and the length between the down-
stream sensor and the heater is represented with /; as shown
in Figure 1(a). When the fluid flow is increased, the upstream
sensor temperature (7,) starts to decrease due to the cooling
effect of the fluid flow, eventually reaching room tempera-
ture as illustrated in Figure 1(b). However, the downstream
sensor temperature (7T,) starts to increase since the heater
temperature gradient is pushed towards downstream. This
increase reaches a maximum when the cooling effect of the
fluid flow overcomes the heater power and the heating ele-
ment starts to cool down (Figure 1(b)). Therefore, T,; gradu-
ally decreases to reach to room temperature with very high
flow rates. The temperature difference (AT) between two
sensors is given as T,, — T, Figure 1(b) illustrates the tem-
perature difference profile. It must be noted here that the
flow rate value where T, peaks depends on the power of the
heating element, distance of the sensors from the heater, and
material properties of the fluid and device.

The characteristic length (m™") of the heater (y) can be
expressed as*!

16ap12k

5 )
/1,2 - 4aFIk ) ( )

v /v +

where v is the average flow velocity of the fluid (in m/s), ag;
is the thermal diffusivity of the fluid (in m?/s), d is the ther-
mal boundary layer thickness (in m), and k is a dimension-
less factor and can be taken as 0.5.* For liquids with a small
Reynolds number, ¢ can be considered as the height of the
channel. The temperature difference between the two sensors
(AT) is given as*'*

AT — To[ehlu _ efvlldL (3)

where T is the heater temperature with respect to the room
temperature and

P
TOZ ) (4)
22
P L
nH 0 V4af12—|—4k
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FIG. 1. Theoretical design and sensor
readings for a calorimetric flow rate
sensor; (a) cut view of the device with
temperature sensors and the heating
element and (b) theoretical tempera-
ture values for the upstream and down-
stream sensors. The maximum of the
downstream sensor would be depen-
dent on the flow velocity, which is a
function of the flow rate and the device

Room
temperature

FIow‘rate
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where P is the power (in W), 4,, is the thermal conductivity
of water (in W/m K), by is the width of the heater (in m),
and [y is the length of the heater (in m). It can be seen from
the heater temperature in (4) that the higher flow rates would
cause the heater to cool down. This effect cannot be seen if a
constant temperature was used as the heating source instead
of constant power.

IV. RESULTS

The flow rate sensor was built using PDMS layers as
shown in Figure 2. Resistor and thermocouples attached to
the device were used to determine the flow rate. A Computer
Aided Design (CAD) drawing similar to the one that was
used for finite element analysis simulations is provided in
Figure 2(a) for convenience. Inlet and outlet ports are also
shown in Figure 2(b) where tubings were inserted. The thick-
ness of the PDMS layers can be adjusted during the molding
process by simply pouring less PDMS solution into the
mold. Alternatively, the bottom PDMS layer that acts as a
substrate could be replaced with any substrate material such
as glass or any other flexible substrate.

As the heater power density is set to 5.7 MW/m?, the
main heating is caused by the heater rather than the outside
temperature. Temperature profiles of three flow rates are
plotted in Figure 3. At a slow flow rate (1 ul/min), tempera-
ture is uniformly distributed and the heater temperature
reaches up to 323 K as shown in Figure 3(a). A medium flow
rate (230 ul/min, Figure 3(b)) was chosen at a point where
the temperature difference between sensing points is the
maximum, i.e., temperature around the downstream sensor
reaches its highest (hottest) value (320 K). The heater starts

Thermocouples

outlet

heater

inlet

(a) (b)

dimensions.

AT=T,-T,

to cool down due to the flow (down to 318 K from 320). As
the flow rate increases, water cools down the heater and thus
the temperature difference starts to decrease and eventually
reaches zero (11/min in Figure 3(c)) where both sensing
locations are about the same temperature, close to room tem-
perature. The heater is cooled down to 304 K, which is only
6 K higher than the room temperature.

It can be seen from Equation (4) that the temperature of
the heater would decrease as the flow rate increases. It would
eventually cool to room temperature, i.e., the temperature of
the incoming liquid. This phenomenon is plotted in Figure 4
where both 3D simulations and analytical model results were
provided. It must be noted here that the 3D simulations do
take into account three dimensional effects whereas the ana-
lytical model does not consider such effects.

Figure 5 shows the temperature difference between the
upstream and downstream sensor locations. Experiments were
only conducted up to 2.1 ml/min due to limitations of the setup.
However, an actual sweat rate would be up to a few ul/min,
which is much lower than this limit. The reason that the simu-
lations were run for a wider range was to show the theoretical
minimum in AT where the dissipated power by the flow starts
to cool down the heater significantly such that the downstream
sensor does not warm up any further. Temperature values of
the experiments and the simulation results agree well, which
shows that the model could be used for further analysis.
Furthermore, Equation (4) was also used to plot the tempera-
ture difference, which has a similar trend to the experiments
and 3D simulations. It is important to note here that the analyt-
ical model calculations do not include 3D effects.

While the current device and its related simulation
results serve as an important proof of concept, they are not

outlet

FIG. 2. Actual flow rate sensor device
that was used in the experiments; (a)
isometric view of the device and (b)
the actual photo of the device.
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FIG. 3. Temperature distribution for different flow rates; (a) slowest (1 ul/min), (b) medium (230 ul/min), and (c) fast (11/min) flow rate. Higher flow rates

cause the heating element to cool down.
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FIG. 4. Heater temperature decreases with an increasing flow rate and ulti-
mately reaches to room temperature. 3D simulations and analytical model
results show a similar trend.
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FIG. 5. Temperature difference (AT) between the upstream and downstream
sensors. The experimental data follow a similar trend to the 3D simulations
and analytical model results using Equations (2)—(4).*' A proposed, scaled
down version of the device was simulated to provide a realistic flow rate
range for human sweat.

yet suitable for a real sweat sensor device because the human
sweat rates range from 0.5 yul/min to 10 ul/min. It is seen
from Figure 5 that AT does not change significantly within
the human sweat rate range. In order to show the viability of
the design, another set of simulations was run, where the
device dimensions were scaled down 20 times from the cur-
rent design, and the heater power was adjusted accordingly.

This resulted in a shift of the minimum to lower flow rate
values. The simulation result of the proposed, scaled device
is also shown in Figure 5. Detailed dimensions of the pro-
posed device will be provided in the Discussion section.

In order to better understand the temperature profiles, a
thermal imaging camera was used. It can be seen in Figure 6(a)
that the temperature around the part of the resistor exposed to
air reaches up to 330K for slow flows (1 ul/min in Figure
6(a)), which is 10 K warmer than what we observed in the sim-
ulations (Figure 3). However, temperature dissipates quite rap-
idly with the distance and ranges around 300K inside the
device. As the flow is increased (100 pl/min in Figure 6(b)), the
heater temperature decreases slightly (down to 328 K from
330K) and the temperature distribution in the channel shifts
towards downstream.

V. DISCUSSION

A simple estimate of the heat flow can be done as fol-
lows: For a given volume flow rate Q, the sweat mass flow
rate is m = pQ, where p is the density of the water (1 g/cm?).
Assuming that the water gets heated by AT=10°C as it
passes the heater, the dissipated power becomes

P =cpQAT, (5)

where c is the specific heat of water (4.186 Joule/g °C). The
current that passes through the 10 Q resistor is about 78 mA.
Therefore, the power that is delivered to the resistor is calcu-
lated as 60 mW. The ceramic insulation layer of the resistor
was removed to improve the thermal contact between the
fluid and the heater. Because only a fraction of the resistor is
inside the flow channel (the rest is embedded in the PDMS),
it can be assumed that the maximum heating power in the
channel would be less than 60 mW. The dissipated power
from the heat source would be equal to 60 mW at around
67 ul/min. At this flow rate, it is expected that the heater will
start to cool down. This phenomenon was observed at
230 pul/min where the heating source was set at 240 mW.
This result means that only 25% of the heating was trans-
ferred into the flow channel.
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1 pul/min

It can be seen from Figure 5 that the minimum tempera-
ture difference for the experiments and the simulations
occurs at a different flow rate. This difference is mainly due
to the inaccurate calculation of the channel dimensions.
Although the channel dimensions were measured, due to
debris from the insertion of tubes, sensors, and resistors, the
channel is perhaps narrower than the original measurements.
Smaller channel dimensions would increase the flow velocity
in the channel, hence shifting the minimum. The temperature
difference should reach zero with high flow rates due to heat-
ing element cooling, which is clearly seen from both simula-
tions and experiments. The temperature difference at a slow
flow rate is due to the asymmetry of the device and locations
of the temperature sensor (i.e., how far the sensor is inserted
into the channel).

In an application as a sweat flow sensor, the device
would measure the temperature difference AT=T, — Ty,
which would then be converted to a flow rate via a calibra-
tion curve. For best sensitivity, a small change in the flow
rate should correspond to a large temperature change AT.
According to Figure 5, this condition is best fulfilled at flow
rates between 10 and 100 ul/min. Since actual sweat rates are
typically no more than a few ul/min, the sensitivity of the
device could be improved by further narrowing the channel,
thus increasing the flow velocity. In order to show the appli-
cability and viability of this proposal, we have carried out
simulations (shown in Figure 5) where we scaled down the
device dimensions 20 times. The new channel width, depth,
and length became 50 um, 150 um, and 1.25 mm, respec-
tively. These dimensions could easily be implemented by
traditional soft lithography techniques. Furthermore, the
sizes of the heater and temperature sensors are of the order
of micrometers, which can also be manufactured using stan-
dard microfabrication techniques (i.e., metal deposition and
patterning). The heater power density was also increased to
1865 MW/m? from 5.7 MW/m® in order to keep the tempera-
ture difference in the same range. This increase was a result
of the scaling down of the height and radius of the cylindri-
cal heater (hg and rg, respectively) in accordance with the
heater power density (I? x R/(mrg* hy)). With the new device
dimensions, the region of best flow rate discrimination (i.e.,
the largest negative slope in Fig. 5) is shifted down to values
between 1 and 10 ul/min, i.e., typical human sweat rates.

VI. CONCLUSION

In this paper, we developed a calorimetric flow rate sen-
sor using discrete components such as thermocouples as

100 pl/min

Ul »
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3300K

FIG. 6. Thermal camera image of the
resistor for (a) 1 ul/min and (b) 100 pul/
min flow rates.

298.0K

temperature sensors and a resistor as the heating element.
This simple yet efficient device design approach allowed us
to understand the fundamentals of microflow rate sensing,
which can be adapted into sweat rate sensor research which
is quite crucial for exercise physiologists. We have devel-
oped a 3D model using COMSOL Multiphysics, which gave
us a unique advantage of furthering the knowledge of tem-
perature effects for a flow rate sensor. We covered a wide
range of flow rates with our experiments including the aver-
age sweat rate values for humans. Simulations extended the
flow rate coverage to show the cooling effects even further.
Furthermore, a verified 3D model was used to propose a
scaled down version of the device that could directly be used
for human sweat rate applications.

This proof-of-concept device assumes that sweat is prop-
erly collected and fed into the channel. There are several ways
to introduce the sweat into the channel. The authors previously
proved that a PDMS based or a 3D printed sweat collector can
be used to gather the sweat and analyze sweat conductivity
real-time.”*** Other sweat collection methods were also pro-
posed that can be incorporated with the current design.
Flexible hydrophilic materials such as wicked textile and paper
microfluidic patches were used as sweat collectors.*>**°

Endurance sports are constantly seeking new ways to
improve the performance of individual athletes. Several stud-
ies focused on sweat compound sensing but there has yet to
be significant advances in measuring the sweat rate, which is
relatively slow, i.e., on the order of ul/min. We not only pro-
posed a new approach to sweat rate sensing but also devel-
oped a solid 3D model that can be used to test different
environmental conditions without doing actual tests.
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