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Abstract: Collecting sweat and monitoring its rate is important for determining body condition
and further sweat analyses, as this provides vital information about physiologic status and fitness
level and could become an alternative to invasive blood tests in the future. Presented here is a
one-dollar, disposable, paper-based microfluidic chip for real-time monitoring of sweat rate. The
chip, pasted on any part of the skin surface, consists of a skin adhesive layer, sweat-proof layer,
sweat-sensing layer, and scale layer with a disk-shape from bottom to top. The sweat-sensing layer
has an impressed wax micro-channel containing pre-added chromogenic agent to show displacement
by sweat, and the sweat volume can be read directly by scale lines without any electronic elements.
The diameter and thickness of the complete chip are 25 mm and 0.3 mm, respectively, permitting
good flexibility and compactness with the skin surface. Tests of sweat flow rate monitoring on the
left forearm, forehead, and nape of the neck of volunteers doing running exercise were conducted.
Average sweat rate on left forearm (1156 g·m−2·h−1) was much lower than that on the forehead
(1710 g·m−2·h−1) and greater than that on the nape of the neck (998 g·m−2·h−1), in good agreement
with rates measured using existing common commercial sweat collectors. The chip, as a very low-cost
and convenient wearable device, has wide application prospects in real-time monitoring of sweat
loss by body builders, athletes, firefighters, etc., or for further sweat analyses.

Keywords: wearable device; microfluidic chip; sweat collecting

1. Introduction

Sweat is known to contain important information corresponding to the status of an
individual’s health [1]. Sweat production is related to the stimuli underlying body ther-
moregulation [2]. Secretion of sweat from eccrine glands on the skin surface is an essential
means of heat loss in regulating body temperature and for maintaining homeostasis [3] dur-
ing heat acclimation [4]. Lost body water must be replaced to maintain normal physiologic
processes; this is particularly important for body builders, athletes [5], firefighters, etc. Fur-
thermore, sweat, like saliva and tears [6], is noninvasively induced from deeper in the body
and carries a diverse array of biomolecules, ranging from small electrolytes (including Na+,
K+, and Ca2+) and metabolites (such as glucose, lactate [7], and ethanol [8]) to hormones
and larger proteins [9], which may provide vital information about physiological status
and fitness level [10]. Sweat analysis could become an alternative to invasive blood tests in
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the future [11,12], as Heikenfeld et al. [13] demonstrated—for the first time in vivo—the
complete correlation between continuous sweat data and blood data. Collecting and moni-
toring the rate of sweat production, which is the primary and key step for sweat research,
are important for determining body condition and enabling further sweat analyses.

The whole-body wash-down method [14] is an early sweat-sampling technology and
well-known as the gold standard for determining whole-body sweat loss, as all sweat
runoff is collected. Subjects wearing minimal clothing ride a cycle ergometer in a plastic
box. The subject, box, equipment, clothes, and all objects touched by the subject are
thoroughly rinsed with deionized water to determine the whole-body sweat loss. However,
this method is limited by the controlled laboratory setting, complexity of steps, and single
mode of exercise testing; thus, it is not practical for field studies. Patches, composed of
an absorbent material with a hydrophilic and porous structure [15], are used for regional
skin surface collection and localized sweat sampling. This enables collection of sweat
for hours positioned in a specific location [16] (e.g., forearm, thigh, back, or calf), but the
collected sweat patch must be peeled off and carefully weighed to obtain the average
sweat flow rate. The error rate is relatively high due to evaporation of sweat during the
process, and it cannot show real-time flow rate data [17]. In addition, Zhang et al. [18]
designed a microfluidic device with one-way-opening chambers and hydrophobic valves
for sweat collection and analysis. Pan et al. [19] presented the first digital droplet flowmetry
implemented on existing textile substrates for real-time flow rate measurement by counting
the number of droplets. Eliot et al. [20] developed a flow rate sensor that easily couples to
the outlet of a microfluidic channel to measure flow rate via periodic temporary shorting
caused by droplets passing between two electrodes. The device was tested in a dynamic
range as low as 25 nL·min−1 and as high as 9 × 105 nL·min−1. Lindsay et al. [21] designed a
skin-interfaced microfluidic system involving multilayered stacks of thin-film polymers that
contain intricate microfluidic channels for personalized sweating rate and sweat chloride
analytics for sports science applications.

One of the most common current commercial samplers is the Macroduct [22], which
consists of a concave disk and a spiral plastic tube that collects sweat. Compared with
patches, Macroducts avoid sweat leakage, contamination, and potential hydromeiosis, be-
cause the sweat is almost immediately removed from the skin. However, the device cannot
be positioned on any position of the human body, so the popularity of Macroducts remains
limited. A variety of modified absorbent materials, such as paper [23,24], nonwoven fabrics,
textiles [25], cellulosic materials, hydrogels [26,27], and rayon pads [28] are widely used
as sweat-collecting carriers. Among these materials, filter paper composed of disorderly
stacked cellulose fibers with abundant hydroxyl (-OH) active groups provides high porosity,
thus facilitating rapid imbibition of fluid and rendering it a very promising substrate for
the immobilization of bioactive substances. Filter paper-based sweat-collecting chips are
paper-based microfluidic analytical devices [29] that have generated great interest among
researchers due to their portability, low cost [30], versatility, and ease of results interpreta-
tion in the analytical area due to their attractive passive movement properties (capillary
phenomenon [31]) of analytes without any external forces. These chips show great promise
for applications in point-of-care health systems [32], environmental monitoring [33], and
food safety.

Most of the above systems, however, have complex structures or require an external
collection mechanism, which is not suitable for widespread application or batch production.
Paper-based microfluidic chips, which are presented in this article for the first time, can be
used for real-time monitoring of sweat secretion rate. The chips, which can be pasted on
any part of the skin surface, are low cost and disposable, consisting mainly of filter paper
and adhesive tape with a disk shape. Sweat volume can be read directly by scale lines
without any electronic elements.



Micromachines 2022, 13, 414 3 of 14

2. Materials and Methods
2.1. Structure of Paper-Based Sweat Rate Monitoring Chips

Paper-based sweat rate monitoring chips (P-SRMCs) consist of a skin adhesive layer, a
sweat-proof layer, a sweat-sensing layer, and a scale layer from the bottom to top, as shown
in Figure 1a. The skin adhesive layer on the bottom, made of medical-grade double-sided
adhesive tape (PICARO), is used to attach the chip to the skin surface. A small hole with
a diameter of 2 mm in the center serves as the inlet for sweat secreted from the skin. The
sweat-proof layer with a center hole the same size as that of the bottom layer hole is made
of single-sided transparent adhesive tape (202102022207, DELE) and prevents sweat from
penetrating through the double-sided adhesive material to the sweat-sensing layer and
ensures that sweat flows through the center hole.
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Figure 1. Structure of the paper-based sweat rate monitoring chip: (a) exploded view showing all
layers of the whole chip, including the skin adhesive layer, sweat-proof layer, sweat-sensing layer,
and scale layer; (b) method for fabrication of the sweat-sensing layer using a 3D-printed mold with a
double-spiral structure.

The sweat-sensing layer, as the core layer, is used to determine sweat volume. A
schematic illustration of its fabrication process is shown in Figure 1b. Paraffin wax (58#,
Jinmen Weijia Industro Co., Ltd., Jinmen, China) is heated using a constant-temperature
heating device (ET-200, ETOOL) to the melting state of 72 ◦C on a section of glass slide.
A mold with two parallel spiral structures 1.5 mm high is printed using a 3D printer
(Pro2, Raise3D) with white polylactate as the material. The double spiral structure has a
smooth flow path, can form longer channel per area than other designs, and is suitable
for a disc-shape sensing chip. The parallel spiral structure is dipped into melted paraffin
and then transferred onto a piece of filter paper (102, Aoke, maximum void in the range
of 15–20 µm) to form paraffin wax lines (marked in yellow). The two parallel spiral wax
lines constitute a micro-channel through which collected sweat travels, because the wax
material is incompatible with aqueous sweat and functions as a boundary. The wax-
impressed, paper-based microfluidic chip is thus one of the most promising methods for
future applications because it is inexpensive, easy to use, provides rapid and robust results,
and is harmless to human skin [34].

Cobalt chloride solution (AR grade, Chengdu Huaze Cobalt and Nickel Material Co.,
Ltd., Chengdu, China) with a mass fraction of 0.157 g/mL (0.65 mol/L), which is a good
chromogenic agent to H2O molecules, is used as a precursor for the sweat chromogenic
agent. The color of anhydrous CoCl2 changes from blue to red when it absorbs H2O
molecules, forming CoCl2·6H2O. Cobalt chloride solution is harmless to human skin
surface and the color of CoCl2·6H2O turns back to blue when H2O molecules are removed,
which makes the chip possible to be reused if necessary. Cobalt chloride is slowly added to
the sweat flow micro-channel using a pipettor. Then the filter paper with CoCl2 solution
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and wax lines is dried for 90 min in a vacuum drying oven (ZKXF-1, Shanghai Shuli Yiqi
Yibiao Co., Ltd., Shanghai, China) set at 45 ◦C to remove H2O molecules.

The scale layer, as the top layer, is also made of single-sided transparent adhesive
tape. A small hole with a diameter of 2 mm is punched and aligned to the end of the
sweat flow channel in the sensing layer. The hole exposed to air is used for releasing
increased air pressure caused by the entry of sweat and continuously draws sweat through
the micro-channel [35]. In addition to the higher flow rate, the biggest advantage of the
small hole for evaporation is that it enables convenient control of the flow rate [36]. By
changing the size of the small hole, the flow rate can be easily regulated. The scale, made
of red stamp ink (YY01, GSD), is impressed on the reverse side using a mold to avoid the
possibility of being removed while the subject is exercising.

The diameter of all four above-mentioned layers is 25 mm and cut by a Laser Cutting
Machine (3020, KETAILASER). A piece of P-SRMC is prepared according to the process
shown in Figure 1, and the edge of the assembled chip is covered with paraffin wax to
prevent external water molecules from affecting the test results. To make subjects more
comfortable while doing exercise, the overall thickness of the microfluidic patch was limited
to 0.3 mm to enable good flexibility and good compactness against the skin surface.

2.2. Sweat Micro-Channel Parameters

The ratio of the maximum volume of sweat monitored to the size of the whole chip is
the most important index for a wearable device. The whole chip size is determined by the
width of the wax line (ww) and the sweat channel (wc). If the wax line is too narrow, sweat
will leak out across it in the filter paper and affect the measured result; thus, a sweat-leaking
experiment was conducted to determine the minimum wax width. As to the sweat channel,
if the channel is too narrow, the sweat travel velocity will be too slow. Thus, a sweat flow
velocity experiment was also conducted to determine the minimum flow channel width. A
chamfered fillet structure was applied on the inlet and outlet parts. To minimize the chip
size, the shape of the microchannel was designed as a double spiral structure, as shown in
Figure 2. In Cartesian coordinates, the equations of two spiral lines on external and internal
sides are respectively obtained as:

r = a + b(θ/2π)
x = r cos θ
y = r sin θ

(1)


R = a + ww + wc + b(θ/2π)
x = R cos θ
y = R sin θ

(2)

where r is the radius of the spiral line on the external side, R is that on the internal side,
and θ is the angle of spiral lines. The differential of R and r is (ww + wc).
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2.3. Chip Assembly

A complete chip fabricated according to the above process is shown in Figure 3.
All the assembly steps are conducted under a microscope (3R-MSUSB401, Anyty). Scale
lines should be located parallel to and on the lateral side of the wax channel to show the
displacement of collected sweat traveling through the channel. The scale spacing is 1 mm,
with a range of 0–90 mm. The edge of the chip appears grey in color because all the layers
are shaped by a laser cutting machine, and the edge is burned to ashes. This does not affect
the chip’s ability to collect sweat because the whole edge is covered by paraffin wax to
prevent external water molecules from affecting the test results. The assembled chip is
dried for 30 min in a vacuum drying oven to thoroughly remove water molecules.
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2.4. Chip Calibration

As a type of measuring device, the chip must be calibrated before being tested on the
human body. Sweat, drawn from human skin using a suction tube, is added to the chip
through the inlet in the scale layer using a pipettor (volume resolution of 0.1 µL). The liquid
is added drop by drop with a single drop volume of 1.0 µL. Each droplet should be added
after the previous droplet has thoroughly infiltrated into the wax channel by observing the
inlet area under a physical microscope. The displacement caused by sweat moving forward
along the helix wax channel is recorded via the scale lines after each sweat droplet is added
based on the channel with sweat molecules turning from blue to red.

2.5. Testing on Human Volunteers

Two healthy, active male and female volunteers, 24 years old, participated in indoor
running sweat-collecting trials. The weight and height of male candidate are 83 kg and
175 cm, respectively and that of female are 52 kg and 162 cm, respectively. The average
room temperature and humidity were 28.9 ◦C and 74%, respectively. The volunteers ran on
a treadmill (SH-T5170) under controlled conditions with a running speed of 8.8 kph. When
considering localized areas of interest, the choice of sampling area is very important, as it
has been reported that sweat rate depends significantly on the sampling location [37]. The
sweat-secreting rates on the forehead, nape of the neck, and left forearm are larger than
the others on human body. These positions are usually exposed to air while candidates are
exercising and suitable for affixing the P-SRMCs. In this study, the chips were positioned
on the forehead, nape of the neck, and left forearm, as shown in Figure 4.

A mobile phone (iPhone XR with resolution of 1080p and frame rate of 240 fps), fixed
on the left forearm by a designed holder and with its camera aligned with the sensing chip,
was used to record video of the sweat-collection process. The displacement in chips on the
forehead and nape of the neck were recorded by photos taken every 5 min and then used
to calculate sweat volume using Formula (3), as the displacement value can be read from
the scale lines. Scientific research shows that it takes about 30 min for an average person to
have the best sports effect. So, the testing time is set as slightly longer than 30 min. Sweat
rates (υs) are expressed as g·m−2·h−1, for it is usually calculated in grams per square meter
of body surface area per hour.
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Figure 4. Experimental setup involving a male volunteer running under controlled conditions with
chips located on the forehead, left forearm, and nape of the neck.

3. Results and Discussion
3.1. Sweat Micro-Channel Parameters

A sweat leakage experiment was conducted to determine the minimum wax line width
to prevent sweat leaking through the filter paper. 3D-printed molds of different sizes were
designed to form wax lines with different widths on the filter paper. Sweat (2.5 µL) was
added on the initial site using a pipettor, and the paper was placed on a piece of horizontally
situated glass slide to observe leakage using a microscope. As shown in Figure 5, when the
width (ww) of the wax lines was 0.5 mm and 0.6 mm, the CoCl2 solution leaked across the
wax lines. When the width was no less than 0.7 mm, the wax lines completely prevented
leakage. Therefore, 0.7 mm was determined to be the minimum wax width.
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for wax channels; (b) photo of channels with sweat.

The sweat channel width (wc) is another important parameter for sweat collection,
as it determines the travel rate of the sweat. Although Darcy’s law, Lucas-Washburn
equation [38], Modifications to Darcy’s law and LW equation [39], Richards equation [40],
and flow simulation or visualization tools [41] can approximately calculate the micro-fluid
flow behavior in paper material, fluid imbibition into paper is a complex process governed
by a highly coupled system of length and time-scaled parameters. Therefore, the sweat
channel width in filter paper is typically determined by experiment, traditionally called a
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trial-and-error strategy. Besides that, capillary flow velocity inner filter paper is determined
by pore radius of the porous media in the hydrophilic channel and the size of the channel
according to Ref. [42]. The shape of channel bas little effect on flow velocity of sweat if
the flow rate is relatively low. The experiment result in straight channel is suitable for
spiral-shape ones.

To minimize the chip size, a width of 1.2 mm was chosen as the micro-channel pa-
rameter for the final sweat rate monitoring chip. A CoCl2 solution with a concentration of
0.65 mol/L and total volume of 1.6 µL was deposited in the channel for result visualization.
The flow distance was set at 10 mm to calculate the average flow velocity, υ. The process of
sweat flow in the paper-based wax channel with a width of 1.2 mm is shown in Figure 6
and Video S1 in the Supplementary Material. Figure 7 shows the influence of channel
width on sweat flow velocity in straight paper-based channels. The average flow velocity
increased rapidly in channel widths set at 1.2 mm, 1.4 mm, and 1.6 mm. More than 70 s
(average velocity of approximately 0.14 mm/s) was required for sweat to travel along the
channel with a relatively narrow width of 1.0 mm.
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Figure 7 shows average sweat travel velocity data. However, the flow velocity was
not constant and decreased slowly because of the increasing flow resistance downstream
in the micro-channel. Therefore, flow displacement in a paper-based wax channel with
a width of 1.2 mm was recorded at different times, and the results are shown in Figure 8.
The velocity was relatively high near the sweat inlet site then decreased until displacement
was less than approximately 7 mm and finally became approximately constant. The reason
the velocity decreased in the first section is that CoCl2 crystal particles were scoured
downstream by sweat flow, causing an enrichment that increased the flow resistance. The
experiment results show that sweat with a volume of 2.5 µL filled the paper-based channel
in approximately 60 s.
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3.2. Chip Calibration Results

In chip calibration experiments, it is time-consuming to completely fill the wax channel
with sweat drop by drop. A record of sweat traveling through a certain piece of P-SRMC
chip during the calibration process is shown in Figure 9. The color of the channel through
which the sweat travels changed from blue to red. The scale in red shows the displacement
of sweat as it travels. As shown in Video S2 in the Supplementary Material, it takes each
1-µL sweat droplet approximately 5 min on average to infiltrate the wax channel completely.
The time required by latter droplets is longer than that of former droplets because of the
gradually increasing flow resistance as drops are added.
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Ten samples of sweat colleting chips were tested to obtain an average result and
determine their consistency. As shown in Figure 10, the displacement of sweat moving
forward along the spiral wax channel was recorded using the scale lines after different
volumes of sweat were added from the chip inlet.
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A second-order fitting, as is shown in Formula (3), was carried out on the variation:

y = −0.29x2 + 8.97x + 1.88 (0 < x < 13.4) (3)

where y is displacement (mm) and x is the volume of sweat (µL). The relative variance was
~10%.

According to the experimental result, the maximum volume of sweat collected in a
single chip is above 14 µL, and the sensitivity (s) can be calculated by:

s =
dy
dx

= −0.58x + 8.97 (4)

The sensitivity decreases gradually with increasing volume of sweat collected.
Figure 10 shows that it reaches a maximum value of 8.97 mm·µL−1.

3.3. Testing Results Using Human Volunteers

The displacement caused by sweat moving forward was read using the scale lines on
the sweat-collecting chips locating on the left forearm, forehead, and nape of the neck of
the human volunteers, as shown in Table 1. The sweat secretion velocity on male candidate
is faster than that on female candidate. Photographs of P-SRMC changing color on male
skin surface are shown in Figure 11. The time interval for the recording was 5 min. Video
of sweat traveling through the chip on the left forearm of male candidate was recorded
using a mobile phone, as shown in Video S3 in the Supplementary Material. The values
were consequently converted to volume of sweat collected using Formula (3). According
to the shape of the above fitting function, the smaller of the two solutions for the unitary
quadratic equation is the sweat volume. The conversion results for each displacement of
sweat traveling through the chip are shown in Figure 12.
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Table 1. Record of test results for human volunteers.

Time/min
Left Forearm/mm Forehead/mm Nape of Neck/mm

Male Female Mail Female Mail Female

0 0 0 0 0 0 0
5 4.2 3.1 11.8 6.3 3.5 2.6

10 18.5 15.0 36.8 20.7 19.2 14.6
15 29.5 20.1 49.5 31.3 26.8 19.5
20 35.2 25.3 54.8 42.9 32.6 21.9
25 41.8 30.0 58.8 49.8 40.5 29.8
30 46.5 38.2 61.5 52.1 44.2 34.2
35 52.8 45.8 66.5 56.5 47.9 38.6
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Figure 12. Flow rate of sweat collected from (a) the left forearm, (b) forehead, and (c) nape of the
neck measured using the P-SRMC.

The test results showed that the relationship between volume of sweat secreted from
the left forearm, forehead, and nape of the neck and running time was approximately linear.
In other words, the sweat secretion velocity is approximately uniform. Considering that
the diameter of the sweat-collecting inlet is 2 mm, the flow rate per area can be calculated.
However, during the experiment, some sweat is converted into vapor around the chip, as
the temperature of the skin surface at the measurement site is much higher than that of
the ambient environment. The sweat vapor formed close to the inlet hole will seep into
the sensing layer and cause the experimental result to be greater than the actual value. To
minimize this effect, the correction coefficient δ was calculated for the collecting area and
set as 2. Therefore, the collecting area (Ac = 4π mm2) is twice that of the inlet hole diameter.
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Among the three measured sites, the forehead had the highest average sweat secreting
velocity (Vf), 0.33 µL·min−1, which is the slope of the fitted straight line in Figure 12b.
The flow velocity per area for the forehead position was calculated using Formula (5) and
equaled 0.026 µL·mm−2·min−1.

R f =
Vf

Ac
(5)

Sweat rate is usually calculated in grams per square meter of body surface area per
hour. Therefore, the rate of sweat secretion from the forehead position was 1734 g·m−2·h−1

if we assume that the density of sweat is 1.1 g·cm−3. The test result showed good agreement
in order of magnitude with that measured using absorbent pads [43] and Macroduct [22],
which are common commercial sweat collectors for determining sweating rate. As shown
in Figure 12a,c, the sweat secretion velocity on the left forearm (Varm) and nape of the neck
(Vnape) was 0.22 µL·min−1 and 0.19 µL·min−1, respectively. The secretion rates for the
above two positions were 1156 g· m−2·h−1 and 998 g·m−2·h−1, respectively. Therefore, the
sweat rate of the left forearm was much lower than that of the forehead and greater than
that of the nape of the neck for regional variations in human eccrine sweat gland density
and local sweat secretion rates during the thermal loading in exercising individuals [44].

4. Conclusions

This paper describes a low-cost, disposable, paper-based microfluidic chip for real-
time sweat secretion rate monitoring. The chip consists primarily of a skin adhesive layer,
a sweat-proof layer, a sweat-sensing layer, and a scale layer with a disk-shape from the
bottom to top. Double spiral wax lines impressed in a piece of filter paper using a mold
serve as the micro-channel through which the collected sweat travels. The micro-channel
is pre-filled with a chromogenic agent to show displacement of the sweat as it travels, so
sweat volume can be read directly using scale lines without any electronic elements. The
diameter and thickness of the whole chip are 25 mm and 0.3 mm, respectively, which allows
for good flexibility and good compactness with the skin surface. Tests of sweat flow rate
monitoring on the left forearm, forehead, and nape of the neck of human volunteers during
running were conducted. The average sweat secretion rates of the three positions were
1156 g·m−2·h−1, 1710 g·m−2·h−1, and 998 g·m−2·h−1, respectively, in good agreement with
values measured using existing common commercial sweat collectors. The P-SRMC chip,
as a very low-cost, disposable, and easily fabricated wearable device, has a wide range
of potential applications in real-time monitoring of sweat loss for body builders, athletes,
firefighters, etc., or for further sweat analyses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/mi13030414/s1, Video S1: Sweat flow process in paper-based channel with width of 1.2 mm;
Video S2: Calibration of sweat rate real-time monitoring chip; Video S3: Test of sweat flow rate
monitoring on left forearm of a male volunteer doing running exercise.
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Nomenclature

r
radius of spiral line on the
external side, mm

s sensitivity of P-SRMC sensor, mm·µL−1

R
radius of spiral line on the
internal side, mm

x volume of secreting sweat, µL

ww width of the wax line, mm y is displacement, mm
wc width of the sweat channel, mm Ac sweat collecting area, mm2

θ angle of spiral lines, rad Vf
sweat secreting volume velocity from forehead,
µL·min−1

υ
sweat average flow velocity in
wax channel, mm/s

Varm
sweat secreting volume velocity from left
forearm, µL·min−1

υs sweat secreting rate, g·m−S2·h−1 Vnape
sweat secreting volume velocity from nape of
the neck, µL·min−1

References
1. Harvey, C.J.; LeBouf, R.F.; Toxicol, A.B. Formulation and stability of a novel artifificial human sweat under conditions of storage

and useStefaniak. In Vitro 2010, 24, 1790–1796. [CrossRef] [PubMed]
2. Gagnon, D.; Jay, O.; Kenny, G.P. The evaporative requirement for heat balance determineswhole-body sweat rate during exercise

under conditions permitting full evaporation. J. Physiol. 2013, 591, 2925–2935. [CrossRef] [PubMed]
3. Lim, C.L.; Byrne, C.; Lee, J.K.W. Human Thermoregulation and Measurement of Body Temperature in Exercise and Clinical

Settings. Ann. Acad. Med. Singap. 2008, 37, 347–353. [PubMed]
4. Klous, L.; Ruiter, C.D.; Alkemade, P.; Daanen, H.; Gerrett, N. Sweat rate and sweat composition during heat acclimation. J. Therm.

Biol. 2020, 93, 102697. [CrossRef]
5. Salvo, P.; Pingitore, A.; Barbini, A.; Francesco, F.D. A wearable sweat rate sensor to monitor the athletes’ performance during

training. Sci. Sport 2018, 33, e51. [CrossRef]
6. Tseng, C.C.; Kung, C.T.; Chen, R.F.; Tsai, M.H.; Chao, H.R.; Wang, Y.N.; Fu, L.M. Recent advances in microfluidic paper-based

assay devices for diagnosis of human diseases using saliva, tears and sweat samples. Sens. Actuators B 2021, 342, 130078.
[CrossRef]

7. Saha, T.; Fang, J.; Mukherjee, S.; Knisely, C.T.; Dickey, M.D.; Velev, O.D. Osmotically Enabled Wearable Patch for Sweat Harvesting
and Lactate Quantification. Micromachines 2021, 12, 1513. [CrossRef] [PubMed]

8. Kim, S.B.; Koo, J.; Yoon, J.; Hourlier-Fargette, A.; Lee, B.; Chen, S.; Jo, S.; Choi, J.; Oh, Y.S.; Lee, G.; et al. Soft, skin-interfaced
microfluidic systems with integrated enzymatic assays for measuring the concentration of ammonia and ethanol in sweat. Lab
Chip 2020, 20, 84–92. [CrossRef]

9. Mohan, A.M.V.; Rajendran, V.; Mishra, R.K.; Trends Anal Chem. Recent advances and perspectives in sweat based wearable
electrochemical. Sensors 2020, 131, 116024. [CrossRef]

10. Baker, L.B.; Wolfe, A.S. Physiological mechanisms determining eccrine sweat composition. Eur. J. Appl. Physiol. 2020, 120, 719–752.
[CrossRef]

11. Nyein, H.Y.Y.; Bariya, M.; Kivimäki, L.; Uusitalo, S.; Liaw, T.S.; Jansson, E.; Ahn, C.H.; Hangasky, J.A.; Zhao, J.; Lin, Y.; et al.
Regional and correlative sweat analysis using high-throughput microfluidic sensing patches toward decoding sweat. Sci. Adv.
2019, 5, eaaw9906. [CrossRef] [PubMed]

12. Bandodkar, A.J.; Gutruf, P.; Choi, J.; Lee, K.; Sekine, Y.; Reeder, J.T.; Jeang, W.J.; Aranyosi, A.J.; Lee, S.P.; Model, J.B.; et al.
Battery-free, skin-interfaced microfluidic/electronic systems for simultaneous electrochemical, colorimetric, and volumetric
analysis of sweat. Sci. Adv. 2019, 5, eaav3294. [CrossRef] [PubMed]

http://doi.org/10.1016/j.tiv.2010.06.016
http://www.ncbi.nlm.nih.gov/pubmed/20599493
http://doi.org/10.1113/jphysiol.2012.248823
http://www.ncbi.nlm.nih.gov/pubmed/23459754
http://www.ncbi.nlm.nih.gov/pubmed/18461221
http://doi.org/10.1016/j.jtherbio.2020.102697
http://doi.org/10.1016/j.scispo.2017.03.009
http://doi.org/10.1016/j.snb.2021.130078
http://doi.org/10.3390/mi12121513
http://www.ncbi.nlm.nih.gov/pubmed/34945363
http://doi.org/10.1039/C9LC01045A
http://doi.org/10.1016/j.trac.2020.116024
http://doi.org/10.1007/s00421-020-04323-7
http://doi.org/10.1126/sciadv.aaw9906
http://www.ncbi.nlm.nih.gov/pubmed/31453333
http://doi.org/10.1126/sciadv.aav3294
http://www.ncbi.nlm.nih.gov/pubmed/30746477


Micromachines 2022, 13, 414 13 of 14

13. Hauke, A.; Simmers, P.; Ojha, Y.R.; Cameron, B.D.; Ballweg, R.; T Zhang, N.T.; Brothers, M.; Gomez, E.; Heikenfeld, J. Complete
validation of a continuous and blood-correlated sweat biosensing device with integrated sweat stimulation. Lab Chip 2018, 18,
3750–3759. [CrossRef] [PubMed]

14. Shirreffs, S.M.; Maughan, R.J. Whole body sweat collection in humans: An improved method with preliminary data on electrolyte
content. J. Appl. Physiol. 1997, 82, 336–341. [CrossRef] [PubMed]

15. Constantinescu, M.; Hilman, B.C. The Sweat Test for Quantitation of Electrolytes. Lab Med. 1996, 27, 472–477. [CrossRef]
16. Baker, L.B.; Chavez, P.J.; Ungaro1, C.T.; Sopeña, B.; Nucciol, R.; Reimel, A.; Barnes, K. Exercise intensity effects on total sweat

electrolyte losses and regional vs. whole-body sweat [Na+], [Cl−], and [K+]. Eur. J. Appl. Physiol. 2019, 119, 361–375. [CrossRef]
17. Liu, C.; T Xu, D.W.; Zhang, X. The role of sampling in wearable sweat sensors. Talanta 2020, 212, 120801. [CrossRef]
18. Zhang, Y.; Chen, Y.; Huang, J.; Liu, Y.; Peng, J.; Chen, S.; Song, K.; Ouyang, X.; Cheng, H.; Wang, X. Skin-interfaced microfluidic

devices with one-opening chambers and hydrophobic valves for sweat collection and analysis. Lab Chip 2020, 20, 2635–2645.
[CrossRef]

19. Yang, Y.; Xing, S.; Fang, Z.; R Li, H.K.; Pan, T. Wearable microfluidics: Fabric-based digital droplet flowmetry for perspiration
analysis. Lab Chip 2017, 17, 926–935. [CrossRef]

20. Francis, J.; Stamper, I.; Heikenfeld, J.; Gomez, E.F. Digital nanoliter to milliliter flow rate sensor with in vivo demonstration for
continuous sweat rate measurement. Lab Chip 2019, 19, 178–185. [CrossRef]

21. Baker, L.B.; Model, J.B.; Barnes, K.A.; Anderson, M.L.; Lee, S.P.; Lee, K.A.; Brown, S.D.; Reimel, A.J.; Roberts, T.J.; Nuccio1,
R.P.; et al. Skin-interfaced microfluidic system with personalized sweating rate and sweat chloride analytics for sports science
applications. Sci. Adv. 2020, 6, eabe3929. [CrossRef] [PubMed]

22. Matzeu1a, G.; Fay1a, C.; Vaillant, A.; Coyle, S.; Diamond, D. A Wearable Device for Monitoring Sweat Rates via Image Analysis.
IEEE Trans. Biomed. Eng. 2016, 63, 1672–1680. [CrossRef] [PubMed]

23. Liu, H.; Qing, H.; Li, Z.; Han, Y.L.; Lin, M.; Yang, H.; Li, A.; Lu, T.J.; Li, F.; Xu, F. Paper: A promising material for human-friendly
functional wearable electronics. Mat. Sci. Eng. R. 2017, 112, 1–22. [CrossRef]

24. Gao, B.; Li, X.; Yang, Y.; Chu, J.; He, B. Emerging paper microflfluidic devices. Analyst 2019, 144, 6497–6511. [CrossRef] [PubMed]
25. He, J.; Xiao, G.; Chen, X.; Qiao, Y.; Xu, D.; Lu, Z. A thermoresponsive microflfluidic system integrating a shape memory

polymer-modifified textile and a paper-based colorimetric sensor for the detection of glucose in human sweat. RSC Adv. 2019, 9,
23957–23963. [CrossRef]

26. Nagamine, K.; Mano, T.; Nomura, A.; Ichimura, Y.; Izawa, R.; Furusawa, H.; Matsui, H.; Kumaki, D.; Tokito, S. Noninvasive
Sweat-Lactate Biosensor Emplsoying a Hydrogel-Based Touch Pad. Sci. Rep. 2019, 9, 10102. [CrossRef]

27. Zhao, F.J.; Bonmarin, M.; Chen, Z.C.; Larson, M.; D Fay, D.R.; Heikenfeld, J. Ultra-simple wearable local sweat volume monitoring
patch based on swellable hydrogels. Lab Chip 2020, 20, 168–174. [CrossRef]

28. Gao, W.; Emaminejad, S.; Nyein, H.Y.Y.; Challa, S.; Chen, K.; Peck, A.; Fahad, H.M.; Ota, H.; Shiraki, H.; Kiriya, D.; et al. Fully
integrated wearable sensor arrays for multiplexed in situ perspiration analysis. Nature 2016, 529, 509–514. [CrossRef] [PubMed]

29. Martinez, A.W.; Phillips, S.T.; Whitesides, G.M. Diagnostics for the Developing World: Microflfluidic Paper-Based Analytical
Devices. Anal. Chem. 2010, 82, 3–10. [CrossRef]

30. Singhal, H.R.; Prabhu, A.; Nandagopal, G.; Dheivasigamani, T.; Mani, N.K. One-dollar microfluidic paper-based analytical
devices: Do-It-Yourself approaches. Microchem. J. 2021, 165, 106126. [CrossRef]

31. Sriram, G.; Bhat, M.P.; Patil, P.; Uthappa, U.T.; Jung, H.; Altalhi, T.; Kumeria, T.; Aminabhavi, T.M.; Pai, R.K.; Madhuprasad;
et al. Paper-based microfluidic analytical devices for colorimetric detection of toxic ions: A review. Trends Anal. Chem. 2017, 93,
212–227. [CrossRef]

32. Nishat, S.; Jafry, A.T.; Martinez, A.W.; Awan, F.R. Paper-based microfluidics: Simplified fabrication and assay methods. Sens.
Actuators B 2021, 336, 129681. [CrossRef]

33. Kung, C.; Hou, C.; Wang, Y.; Fu, L. Microfluidic paper-based analytical devices for environmental analysis of soil, air, ecology and
river water. Sens. Actuators B 2019, 301, 126855. [CrossRef]

34. Altundemir, S.; Uguz, A.K.; Ulgen, K. A review on wax printed microfluidic paper-based devices for international health.
Biomicrofluidics 2017, 11, 041501. [CrossRef] [PubMed]

35. Nie, C.; Frijns, A.J.H.; Mandamparambil, R.; Toonder, J.M.J. A microfluidic device based on an evaporation-driven micropump.
Biomed. Microdevice 2015, 17, 47–59. [CrossRef] [PubMed]

36. Chen, X.; Li, Y.; Han, D.; Zhu, H.; Xue, C.; Chui, H.; Cao, T.; Qin, K. A Capillary-Evaporation Micropump for Real-Time Sweat
Rate Monitoring with an Electrochemical Sensor. Micromachines 2019, 10, 457. [CrossRef] [PubMed]

37. Havenith, G.; Fogarty, A.; Bartlett, R.; Smith, C.J.; Ventenat, V. Male and female upper body sweat distribution during running
measured with technical absorbents. Eur. J. Appl. Physiol. 2008, 104, 245–255.

38. Masoodi, R.; Pillai, K.M. Darcy’s Law-Based Model for Wicking in Paper-Like Swelling Porous Media. AIChE J. 2010, 56,
2257–2267. [CrossRef]

39. Engeland, C.; Haut, B.; Spreutels, L.; Sobac, B. Evaporation versus imbibition in a porous medium. J. Colloid Interf. Sci. 2020, 576,
280–290. [CrossRef]

40. Richards, L.A. Capillary conduction of liquids through porous mediums. Physics 1931, 1, 318–333. [CrossRef]

http://doi.org/10.1039/C8LC01082J
http://www.ncbi.nlm.nih.gov/pubmed/30443648
http://doi.org/10.1152/jappl.1997.82.1.336
http://www.ncbi.nlm.nih.gov/pubmed/9029235
http://doi.org/10.1093/labmed/27.7.472
http://doi.org/10.1007/s00421-018-4048-z
http://doi.org/10.1016/j.talanta.2020.120801
http://doi.org/10.1039/D0LC00400F
http://doi.org/10.1039/C6LC01522K
http://doi.org/10.1039/C8LC00968F
http://doi.org/10.1126/sciadv.abe3929
http://www.ncbi.nlm.nih.gov/pubmed/33310859
http://doi.org/10.1109/TBME.2015.2477676
http://www.ncbi.nlm.nih.gov/pubmed/26394409
http://doi.org/10.1016/j.mser.2017.01.001
http://doi.org/10.1039/C9AN01275C
http://www.ncbi.nlm.nih.gov/pubmed/31588934
http://doi.org/10.1039/C9RA02831E
http://doi.org/10.1038/s41598-019-46611-z
http://doi.org/10.1039/C9LC00911F
http://doi.org/10.1038/nature16521
http://www.ncbi.nlm.nih.gov/pubmed/26819044
http://doi.org/10.1021/ac9013989
http://doi.org/10.1016/j.microc.2021.106126
http://doi.org/10.1016/j.trac.2017.06.005
http://doi.org/10.1016/j.snb.2021.129681
http://doi.org/10.1016/j.snb.2019.126855
http://doi.org/10.1063/1.4991504
http://www.ncbi.nlm.nih.gov/pubmed/28936274
http://doi.org/10.1007/s10544-015-9948-7
http://www.ncbi.nlm.nih.gov/pubmed/25804609
http://doi.org/10.3390/mi10070457
http://www.ncbi.nlm.nih.gov/pubmed/31284628
http://doi.org/10.1002/aic.12163
http://doi.org/10.1016/j.jcis.2020.02.105
http://doi.org/10.1063/1.1745010


Micromachines 2022, 13, 414 14 of 14

41. Mascini, A.; Cnudde, V.; Bultreys, T. Event-based contact angle measurements inside porous media using time-resolved micro-
computed tomography. J. Colloid Sci. 2020, 572, 354–363. [CrossRef] [PubMed]

42. Tong, X.; Ga, L.; Zhao, R.; Ai, J. Research progress on the applications of paper chips. RSC Adv. 2021, 11, 8793. [CrossRef]
43. Smith, C.J.; Havenith, G. Body mapping of sweating patterns in male athletes in mild exercise-induced hyperthermia. Eur. J. Appl.

Physiol. 2011, 111, 1391–1404. [CrossRef] [PubMed]
44. Taylor, N.; Moreira, C.M. Regional variations in transepidermal water loss, eccrine sweat gland density, sweat secretion rates and

electrolyte composition in resting and exercising humans. Extrem. Physiol. Med. 2013, 2, 4. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jcis.2020.03.099
http://www.ncbi.nlm.nih.gov/pubmed/32259728
http://doi.org/10.1039/D0RA10470A
http://doi.org/10.1007/s00421-010-1744-8
http://www.ncbi.nlm.nih.gov/pubmed/21153660
http://doi.org/10.1186/2046-7648-2-4
http://www.ncbi.nlm.nih.gov/pubmed/23849497

	Introduction 
	Materials and Methods 
	Structure of Paper-Based Sweat Rate Monitoring Chips 
	Sweat Micro-Channel Parameters 
	Chip Assembly 
	Chip Calibration 
	Testing on Human Volunteers 

	Results and Discussion 
	Sweat Micro-Channel Parameters 
	Chip Calibration Results 
	Testing Results Using Human Volunteers 

	Conclusions 
	References

