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ABSTRACT

Wearable sweat sensors are essential for providing insight into human physiological health. The currently developed microfluidic sweat
sensors have demonstrated the function of collecting and storing sweat. However, they detect more average concentrations of substances
based on time periods, which leads to the fact that in situ real-time measurement for multiple biomarkers remains a grand challenge. Here,
we propose a wearable epidermal microfluidic patch with integrated microfluidic pumps and micro-valves for accelerated and continuous
collection of the sweat, where the micro-pumps ensure the complete separation of old and new sweat for real-time detection of real concen-
tration of biomarkers in sweat. The biomarker concentration at different time periods is detected by introducing a burst valve, which is used
to assist in the analysis of the real-time detection. A quantitative relationship between the minimum burst pressure difference required for
sequential collection and the size of the microchannel structure is established to overcome the effects of additional resistance at the
gas-liquid interface. Additionally, the sensing modules, including sodium ion, chlorine ion, glucose, and pH level in sweat, are integrated
into the patch to realize in situ, real-time detection of multiple biomarkers in the human sweat, decoding the correlation between changes
in substance concentrations and physiological conditions. This work provides a unique and simplifying strategy for developing wearable
sweat sensors for potential applications in health monitoring and disease diagnostics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0092084

I. INTRODUCTION

Sweat is a product of metabolic activity carried out by the body
and contains various biomarkers (e.g., hydrogen ions, sodium ions,
glucose, chloride ions, and so on), which can be used to assess elec-
trolyte balance, blood glucose level, hydration status, and personal-
ized health.'”® Wearable sweat sensors are capable of recording
critical physiological parameters in a non-invasive manner, thus are
regarded as an alternate to blood-based sensors for physiological
assessment.””'* However, the change in a single substance may be
caused by multiple health conditions. For example, varieties in

sodium ion concentration may be induced by electrolyte imbalance,
or hypernatremia, and diabetes; exercise depletion may lead to
changes in glucose concentration.'” ™’ Thus, it is highly desirable to
design a sweat sensor that can detect real-time changes of multiple
biomarkers, which improves the reliability of health assessment in
daily activities. Advances in flexible electronics have opened up new
opportunities for the manufacture of sweat collection devices that
provide useful biomarker measurements.”’ "> Early efforts utilize a
variety of flexible materials as substrates for collecting and storing
sweat, such as fibers, paper, and screen-printed sensors.”” >’ These
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measurement strategies are unable to separate sweat from the skin,
resulting in interference from skin surface chemicals and the inability
to distinguish the changes in old and new sweat. In addition, bio-
markers within the sweat tend to accumulate in the sensing area due
to the rapid evaporation of sweat, resulting in the reduction of the
sensing accuracy. To address these limitations, microchannel tech-
nology has emerged to significantly reduce contamination and evap-
oration by directing sweat into microchannels, thereby separating
sweat from the skin and storing it in a microfluidic system.”*™** For
instance, the design of highly absorbent polymer valves, traps, and
capillary burst valves has been demonstrated in microfluidic
devices to achieve sequential collection.””™>* Among them, the capil-
lary burst valve provides a simplifying strategy for achieving the
sequential collection of sweat by merely changing the structure of
the channel.”” However, the minimum burst pressure (P) that can
realize sequential collection is not further considered through theo-
retical calculation or experimental observation in the design of capil-
lary burst valves, thereby leading to movement burdens and
collection difficulties when an additional P is applied. Additionally,
sequential collection and detection of sweat show the average change
of substances over a period of time and thus expose limitations of
real-time detection. Thus, in situ real-time measurements of the
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biomarker concentrations in sweat remain a daunting challenge,
which requires a unique microchannel design in sweat sensors to
effectively improve the capability of sequential collection and acceler-
ated collection.

Here, we introduce the microfluidic pumps and micro-valves
into the microfluidic channel that is capable of detecting biomarker
concentration in a real-time mode [Fig. 1(a)]. The microfluidic
pump contributes to the acceleration of sweat flowing and the
improvement of collection efficiency, ensuring temporal consis-
tency of the test sweat with the just secreted one and the reliability
of real-time detection. The capillary burst valves are integrated into
the microfluidic patch, thereby enabling the sequential collection of
sweat for better evaluation of human health. A comprehensive set
of theoretical/numerical method and experimental schemes is pro-
posed to quantitatively elucidate the range of minimum burst pres-
sure difference (AP) for achieving sequential collection. Multiple
sensor modules, including sodium ions, chloride ions, glucose, and
pH level, are successfully integrated into the detection areas of the
microfluidic patch for simultaneous real-time detection [Fig. 1(b)].
This developed wearable sweat sensor with in situ real-time mea-
suring capability opens up an optional path toward health monitor-
ing and disease diagnostics.
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FIG. 1. Schematic diagram of epidermal microfluidic patch with integrated sweat sensors, burst valve and microfluidic pump (accelerator pump). (a) Sensor and microfluidic
channel display. (b) Methods for the detection of sodium ions, glucose, chloride ions, and pH level of sweat.
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Il. EXPERIMENT
A. Materials

Polydimethylsiloxane (PDMS) from Dow Corning, polyimide
film (PIF), ferric chloride, potassium chloride, potassium ferricya-
nide, sodium chloride, hydrochloric acid, methanol, polyvinyl
butyral (PVB), polyvinyl chloride (PVC), sodium ionic carrier, tet-
rahydrofuran, chitosan, potassium tetraborate, bis-decanedioate,
phosphate buffer solution (PBS), hydrochloric acid, and glucose
oxidase (GOx) were obtained from the Aladdin platform, and the
purity of the reagents was analytically pure.

B. Preparation of PDMS microfluidic channels

The stencils with a patterned structure were carved using the
SU-8 technique [detailed design in Fig. S1(a) in the supplementary
material]. The silicon stencils were cleaned with ethanol solution
and then soaked in a mixture of ethyl acetate, n-heptane, and
dodecamethylsiloxane for 2h and dried in a fume hood. The
purpose of this operation was to make the surface of silicon stencils
hydrophobic and easier to peel off the PDMS microfluidic channels
after the solution of including PDMS prepolymer was casted onto
the stencils with a patterned structure.

C. Preparation of sodium ion sensors

The potentiometric sodium ion sensor consisted of a
two-electrode system,'”'”°"~* namely, a working electrode with a
sodium ion selective membrane and a reference electrode with a
polyvinyl butyral (PVB) membrane by using the PIF as the sub-
strate. The circle working electrode had a diameter of 2 mm, and
the reference electrode was a quarter ring with an inner diameter of
2.2mm and an outer diameter of 5 mm. The PIF was first washed
sequentially with ethanol and de-ionized water, then pasted on the
slide. After that, graphene was induced on the PIF surface with
CO, laser equipment (Shanghai Hehong Laser Equipment Co.,
Ltd.) at a scanning speed of 150 mm/s. To obtain a sodium ion
selective electrode, a mixed solution consisting of dibutyl sebacate,
polyvinyl chloride, ethyl 4-tert-butyltetraacetate and tetra
(4-chlorophenyl) potassium borate (50 mg/ml) was dissolved in the
tetrahydrofuran solution, and then 5ul mixed solution was
dropped onto the surface of graphene electrode to form a working
electrode. The reference electrode was prepared by applying a silver
chloride slurry on the surface of graphene, drying and adding 5 ul
of methanol solution (1 ml of methanol solution contained 78.1 mg
PVB and 58.5 mg NaCl) on the surface of silver chloride, and the
methanol solution was evaporated to form a PVB film on the
surface. The sodium ion sensor needed to be soaked in a sodium
chloride solution at a concentration of 3 mol/l for half an hour to
adjust the potential before use.

D. Preparation of the glucose sensor

The amperometric glucose sensor consisted of three elec-
trodes, in which the Ag/AgCl electrode was used as the reference
electrode, the laser-induced graphene (LIG) without modification
as the counter electrode, and the modified LIG as the working
electrode.”” ™" The working electrode and reference electrode of the

ARTICLE scitation.org/journal/bmf

glucose sensor were the same as those of the sodium ion sensor.
The counter electrode was a ring with an inner diameter of 2.2 mm
and an outer diameter of 5mm. For obtaining the working
electrode, the LIG on PIF was placed in the solution containing
K3[Fe(CN)gl,, FeCls, HCI, and KCI to electrodeposit Prussian blue
film by using the three-electrode system at a constant potential of
0.1V for 120s. An agarose membrane emulsion with a mass frac-
tion of 1% agarose and a mass fraction of 1% chitosan solution was
prepared in the PBS (pH =6.5). Then, the solution of GOx oxidase
(10 mg/ml), agarose, and chitosan solutions were dropped onto the
working electrode to form the glucose sensor with dried overnight
at 4 °C for use.

E. Preparation of chlorine ion sensor and pH sensor

The pH sensor was constructed via the commercial test papers
(test strip model Q31/0110000034C045) with a 5-mm diameter
and placed in the corresponding sensing areas before encapsulation
of sweat patch. The reaction cell of pH sensor was treated by
plasma to improve the adhesion capacity and ensure the stable
combination with pH test strips. For chloride ion sensor prepara-
tion, the mercury thiocyanate solution was used to generate colored
complexes on the chlorine free test paper,” then dried it and put it
on the surface of reaction chamber after plasma treatment. pH test
strips and chloride test strips did not come into direct contact with
the skin.

F. Characteristics

Sodium ion concentration was determined by measuring the
open circuit potential (OCP) vs the reference electrode via the elec-
trochemical workstation (CH Instruments, Inc.). The glucose con-
centration was obtained in PBS using the electrochemical
workstation. The role of Prussian blue on the working electrode
was to catalyze the decomposition of hydrogen peroxide and gener-
ated an electric current. We obtained the maximum reduction peak
of Prussian blue at 0.1V by CV measurement (Fig. S2 in the
supplementary material). This potential (0.1 V) was used for
glucose measurement by the potentiostatic method to ensure
greater catalytic activity of Prussian blue.

Sequential collection and microfluidic pump injection experi-
ments were performed using a syringe pump with an injection rate
of 0.025ml/min. All injected patches were encapsulated with a
small opening at the outlet to reduce the back pressure of air in the
flowing process of liquid. The COMSOL simulation for sequential
collection was carried out by importing a 2D mode with presup-
posed phase field mode, initial internal filling with air, water injec-
tion at the inlet at a constant velocity and contact angle.

lll. RESULTS AND DISCUSSION

A. Design and integration of burst valves with
minimum burst pressure difference for sequential
collection of sweat

The microfluidic channels are symmetrical in structure, com-
prising three chambers for real-time detection of sodium ion con-
centration and pH level and an accelerator pump for accelerated
collection of sweat [or for real-time detection of chloride ion
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concentration and glucose and stepped-up management of sweat,
Fig. 1(a)]. In order to achieve sequential collection of sweat, a com-
prehensive analysis to quantitatively elucidate the range of
minimum AP is carried out. According to the principle of capillary
force, if a large change in the size of channel occurs during the
fluid flowing, a large resistance (namely, AP) will be generated,
which can be expressed by the Young equation

0
AP:PA7P0:740'C0;A. 1)

Here, P4 and Pg are the internal and external capillary pres-
sures at the surface of bent liquid in the round channel [Fig. S1(b)
in the supplementary material], respectively; o is the surface
tension of the liquid; 8,4 is the contact angle between the liquid and
the wall of the channel as it advances; D is the capillary diameter.
In the rectangular tube, the AP can be calculated using the follow-
ing Young-type equation:

AP =P, — Py — _G(COS o, —lu—)cos 6, cos 6, —L— cos 0b>’ )

where cos 6}, cos 6,, cos 6, and cos 6, are the contact angles of the
liquid in the left, right, top, and bottom surfaces of the rectangular
channel, respectively; w and h are the width and height of the
channel [Fig. S1(c) in the supplementary material], respectively. In
the preparation process of burst valve, the defects produced in the
preparation process will affect the performance of the burst valve,
so the use of rectangular channel and burst valve with round
chamfer can extend the dispersion angle and make it easier to
control the AP. We use uniform material to control the contact
angle, at this point the equation with dispersion angle 6; is given as
cos O;

0
AP:PA—PO:—G( o o I>. 3)

w h

Here, w'=w + 2r.(1 — cos B), r. denotes the radius of the
circle chamfer of rectangular channel,fdenotes the angle of widen-
ing at the through circle chamfer [Fig. S1(d) in the supplementary
material], ; = min{64 + 8, 180°}.

The validation experiment for sequential collection was
carried out by using the model including two valves with different
P, three chambers, and one inlet and one outlet [Fig. 2(a)]. In
solving for the minimum AP to achieve sequential collection, we
set different adjacent pressure differences to be filled. Four sets of
experiments were carried out (experiment details shown in
Figs. S3-S5 in the supplementary material) and a minimum AP
between 125Pa and 150 Pa for sequential collection is obtained.
The filling time at a set burst pressure (AP = 150 Pa) with a filling
rate of 0.025 ml/min is about 79s, and four sets of control tests
show similar results [Fig. 2(c) and Fig. S6 in the supplementary
material]. We also fit the experimental and theoretically calculated
AP [Fig. 2(b) and Fig. S1(d) in the supplementary material, wy, w,
and w, in Fig. S1(d) in the supplementary material are passage
dimensions of the rupture valves], where the red dots indicate the
widths of flow path for sequential burst, the gray dots indicate the
width of flow path for simultaneous burst, and the orange and cyan
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dividing line roughly demonstrates the relationship between the
widths of flow paths for adjacent burst valves when sequential
bursts are desired. The results in Fig. 2(b) illustrate that through
the fitting of experimental and theoretical simulations, we have
obtained a minimum relationship between the widths of adjacent
burst valves that should satisfy when the sequential bursting can be
achieved. The simulation of flowing process of the fluid was also
carried out based on the designed structure and presents similar
flowing tendency to the experimental results [Fig. 2(d) and Movie
S1 in the supplementary material]. This suggests that the reasons
for sequential bursting are the variations in channel structures
which provide different burst pressures. Therefore, a combination
of theory, experiment and simulation has enabled us to derive an
approximate range of minimum AP and the relationship between
adjacent channels with different burst valves, which will assist in
the design of subsequent burst valves.

B. Design and integration of microfluidic pumps for
acceleration collection of sweat

The flow rate of sweat in the channel affects the sensor’s per-
formance in detecting human health in real time; therefore, it is
particularly important to ensure a rapid flowing of sweat through
the detection zone during sweat detection. Here, we propose and
design a microfluidic pump to accelerate the flowing of sweat
through the microchannel (Fig. 3). The principle of microfluidic
pumping is to construct more hydrophilic channel surface to
achieve the positive driving effect of capillary force on the liquid by
arranging the microcolumn arrays in the channel [Figs. S1(a) and
S7 in the supplementary material], which can provide a larger
contact area for the capillary force and achieve a longer driving
effect. The flowing of liquid in the microfluidic channel is charac-
terized by a reduction in the solid-air area, an increase in the
solid-liquid area and a change in the free energy of the surface
(Fig. S7 in the supplementary material). The Gibbs free energy G
of the system during the microfluidic wetting process can be
expressed as

G= Z i=tbbr (Y Ly, ASLv, + ¥sv,ASsv, + V51, ASs1,)- (4)

Here, t, b, I, and r represent the top, bottom, left, and right
walls of the channel, respectively; y,y,, 75y, andyg, represent the
surface tensions at the liquid-gas, solid-gas, and solid-liquid inter-
faces, respectively; ASpy,, ASsv,, and ASg;, represent the contact
areas at the liquid-gas, solid-gas, and solid-liquid interfaces,
respectively. The process of wetting the channels by liquids is char-
acterized by an increase in the contact area of the solid-liquid and
a decrease in the contact area of the solid-gas, then G in the filling
process can be expressed as

G = (Ysv, = ¥s1,) X ASsv, + (Ysv, — Ys1,) % ASsy,
+2 X (¥sy, — ¥s1,) X ASsv,. (5)
Combining the Young-type equation (ysy, — Yo, = Y1v,

X cos B4, i =1, b, 1, r), the relation of G and capillary pressure P
(G =P x V, Vis the volume of the flow channel) and Eq. (5), P of
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FIG. 2. Design of the burst valves for sequential collection test. (a) Three-dimensional construction of the burst valve. (b) Theoretical calculated phase diagram of AP
generated by adjacent burst valves with different sizes (w4 and w, were the widths of flow path for burst valves) and the comparison with experimental results for sequential
collection. The red dots and gray dots indicated the widths of flow paths for sequential burst and simultaneous burst, respectively. The orange and cyan dividing line
demonstrated the relationship between the widths of adjacent burst valves when sequential bursts were desired. (c) Time spent in four control experiments when sequential
bursting occurrence (AP = 150 Pa). (d) Filling process of the liquid under COMSOL simulation when sequential bursting occurrence.
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FIG. 3. Design and integration of microfluidic pumps. (a) Preparation and structure of microfluidic pump. (b) Phase diagram of the driving pressure for the microfluidic
pump with different width sizes. (c) Time required to flow through the same volume of microfluidic pump with different main flow channel widths (b;) between adjacent
microcolumns. (d) Experimental diagrams of the flowing process of liquid in the sweat patch integrated microfluidic pump and rupture valves.
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the capillary microfluidic pump can thus be given as

Yy, X (cos 0; x ASgy, + cos 8 x ASgy, + 2*cos 6, x ASsy,)
= % .

P

(6)

We fix the microcolumn length L= 0.7 mm, width b;=0.1 mm,
height 4 = 0.3 mm, change the dimensions of b; (main flow channel
width between adjacent microcolumns) and b, (side flow channel
width between adjacent microcolumns) [Fig. Sl(a) in the
supplementary material], and calculate P generated at the pumps
with different channel widths [Fig. 3(b)]. The result shows that P
increases with b; and b, decrease, which is very helpful for obtaining
fast flowing characteristics of microfluidics in the microfluidic pump.
In order to verify the structure effect of microfluidic pump on the
flowing behavior of sweat in the channel, the microfluidic pumps
with the same h and alterable b, (b;=0.1, 0.2, 0.4, and 0.8 mm) and
b, (b,=0.05, 0.1, and 0.2 mm) were prepared and treated hydrophili-
cally by a plasma machine [Fig. 3(a)]. When the liquid is injected
into the channel as a filling rate of 0.025ml/min, experimental
results agree well with those of theoretical ones, namely, the smaller
the by, the shorter the relative time required to flow through the
same volume [Fig. 3(c)]. The flowing speeds of liquid in the channel
with different structures are therefore obtained, namely, 0.288 ml/min
at b;=08mm, 0.312ml/min at b;=0.4mm, 0324 ml/min at b,
=0.2mm, and 0.384 ml/min at b; =0.1 mm. Finally, we integrate the
microfluidic pump with the burst valves in the sweat patch [Fig. 1(a),
Fig. S8 in the supplementary material]. The roles of valve2 and valve3
are to achieve the sequential collection of liquid, and the role of
valvel is to ensure that the liquid can fill the reaction chamber
before entering the microfluidic pump. The microfluidic pump
behind one of the chambers serves as an accelerator for accelerated
collection of the liquid in order to completely separate old and new
sweat for real-time detection of real biomarker concentration of sweat
[Fig. 3(d), Movie S2 in the supplementary material]. When the micro-
fluidic pump is integrated at the end of chamber 1, chambers 2 and 3
are not affected by the driving force. The position of the microfluidic
pump is convenient and flexible to change according to specific needs
for real reflection of the concentration changes of substances in the
sweat in different time frames.

In the entire microfluidic patch, the width of the micropath
connected to the reaction chamber is 400 um, which prevents the
channel from generating a large resistance when entering the reac-
tion chamber, and the remaining micropath width is 100um,
which can achieve the maximum driving effect in the channel. The
area of each reaction chamber is about 19.6 mm? which can be
filled with about 5.9ul of sweat. After the complete reaction
chamber is filled with sweat, the sweat can be discharged from the
outlet due to the greater pressure of the burst valve (valve 3) at
the outlet than that at the sequential burst, so the burst valve at the
outlet is the last to break through.

C. In vitro multicomponent detection via the
epidermal microfluidic patch

The sensing and detection capacity of epidermal microfluidic
patch to sodium ions, chloride ions, glucose, and pH level was
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first investigated by the in vitro test via the microfluidic patch
[Figs. 1(b) and 4]. Each substance was determined for six times to
investigate the sensor stability and reproducibility. The sodium ion
sensor consists of a two-electrode system and the glucose sensor
consists of a three-electrode system [Figs. 1(b) and 5(a)]. The detec-
tion principle of sodium ions via the electrochemical system is that
the anion neutral carrier accelerates the gathering of cations near
the anode, the sodium ion selective carriers selectively allow the
sodium ions to pass through and the increased voltage is related to
the concentration of sodium ions. The PVB wrapped reference
electrode ensures the stability of the electrode. The principle of
glucose detection is that glucose is oxidized on the working elec-
trode to form hydrogen peroxide, which is further decomposed by
Prussian blue to produce an electric current.”” The sodium ion and
glucose sensors were calibrated and tested separately. The sodium
ion sensor exhibits different potential signals in the Na* concentra-
tions from 20 to 200 mm with good resolution and stability, and
the linearity of the sodium ion sensor is 0.055 04 V/Deced and is in
accordance with the Nernst equation law [Fig. 4(a)]. The equation
for calculating the energy of the sodium ion is

0.0592
2

E(Na't) = ¢(Standard) + log(Na ™). (7)

The glucose sensor exhibits different electrical signals in the
glucose concentrations from 50 to 200 uM with good discrimina-
tion. The color changes of test papers vs pH level or Cl~ concentra-
tion in the pH and chloride ion sensors are shown in Fig. 4(c),
thereby verifying good combination of test papers and microfluidic
patch. All detection limits already include the ranges of human
substance concentrations.

D. On-body multicomponent analysis of sweat via the
epidermal microfluidic patch

To demonstrate the effectiveness of the sweat sensor in the
microfluidic patch, we attached it to the wrist of six volunteers
for multicomponent analysis of sweat under arm movement
[Fig. 5(a)]. Before the start of the experiment, the volunteer will
drink 200 ml of 60 °C normal saline, and the ambient temperature
will be adjusted to 30 °C to ensure the sweating effect. We show the
changes of sodium ion and glucose concentrations of the human
body during one hour of sweating, with results read every
5-10 min [Fig. 5(b)]. The results show a decrease in glucose con-
centration during the first 20 min of exercise and an increase in
glucose concentration after 20 min. Some reports suggest that the
glucose concentration in sweat is closely associated with blood
glucose concentration, the initial exercise usually produces a deple-
tion of glucose, while the release of cortisol hormone during subse-
quent exercise will lead to an increase in blood glucose,’*"’
therefore presenting increased glucose concentrations in sweat. The
sodium ion concentration in sweat displays a continuous growth in
the whole process of motion due to electrolyte loss from the body.
All detection results of multicomponent analysis of sweat in our
on-body measurement are within the normal sweat composition
range."’ We also integrated pH and chloride colorimetric sensors
in the sequential collection chamber to observe the time taken for
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the liquid to fill sequentially and the colorimetric situation at the
end of real-time sensing. pH and chloride ions test strips produce
colorimetric reactions after direct contact with the sweat [Figs. 5(c)
and 5(d)]. Then, the color changes of test strips were recorded by
the camera and analyzed via the Color Picker function in Pixolor
software to obtain the RGB value of the test strips and compare
with the RGB value in the standard colorimetric card (the color of
test strips for the known concentration or pH of solution was
given) to obtain the corresponding concentration and pH range.
The results show that the pH value displays a slight but not signifi-
cant decrease, indicating that the body’s metabolic status remains
stable. The concentration of chloride ions is gradually increasing
just like that of sodium ions, concluding that the body is losing
water.”’ According to the ratio of volume to time of patch design,
we obtain that the average sweating rate in the channel is about
0.58 ul/min, which is higher than those in previous studies.”"”"
This average sweating rate of the sweat is lower than that of test
liquid in the channel with different structures (Sec. III B), indicat-
ing that the microfluidic pump can act as an accelerator to realize
the sweat control.

To further demonstrate the in situ driving effect of the micro-
fluidic pump on sweat, we set up flow channels with and without
microcolumns. The flow channels without microcolumns have the
width of 800 um [left in Fig. S9(a) in the supplementary material]
and 100um [left in Fig. S9(b) in the supplementary material],
respectively, when they have the same height and holding capacity.
While the flow channel with microcolumns has a width about
100um [right in Figs. S9(a) and S9(b) in the supplementary

material] and an additional 27 ul holding capacity due to the gap
between the microcolumn arrays. Then, we installed the sodium
ion sensors in the reaction chambers of microfluidic patch for real-
time sweat detection to determine the effect of microfluidic pump
[Figs. S9(a) and S9(b) in the supplementary material]. The sweat
inlets of the two structures were separated by 2 mm to reduce mea-
surement errors caused by the different sites. Two microfluidic
patches were fixed to the wrists of six volunteers for analyzing the
Na® concentration in sweat under arm movement. Before the
experiment started, the volunteers drank 200 ml of normal saline at
60 °C and the ambient temperature was adjusted to 30 °C to ensure
the sweating effect. As shown in Fig. S9(c) in the supplementary
material, after 10 min of sweating, there is a significant numerical
difference obtained from two flow channels without microcolumns.
This is because that the new sweat and the old sweat are more
easily mixed in the 800um-width flow channel and the assay
results tend to be the average concentration at some point in time.
By contrast, the flow channel with the microcolumn arrays is less
prone to mixing the old and new sweat [Fig. S9(c) in the supple-
mentary material] because it could hold more sweat volume in the
same length of the flow channel, thus reducing the problem of
excessive resistance due to insufficient driving force caused by the
increased length of flow channel. The theoretical equation for the
increase of resistance with length in the flow channel is’*

_ 12ul

R = ,
s

®)
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where R¢ denotes the flow resistance of the droplet, 4 indicates the
viscosity of the droplet, w and h denote the width and height of the
channel, respectively, and L is the length of the channel. Therefore,
our data indicate that the microfluidic pump in the microfluidic
patch works well in situ condition on the skin.

In short, our sweat sensing patch with microfluidic control
provides rapid filling of the channel to guide and separate the old
from the new sweat, allowing for changes in sweat substance con-
centration during continuous exercise. The sodium ion and glucose
sensors demonstrate the difference in the amount of substance that
occurs in healthy humans during one hour of exercise and match
the predicted water loss and energy expenditure of the human body
during exercise. Chambers with sequential bursts collect sweat over
different time periods and colorimetric sensors in both chambers
show subtle differences in the body’s acid-base concentration.
Combining the quantitative and qualitative tests, we can see that
the change in substance concentration is due to water loss and
increased cortisol hormone following exercise.

The sweat patch developed in this paper is a wearable patch,
and its signal transmission and reception can be carried out
through wireless transmission via Bluetooth and Zigbee, and the
cell phones via the sido interface. In addition, a power is necessary
for the electrochemical sensor to generate current and voltage
signals, so a signal conversion interface is needed to convert the
electrical signal into a digital signal before the wireless transmis-
sion. All equipment components for data processing and transmis-
sion can be integrated within a Flexible Printed Circuit Board
(FPCB) to achieve real-time information detection and signal
transmission.

IV. CONCLUSION

By integrating a microfluidic pump with a rupture valve into
the microfluidic channel, we achieved a directed and rapid flow of
sweat within the channel in an epidermal microfluidic patch. The
design of the burst valve not only allows for sequential sampling of
sweat, but also does not add excessive burst resistance (125-
150 Pa). The microfluidic pump enables rapid outflow of old sweat
from the sensing area and rapid inflow of new sweat, ensuring the
reliability of real-time detection. Both the microfluidic pump and
the rupture valve are prepared by changing the structure within the
channel, allowing the structural parameters to be varied according
to the expected fill rate and fill sequence, ensuring stability of the
acceleration and sequential collection functions without the need to
add additional material. Electrochemical sensing and colorimetric
sensing as our functional demonstration modules show the patch’s
ability to combine well with both detection methods, which can
reduce the difficulty of sensor preparation while improving the
accuracy as well as reliability of detection, and the co-detection of
multiple substances provides more convincing evidence of changes
in human physiological conditions. Our work opens another path
for the development of wearable sensors and health detection and
disease diagnosis.

SUPPLEMENTARY MATERIAL

See the supplementary material for more graphical and
numerical data and detailed analysis (Figs. S1-S9), and movie

ARTICLE scitation.org/journal/bmf

illustration for the simulation of flowing process (Movie S1) and
experimentally accelerated and sequential collection of the liquid in
the microfluidic channels (Movie S2).
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