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Wearable devices based on microfluidic technology make it
possible to do parallel and non-invasive monitoring of body
condition with a small amount of sample. Many soft skin-
interfaced wearable devices are reported to measure basic
physiological data such as pH value, secretory fluidic pressures,
sweat loss and so on. This paper introduces two devices which
have the potential to be used in sweat sensing: (1) A PDMS sweat
collection patch with microfluidic channels and multiple chambers
which can be embedded with paper-based assays for colorimetric
analysis. (2) A 3D-printed flip-cover sensor carrier with
microfluidic sweat collection. Besides, the research also includes:
(1) The precision and thickness fabrication control of
photolithography are discussed. (1) Capillary bursting valves
(CBVs) which can drive sweat into chambers sequentially are
introduced in microfluidic device to allow a continuous analysis
and the relation between bursting pressure and width of valve is
defined. (3) To achieve spontaneous flow of sweat in microfluidic
channels, surface modification by air plasma is studied and
potential modification method based on thiol-ene click reaction is
proposed. The results provide a basis for further improvements of
device design and fabrication.
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Introduction

In twenty-first century, the concept of health
has gradually changed from ‘diagnosis and
treatment from doctor’ to ‘disease-free
prevention and intervention therapy’. (1) In this
case, real-time monitoring of body status is
essential. Emerging capabilities in materials,
electronics, data interaction, and ergonomics
enable many companies to develop wearable
devices with health innovations such as Google
Glass, Apple iWatch, and Nike Adapt. (2,3)
The existing commercial devices are capable of
monitoring blood oxygen level and heart rate.(4)
However, more complicated physiological
parameters are demanded for disease diagnosis.
The concentration of biomarkers contained in
biofluids are regarded as indicators of diseases.
Sweat, one of the most representative biofluids,
offers sufficient information about biomarkers
including electrolytes, nitrogenous compounds,
and xenobiotics. (5) Compared with blood,
sweat can be collected via non-invasive method
with  skin-interfaced  microfluidic  patch
contacted with wide distribution of sweat
glands. The enrich biomarkers contained in
sweat provide meaningful and objective
information about health status. Many research
works have been done to demonstrate the pH
value, secretory fluidic pressure, sweat loss,
and concentrations of biomarkers such as
creatine by ‘epidermal’ platform with the help
of electronics or unique designed structure. (6,7)
The concentration of these detected objects can
illustrate basic health problems, for example,
preliminary diagnosed with hyperhidrosis by
analysing sweat production rate, diabetes by
analysing the concentration of glucose as well
as stress or fatigue by concentration of
cortisol.(7,8)

Microfluidics, as an emerging technology, has
been applied to many fields especially for
sensing  processes with advantages of
miniaturization and parallelism. (9)
Microfluidics can manipulate fluids in
micrometre scale by combing effect of valves,
pumps along with the design of microchannels.
(9) Common sampling method for analyte
sensing in biological fluid has a huge demand
for sample volume resulting in incapability of
portability and dynamicity. (10) By introducing
the wearable microfluidic platform, the above
shortcomings of traditional method will be
overcome due to features as high-throughput
and miniaturization of microfluidics. (11) There
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are many methods have been used to develop
microfluidics, for example as 3D printing, laser
cutting and photolithography. (7,12,13)
Generally, the minimum feature size for 3D
printing should be more than 200 microns. (14)
In contrast, sub-micron printing can be
achieved by photolithography which is more
precise. (15)

For wearable devices, there are many
requirements for materials such as flexibility.
PDMS is the most used material for wearable
microfluidic devices with the advantages of its
biocompatibility, mechanical stability, gas
permeability, and  satisfactory  optical
transparency. (16) Besides, the smallest
channel dimension of PDMS can be less than
100nm which is far superior to other materials
for example as silicones and hydrogels. (16)
Although PDMS is an ideal material for
wearable devices, it is difficult for sweat to flow
spontaneously in channels due to its nature
hydrophobicity when collecting sweat from
skin. However, it is known that liquid flows into
channels driven by intermolecular forces due to
capillary motion. Thus, three solutions (surface
modification, introducing capillary bursting
valves or chemical pump) by means of capillary
action are studied. (17-19) Surface with high
surface energy is more easily for wetting and
capillary spreading. (20) By introducing
hydrophilic groups, the surface of channels in
wearable device can exhibit an excellent
hydrophilic and wetting for spontaneous sweat
collection. (18)

The following introduces two wearable devices
which are potential for sweat sensing. The first
device is a soft PDMS patch with four
reservoirs which can be embedded with assays
for colorimetric analysis. Capillary bursting
valves designed in microchannels can drive
sweat into chamber sequentially. The device is
fabricated by photolithography and preliminary
surface modification is completed by plasma
treatment. The second device consists of a 3D-
printed chip carrier and a skin-mounted patch
with flower-shaped micro-channels for sweat
collection.

Methodology

3D printing of sensor carrier

The device was designed by AutoCAD
software (onshape). A MultiJet Printer (ProJet
MJP 2500, 3D Systems, US) and Material
M2S-HT90 were used to print the sensor carrier.
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The platform with printed stuff was placed on
hot plate to melt the wax between printed stuff
and platform. The remaining wax was melted
by hot steam and oil (Easy Clean, 3D Systems,
US). The oil was dissolved in water with dish
soap.

Fabrication of microfluidic layer mould

The desired pattern was designed by AutoCAD
and the file was converted into machine format
(Figure 1. step 1). A silicon wafer was bathed
in acetone (Lp Chemicals, UK) and IPA
(Isopropanol, 99.5%, Thermo Scientific™, UK)
for 30s sequentially to remove the dirt, dried
with air gun and placed on a hotplate at 150 °C
for 15 min to remove remaining moisture. After
cooling down, SU8 photoresist (SU8-2150,
KAYAKU, US) was poured slowly on centre of
wafer and avoid the formation of bubbles. A
thin and flat photoresist layer was formed on the
wafer via spin coater (Spin Coater WS-650MZ
Modular, Laurell, US). After a pre-exposure
bake on hotplate, the wafer with photoresist was
exposed by UV printer (Smart Print UV,
Microlight3D, France) (Figure 1. step 2). After
a post-exposure bake (Hot plate, EMS1000-1,
Electronic Micro Systems, UK), the unexposed
photoresist was dissolved by developer and
exposed part cured and become rigid (Figure 1.
step 3).

PDMS mould thickness measurements
Three SU8 photoresist with different viscosities
were used to develop PDMS mould. The
thickness of PDMS mould was measured using
an optical profilometer (The Profilm3D®,
Filmetrics). The average thickness was based
on three independent positions.
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Fabrication of microfluidic layer

The patterned silicon wafer was bathed in IPA
for 30s and dried with air gun. The base
(SYLGAED™ 184 Silicone Elastomer Base,
Dow, US) and curing agent (SYLGAED™ 184
Silicone Elastomer Curing Agent, Dow, US)
(Tattersall 2002)(10:1) were mixed with glass
rod until the mixture change from transparent
into white and contains uniform bubbles. A
vacuum desiccator (F42010-0000, Bel-Art, US)
was used to pump out air periodically in
mixture until no bubbles formed. The
prepolymer was poured slowly on the patterned
wafer and spread uniformly automatically
(Figure 1. step 4). Then, the wafer was put into
an oven (Fistreem Vacuum Oven, VAC1600,
Gallenkamp, UK) at 65 °C for 12h. After
cooling down, the surface of PDMS was non-
sticky. Patterned part and a unppaterend part
with equal size as capping layer were peeled off
carefully by scalpel (Figure 1. step 5). The hole
at inlet was formed by a circular punch with a
diameter of 1.5 mm (BIOPSY punches, BPP-
15F, KAI, Japan) (Figure 1. step 6). The
capping layer was bonded to the microfluidic
layer by exposure to air plasma (Harrick Oxygen
Plasma Cleaner, PDC-32G-2, Harrick Plasma,
US) (Figure 1. step 7).

Plasma treatment for surface modification
The PDMS samples were subjected to plasma
treatment for 1min, 5min, 10min and 30 min,
respectively. Contact angles of PDMS surface
were measured after treatment immediately.
The treated sample and pristine sample were
placed at ambient temperature for 5 mins,
20mins, 30min 60min, 120min and 24hours.
The changes of contact angles were recorded.

Polydimethylsiloxane

L

B S

(7) Bond
I E—
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Figure 1. The schematic diagram of photolithography and microfluidic layer fabrication process.
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Results and discussion
Epidermal patch for colorimetric analysis

The epidermal patch for colorimetric analysis
as Figure 2. a is composed of three layers: (1)
a PDMS capping layer, (2) a microfluidic layer
with channels, four chambers and an outlet and
(3) a layer with an inlet mounted on skin. The
device is ~ 1.45 mm thick and is designed in a
square with a side length of ~ 35mm. A PDMS
capping layer with a thickness of ~0.65 mm
seals the whole device. The microfluidic layer
with a thickness of ~0.80 mm includes
microchannels (~400 pm in width) and
chambers (~3 mm in radius). Capillary bursting
valves (CBVs) shown as Figure 2. c are
designed to block the sweat flow until the
chambers before them are fully filled as Figure
2. e. Thus, four chambers are filled with sweat
in sequence (labelled T1, Ty, T3, T4) shown as
Figure 2.b. The sequential collection allows a
continuous and staged sensing of sweat. Paper-
based assays such as pH or enzyme assays can
be embedded into chambers for colorimetric
analysis as Figure 2. a. The patch with a small
thickness and mechanical stability avoids

Assay

Outlet
B ]
Chamber

Inlet hole

separation from skin when bending as Figure
2.d.

Photolithography for microfluidic layers

Three widths (400 um, 600 pm and 800 pm) of
channels as Figure 3. a are designed and
fabricated to measure the accuracy of
lithography process. The images of channels
fabricated on PDMS mould and PDMS were
captured by optical microscope (Figure 3. b)
and the widths of channels were manually
measured by Image J. In Figure 3. c, the widths
of channels fabricated are oscillates around the
designed value. The relative error of widths of
channels on PDMS mould is 0.8% while the
relative error for that of PDMS mould is 1%,
which is slightly larger than the former. The
cause of such error might be reduced resolution
due to prolonged use of UV light or manual
measurement by Image J. The widths of
channels for wearable device are between 400
pum to 1000 um, thus such small errors would
not have a major impact on sweat collection.

Capillary
bursting valves
|

Inlet hole \

=

/4

Sweat gland

Figure 2. Schematic and optical images of an epidermal patch for colorimetric analysis. (a) Exploded view of
capping layer, microfluidic layer with channels, an outlet, and an inlet. (b) Schematic of sweat flowing into the
chambers sequentially. (c) Optical image of PDMS mould and microscope image of CBVs of PDMS mould. (d)
sweat patch in a flat and bent state. (f) Perspective view illustration of sweat patch on skin.
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Figure 3. Channel width and film thickness analysis. (a) Designed channels with widths of 400 um, 600 um and
800 um. (b) Optical microscope image of channels on PDMS mould and PDMS. (c) Measured width vs.
theoretical width (d) Film thickness using three photoresists with different viscosities, (e) Scanned image of
sample 4 and sample 2. (f) SU8 2000 film thickness vs. spin speed. Scale bars represent 500 um in b.

The height of microfluidic channels is
determined by viscosity of photoresist and spin
speed. (21) Three photoresists with different
viscosities and spin speeds (shown as Table 1.)
were adopted to develop PDMS mould. In
Figure 3. d, spin speed of sample 1 is the same
as that of sample 2 while spin speed of sample
3 is the same as that of sample 4. As the
viscosity of photoresist increases, the thickness
increases at the same spin speed. When using
the same photoresist, the thickness increases
with reduced spin speed shown as Figure 3. f.

The spin speed affects not only the centrifugal
force acting on the photoresist, but also the
turbulence of air on the surface of photoresist
and the relative velocity of the photoresist and
air. The film thickness is the result of a balance
between shear stress in the direction tangential
to the edge of wafer and the drying (solvent
evaporation) rate of photoresist related to
viscosity. As the solvent in the photoresist

continues to volatilize, the viscosity increases
until photoresist can no longer spread in the
radial direction driven by centrifugal force.
Then, the film thickness does not decrease with
extended time. (22)

Besides, temperature and humidity will also
affect the fabrication of PDMS mould. (23) The
adhesion ability of photoresist decreases in a
high relative humidity environment and
expansion is more severe in following baking
process leading to a thicker film. (24) However,
static charges produce and build-up in lower
relative humidity environment. There are two
baking process in photolithography. (25) The
purpose of pre-baking is to evaporate the
solvent to enhance the adhesion between
photoresist and wafer. The post-baking process
is for cross-linking of photoresist after exposure.
(26) Short baking time might result in partial
polymerization of photoresist and therefore
poor pattern developed.

Table 1. SU8 viscosity, experimental conditions, and average thickness of PDMS mould

Viscosity (27) ~ Temperature

Average Thickness

Photoresist (cSt) (°C) Humidity (um)

SU8 2075 22000 225 46% 99.56
SU8 2100 45000 21.8 45% 121.63
SU8 2100 45000 22.8 37% 144.68
SU8 2150 80000 22.6 54% 236.98
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Capillary bursting valves in microchannels

Three CBVs are design to drive sweat into
reservoirs sequentially by blocking sweat flow
until the previous reservoir is full as Figure 4.
a. The following explores the bursting pressure
generated by single CBV.

The bursting pressure of rectangular channels is
demonstrated by Young-Laplace equation,

BP = _20_[ COS(HA;' .B)min _ COZQA]
where o is surface tension of liquid, 8, is
contact angle of channel, S is diverging angle,
d is width and h is height of the diverging
channel as Figure 4, b. (7,28)

Here, B is 90° and 6, is approximately 120°
(stationary contact angel of water on PDMS). (7)
The equation can be written as,
cos 180° cos120°

BP = =20 P + 3
The surface tension ¢ here can be regarded as a
constant due to slight change of temperature
and component of sweat and h is depended on
the thickness of microfluidic channels. Thus,
BP can be demonstrated as a function which is
positively correlated with width of diverging
channel.
The predicted bursting pressure for CBVs with
different widths are shown as Figure 4. d.

210.) 1B,

B=109" 6-46° 0=32°

H-84°

(o) 213y 108

L™ -

Pristine PDMS 1 min Plasma 10 min Plasma 24 hours after Plasma-treated

Follow-up experiments are required to verify
the consistency of calculated values and actual
values and determine the optimal width of
CBVs.

Surface modification of microfluidic
channels

At present, liquid is driven into channels by
external pumps for most of the microfluidic
devices in vitro. (29) However, it is
inconvenient to introduce such a pump on
wearable device. Normally, the sweat does not
flow spontaneously in PDMS microfluidic
channels due to its hydrophobic nature. After
channels surface is modified into hydrophilic or
even super-hydrophilic, the sweat can be driven
to flow in channels due to negative capillary
bursting pressure. (30) Air or oxygen plasma
treatment is a common way to change surface
hydrophilicity. The air or oxygen plasma
modifies the surface by reacting with highly
reactive oxygen radicals to introduce active
groups such as hydroxyl group (—OH) on the
surface. (31) The monomer O — Si(CH;3), on
PDMS surface is modified into Si — OH as
Figure 4. f. (32) Due to introduction of
functional groups, the hydrophilicity of the

(egy) omssorg Bumsmg
s ow

Device Liquid 400 300 200 100 0

Width of CBV (um)

—=—Pristine PDMS

10 —=—Plasma treated PDMS

(o) 2[Fy 10mIU0) 21RM

15 25 35 0 500 1000 1500

s S 25
Plasma Treatment Time (min) Aging Time (min)

Figure 4. (a) Top view illustration of microfluidic layer with CBVs. (b) Schematic diagram of CBV. (¢) Schematic
of liquid flowing past a CBV. (d) Calculated bursting pressure of CBVs with different widths. (e) Schematic of
the mechanism of plasma treatment. (f) Contact angles of pristine PDMS, PDMS with 1 min, 10min plasma
treatment and PDMS placed 24 hours after treatment. (g) Contact angles of PDMS with different treatment time.
(h) Contact angles of pristine and treated PDMS placed at ambient temperature for different time.
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surface will be enhanced.

To investigate the effect of plasma treatment
time on hydrophilicity, PDMS samples are
subjected to air plasma with 1min, 2min, 5min,
10min and 30min, respectively. The contact
angles of PDMS greatly decreased after plasma
treatment for 1min. The contact angle tends to
be stable even for a longer treatment (Figure 4.
g.). However, surface hydrophilicity caused by
plasma treatment do not last a long time. A
qguick hydrophobic recover happened at
ambient temperature as Figure 4. h. due to
polymer chain rearrangement to reduce surface
energy. (18) To obtain a persisting
hydrophilicity, further modifications are
needed. Thiol-ene click reaction is a powerful
intermediate reaction to introduce any
functional groups. It has been experimentally
proved that thiols with hydrophilic as —R in
following formula have a significant and lasting
improvement in surface hydrophilicity. (33)

O ™
Cysteamine hydrochloride (C,HgCINS) which
includes an amine( —NH,) can have significant
modification of surface hydrophilicity. (Figure
5)

6,1043" 6,235

B -

Figure 5. Contact angles before and after cysteamine
hydrochloride modified

Wearable device for electronic sensing

The wearable device for electronic sensing is
composed of three parts shown as Figure 5. (a):
(1) a 3D-printed sensor carrier, (2) a
microfluidic sweat patch and (3) a bandage to
fix the device on wrist.

The 3D-printed sensor carrier was made by a
transparent, rigid plastic and designed to hold a
PCB board firmly as Figure 5. (c). The sensor
contacts sweat in chamber and carry out data
collection. A silicone gasket is introduced
between sensor and chamber to avoid the
leakage of sweat as Figure 5. (d). When the
chamber is full filled with sweat, the channel
will lead the sweat to the outlet and allow it to
drain from the device.

The microfluidic sweat patch was made by
PDMS, a transparent and biocompatible
material as mentioned before. In Figure 5. (e),
The channels on sweat patch are designed to be
petal-shaped which increasing the contact area
with sweat glands to collection sweat as much
as possible. The microfluidic layer includes a
collection of microchannels (gradient increase
from ~400 pm to ~1mm in width) and a
chamber (~3 mm in radius) and an inlet (~1.5
mm in diameter). The small thickness (~ 0.5
mm) and flexibility of this patch allow it to be
mounted better on skin.

Figure 5. Schematic and optical images of a wearable device for electronic sensing. (a) Overview of the
components of the wearable device. (b) A 3D-printed plastic sensor carrier with an inlet, an outlet and a camber.
(c) Optical image of sensor carrier with PCB board. (d) Optical image silicone gasket to avoid the leakage of
sweat, () A PDMS microfluidic sweat patch with petal-shaped channels, (f) Optical image of sweat patch in a

flat and bent state.
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Conclusion

In results, two wearable microfluidic device
prototypes for sweat sensing are designed and
fabricated. Channels with hundreds of microns
can be developed precisely by photolithography
process. In fabrication of channels, the
thickness control is difficult due to influence of
multiple factors including photoresist viscosity,
spin speed, relative humidity, and baking
conditions. Viscosity of photoresist is the most
important factor among them which determines
upper and lower limits. Therefore, after
designing a channel with a certain thickness, it
is necessary to determine photoresist first, and
then adjust other parameters according to actual
results. The capillary bursting valve offer a
bursting pressure for sweat to pass which can
help achieve staged sweat sensing. Surface
modification by plasma treatment enhanced
wetting of channels to some extends. To
maintain that nature, subsequent modification
is needed for spontaneous sweat collection.
Besides, the applications of the devices also
need to be developed such as introducing
enzyme assays or electronic sensors in
chambers to study the feasibility for sweat
sensing of the devices.
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