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1 Introduction

Nonwoven-fabric-based microfluidic devices for
solution viscosity measurementsy

Mayumi Otoba Uno, ©*2 Mariko Omori® and Kenji Sakamoto®

Microfluidic chips designed to measure viscosity with extremely small amounts of liquids are expected to
examine biological fluids, such as for the prediction of disease states and stress assessment, and for the
evaluation of the physical properties of novel synthetic materials. However, these devices typically require
sample volumes of several tens of uL or more, which has limitations when collecting biological samples
from individuals nearly non-invasively. In this study, we fabricated a flow channel on a nonwoven fabric
substrate with tailored hydrophilic and hydrophobic properties to enable viscosity measurements with the
small-volume flow of aqueous solutions, such as 3 pL of saline. By measuring the electrical conductivity of
the liquid using comb-shaped printed electrodes in contact with the flow path, we quantified the time and
distance of liquid flow driven by capillary action to estimate solution viscosity. Using a mixture of glycerol
and saline solution with varying viscosities, while maintaining a constant ion concentration, we
demonstrated the capability to assess the relative viscosity of solutions. This was achieved by evaluating
the correlation coefficient between the flow time and distance, and the net electrical conductivity, which is
influenced by the viscosity and ion concentration of the solutions. This study lays the groundwork for
developing a low-cost technique to measure the viscosity of solutions with a few pL, offering potential for
routine health monitoring and disease prevention.

microfluidic channels, facilitating tests for substances such
as glucose and protein in synthetic urine. Various devices

In big data utilization, there exists a strong need for a facile
low-cost sensing technology that can be monitored on a daily
basis, in addition to expensive and high-precision
measurement technology. In this respect, microfluidic paper-
based analytical devices (uPADs)'*' show great potential to
be used as diagnostic devices because of their numerous
advantages, such as low cost, disposability, easy availability,
minute liquid volume, and not requiring external
micropumps due to natural capillary action. These advantages
can be leveraged in fields such as distributed health care,
preventive medicine and early detection of diseases,
inspection of food safety and spoilage, and monitoring plant
growth in agriculture.

Martinez et al. reported nPADs to create simple and cost-
effective diagnostic chips.”* These devices were fabricated by
patterning hydrophobic barriers on paper to form
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have been developed using the pPADs technology, such as
electrochemical devices,” immunoassays,* pH indicators,” gas
sensors,’ electrophoretic separation,” fluid mixing devices,®
and tests for food chemistry.” Recent advancements have
integrated uPADs with smartphone technology'® for more
accessible diagnostics and have incorporated artificial
intelligence into point-of-care testing (PoCT) devices."!
Fabrication  techniques for uPADs include resin
photolithography," wax printing,"* inkjet printing,"* and
origami-based methods,"* which involve paper folding and
layering to create three-dimensional structures.”> These
methods have been extensively reviewed in the literature.™
Previously reported nPADs have been vigorously studied
for chemical and biosensors; moreover, test devices for
physical properties, such as electrical conductivity and
viscosity, have also been reported. The viscosity and electrical
conductivity of liquids provide information on the ionic
concentration and content of the liquid and can therefore be
applied to the testing of biological fluids and used in medical
diagnostics and food chemistry. For example, PoCT devices
for blood cholesterol and triglyceride assays,'® methods for
measuring blood viscosity,'” the relationship between saliva
viscosity and stress levels'® and the correlation between saliva
conductivity and dehydration and chronic kidney disease®

Sens. Diagn., 2024, 3,1551-1561 | 1551


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sd00188e&domain=pdf&date_stamp=2024-09-12
http://orcid.org/0000-0002-2106-1908
https://doi.org/10.1039/d4sd00188e
https://doi.org/10.1039/d4sd00188e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00188e
https://pubs.rsc.org/en/journals/journal/SD
https://pubs.rsc.org/en/journals/journal/SD?issueid=SD003009

Open Access Article. Published on 16 August 2024. Downloaded on 3/2/2026 10:45:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

have been investigated. Additionally, it has been
demonstrated that the risk levels of heat stroke can be
determined by monitoring the ionic concentration of sweat.>

Conventional viscosity evaluation methods include the
Ostwald viscometer, rotational methods and electro
magnetically spinning method (EMS)*" viscometers. In
principle, these measurements require a liquid volume of
0.3-10 ml or more. In contrast, viscosity measurements using
UPADs have been reported,”*>” where the fluid is made to
flow through a channel by capillary action, and in much
smaller quantities of a few 10-100 pL. They are based on the
Lucas-Washburn equation, which considers the time taken
for a fluid to travel a certain distance by capillary action to be
proportional to its viscosity. Rayaprolu et al. reported uPADs
for fluid viscosity measurements by recording the time taken
by the liquid to travel between two points, at 12-20 pL liquid
*> The relationship between protein folding and
viscosity has also been discussed. Jang et al. proposed a fast
flow uPAD** to measure fluid viscosity using air gaps made
from two papers held together by double-sided adhesives;
however, the required volume of liquid was 100 puL. Gautam
et al used sample volumes of 30-70 puL and have
demonstrated viscometry of blood plasma using pPADs
technology.”*

However, all of these pPADs still face limitations: one is
that the measurements of the time and position of the
start and end points of fluid flow have been performed by
camera or visual inspection, which requires manual
measurements or a separate imaging device, and are not
completed by signal outputs from uPADs alone. It is
difficult to measure transparent fluids such as saliva and
sap, from optical measurements, and the measurements
have been reported using a dye mixture in the sample
liquid. Puneeth et al demonstrated a system with two
electrodes at the start and end points to measure capillary
action, which automatically detects the time when the
liquid reaches the end point applying a DC voltage, with a
liquid volume of 50-100 uL.>® However, their process also
requires synchronisation of the timing of the power supply
and the start of the liquid flow and their manual input,
and does not allow viscosity calculation from electrical
measurements alone. Another challenge for viscosity
measurement is the need for good and stable wetting of
the test samples and the paper substrate, which currently
requires several pre-wetting treatments of the paper before
conducting the test.”>*® It has been reported that wetting
treatments for eight times®® or several times® are required
before actual tests to obtain stable results. When
measuring biological fluids such as saliva and blood, or
liquids in plants, an innovative, easy-to-use testing device
that can measure as little as a drop of blood obtained by
pricking a finger with a needle, ie., 10 pL or less, is
urgently needed. A device that does not require camera
imaging or manual operation is expected to be a
revolutionary testing device that is easy to disseminate to
the general public.

volume.
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In this study, we introduce pPADs utilizing nonwoven
sheets  (WPADs-NW) that can  perform electrical
measurements and evaluate solution viscosity using
extremely low fluid volumes, approximately 3 pL or less.
Generally, the term ‘paper’ refers to materials composed of
short cellulose fibres; however, in this context, it involves
nonwoven sheets fabricated from polymeric long fibres. The
viscosity was measured based on the same principle as in
the reported method, relationship between time and
distance as the liquid travels by capillary action, and a
device designed to perform the same measurement under
four different conditions. Viscosity was estimated
independently from the measured conductivity values,
based on the empirical rule that the product of the
viscosity and conductivity of a liquid is constant. We
propose that these two methods, obtained from the same
measurements, can be used to estimate the viscosity of
liquids for which the viscosity and ionic concentration are
unknown. Although these methods need to be calibrated
with a liquid of known viscosity, there is no need for a
human to set up external equipment, such as a camera,
which is completed only by electrical measurements, to
measure the starting and ending points. When measuring
the electric conductivity of a liquid, the problem with
applying a DC voltage is that the current value changes
over time because the concentration of the ions that
compose the conductivity changes with time. Therefore, in
this study, an AC voltage was applied to measure
conductivity.

Conventional pPADs encounter challenges in creating flow
channels within hydrophilic materials such as filter paper
that has been wetted several times for stable results. In our
approach, a section of the inherently hydrophobic nonwoven
sheet is modified to become hydrophilic, serving as the flow
channel. This hydrophilic region is generated by exposing the
designated channel area to vacuum ultraviolet (VUV) light
through a photomask only on the flow channel.”®
Subsequently, microfluidic channels capable of conducting
aqueous solutions (e.g., saline) are fabricated. By integrating
comb-shaped printed silver electrodes adjacent to these
channels, we measured the electrical conductivity across the
electrodes and monitored the conductivity of the solutions as
they were flowing, thereby measuring their permeation rate
four times using four channels through capillary action.
From the relationship between the time and distance the
solution penetrates, we determined that the viscosity of
glycerol (glycerine)-mixed saline solutions can be estimated
within a range of 0.8-6.0 mPa s. Given that the hydrophilicity
induced by VUV light exposure is temporary, we also assessed
the durability of this modification.

This study offers a promising technique for assessing the
viscosity of liquids in minute volumes. We expect that this
technology will be beneficial for health monitoring and
agricultural applications that involve the measurement of
small samples of liquids as it offers a less burdensome and
cost-effective alternative for users.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2 Materials and methods

2.1 Selection of nonwoven fabrics suitable for liquid flow

To identify suitable nonwoven fabrics for the construction of
microfluidic devices that facilitate the flow of aqueous
solutions, we conducted experiments to evaluate the
controllability of hydrophobicity and hydrophilicity in various
materials, including the characteristics of nonwoven sheets.

In a preliminary experiment, we irradiated different
polymer films with VUV light using a partially transparent
photomask and measured the water contact angles before
and after irradiation. The polymers tested included
Lumirror® #50-T60 (polyester, PET) from Toray Industries,
Inc., Japan; RAYFAN® 1401 (nylon) from Toray Industries,
Inc., Japan; Vecstar™ CTF-25 (polyarylate, PAR) from Kuraray
Corp., Japan; and TORAYFAN® ZK207 (polypropylene, PP)
from Toray Industries, Inc., Japan. Subsequently, we selected
nonwoven sheets made from polymers that exhibited a shift
to hydrophilicity post-VUV irradiation and measured their
water contact angles in a similar manner. The nonwoven
fabrics tested included ELTAS-PET™ E05070 (PET) from
Asahi-Kasei Co., Ltd., Japan; ELTAS-Nylon™ (nylon) from
Asahi-Kasei Co., Ltd., Japan; VECRUS™ (PAR) from Kuraray,
Japan; and ELTAS-PP™ P03030 (PP) from Asahi-Kasei Co.,
Ltd., Japan.

The irradiation was performed using a 172 nm wavelength
system (M.D.COM Inc., Japan) through a 1.2 mm-thick
transparent quartz glass, which corresponds to the thickness
of the mask pattern used in subsequent experiments. The
quartz mask was positioned 7 mm from the lamp surface,
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with a lamp intensity of 70 mW em™ at the surface. The
integral intensity was adjusted by varying the irradiation
duration. Water contact angles were measured at three points
on the polymer sheets and five points on the nonwoven
sheets using a contact angle meter (LSE-ME3; Nick Co.,
Japan). The results including mean values and variations are
presented.

A photomask coated with a chromium (Cr) film on quartz
was utilized to pattern VUV light radiation. The Cr film was
etched to create transparent areas. Dumbbell-shaped flow-
channel areas were fabricated with varying channel widths to
facilitate capillary action of the liquid. The patterned mask
was placed in direct contact with the sample and subjected
to repeated sweeps and irradiations with VUV light under
previously described conditions. Thereafter, 3.0 uL of
ultrapure water containing 0.26 wt% Brilliant blue FCF
(FUJIFILM Wako Pure Chemical Corp., Japan) was deposited
onto one end of the dumbbell, and the time required for the
water to travel a specified distance was measured using a
timer. This procedure was replicated three times with
different samples to assess the consistency of penetration
speed across various channel widths.

2.2 Fabrication of pPADs-NW

To measure the electrical conductivity of a solution, a device
was designed (Fig. 1A) comprising two comb-shaped
electrodes facing each other, connected by a hydrophilic
channel. As the conductive liquid traversed one of the comb-
shaped electrodes, the resistance between the electrodes
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Fig. 1 Device design and fabrication processes. (A) Design drawing, (B) fabrication processes (upper) and device photos (lower) of uPAD-NWs, and

(C) photograph of the measurement setup.
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decreased, enabling the measurement of the time required
for the liquid to traverse a predetermined distance. Four
channels bridging the comb electrodes were provided,
starting with the first channel, Ch. 1, Ch. 2, Ch. 3, and Ch. 4.
The channel width was 1 mm, and the length of each
channel was 5 mm, 3 mm, 2.5 mm and 1 mm, respectively,
in order from Ch. 1. The channel lengths were gradually
shortened on the side where the flow proceeds because the
resistance between the comb electrodes was gradually
reduced and the resistance change should be as large as
possible. The width of the comb teeth part of the comb
electrodes was set to 300 um. Before pattern designing, the
width of the comb teeth section was screen printed at
different widths of 300 pm, 250 pm, 200 pm, 150 pum, and
100 pm to check for wire breaks.

The device fabrication process (Fig. 1B) was initiated with
the screen printing of comb-shaped electrode patterns using
silver paste (ELEPASTE AF4820, Taiyo-Ink Co., Ltd, Japan) on
a PAR-based melt-blown nonwoven fabric (VECRUS™) via
screen printing. Subsequently, a hydrophilic area was created
by irradiating VUV light from the opposite side of the silver
patterns using a Cr mask with a flow-path pattern, under the
same conditions described previously. The VUV light was
irradiated from the rear of the silver patterns to prevent
obstruction by the silver.

2.3 Methods of viscosity measurement

Two methods were used to estimate viscosity: one measures
the time and distance that the liquid travels through the
channel via capillary action, and the other is inferred from
the conductivity of the sample solution based on Walden's
law when the ionic concentration of the solution is constant.
Ultrapure water, physiological saline solution (0.9 wt%
saline), and saline solutions mixed with glycerine (0-50 wt%,
Sakamoto Chemical, Japan) were utilized as test samples.

2.3.1 Viscosity measurement from capillary action. The
relationship between the flow time ¢ and distance L in
capillary action 1is described by the Lucas-Washburn
equation:**

an 2
t=—— I 1
Do cosf ' (1

where 7 denotes the viscosity of the liquid, D represents the
capillary diameter, « indicates the surface tension, and 6
symbolises the contact angle between the liquid and inner
wall of the capillary. Therefore, ¢t and L> are proportional and
their proportionality coefficient can be expressed as 4, where
A = 4n/(Dacos 6). In this work, four channels for measuring
the time and distance of liquid flow were installed to enable
simultaneous measurement of the four conditions of time
and distance in a single channel (Fig. 1A). When the sample
liquid passes through one of the comb electrodes, the
combined resistance R, between the two comb electrodes
decreases significantly due to the addition of a new resistive
element in parallel. R, was monitored against time, and the
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time at which this sudden drop in resistance occurred was
read as the time the liquid passed through.

Eqn (1) can be written as follows for the device design
shown in Fig. 1A:

ti—t; = A(L? - L,%), (2)

here the subscript i takes one of the values i = 1, 2, 3 and 4, ¢;
indicates the time at which the liquid is bridged through Ch.
i and L; denotes the distance from the start of flow to the
electrode at the rear of each channel. It is expedient to take
the time axis as ¢; = 0, as an accurate measurement of R, and
the starting time is possible from the time when the liquid
bridges Ch. 1. Thus, the ¢; measured is expressed as

t;= AL - AL, 3)

and t; and L have a linear relationship with slope A and
negative y-intercept. Using saline as the reference solution,
the viscosity 7capii Was determined from the slope A; obtained
for each sample solution (k) by
Mg :%nrela [4)

where 7; and 7., denote the viscosity values of the test and
reference solutions, respectively, and A; and A, denote the
slope A for the test and reference solution, respectively. Here,
the capillary diameter D is assumed to be constant, and the
contribution of acos@ is discussed. To verify the obtained
values, the viscosity of the same samples was also measured
using glass capillaries as flow channels under different
pressures and derived from the relationship between the time
and distance the liquid travelled.*’

2.3.2 Viscosity measurement from electrical conductivity.
An alternative method for estimating viscosity was explored
using an empirical relationship known as Walden's rule:*!

on =k, (5)

where ¢ denotes the electrical conductivity of the liquid, and
k is a temperature-dependent constant. According to this
equation, the differences in viscosity between liquids alter
their apparent electrical conductivity because the movement
of conductive particles is hindered by the viscosity. In this
study, R, denotes the reciprocal of ¢, and if eqn (2) holds in
this experiment, n and R, can be considered to be in a
proportional relationship. The values of » estimated in this
method is defined as #ges.

2.3.3 Sample preparation. Test samples used were distilled
water with a resistivity of 13 MQ cm prepared using Milli-Q,
physiological saline solution (a mixture of 0.9 wt% salt and
aforementioned distilled water), and mixed solutions of 0.9
wt% saline solutions and glycerol (0-50 wt%, Sakamoto
Chemical, Japan). The 0.9 wt% saline solution was used as a
calibration solution for viscosity. The saline and glycerol were
mixed using a test tube mixer (AS-One, Japan).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3.4 Experimental setup. The electrical conductivity of the
solution was measured using a parallel resistance (R,) with
an inductance-capacitance-resistance (LCR) metre (Hioki
IM3523, Japan) when an AC voltage was applied. The
frequency of the applied AC voltage varied from 40 to 200
kHz, with a root mean square (RMS) value between 0.1 and 3
V. For capillary action measurements, the R, values of the
solutions were automatically recorded on a personal
computer approximately every 30 ms using accompanying
software of the LCR metre. When measuring the capillary
action, AC voltage was applied at a frequency of 1 kHz and
an RMS voltage of 0.5 V. While no sample liquid has been
introduced and the comb electrodes are insulated between
them, the R, value is outside the measurement range of the
LCR metre. From the time when the sample bridges one of
the comb electrodes, the R, can be measured by the LCR
metre. This point was set as ¢ = 0. The time derivative of R,
was calculated from a file in which R, values were captured
every 30 ms, and the point at which the derivative value
became significantly negative (the point at which R,
decreased rapidly) was determined as the time at which the
liquid passed through the channel. This was calculated for
Ch. 1-4.

The experimental setup included a nonwoven sheet
covered with a silicone resin sheet, except for the flow
channel. Both the upper and lower parts of the setup were
completely enclosed with a PET sheet. Sample liquid was
dropped manually using a micropipette. Once the sample
liquid was introduced through the inlet port, the port was
sealed with the PET sheet to prevent evaporation. The same
measurements were made for three devices from different
lots and the standard deviations are indicated by error bars.

View Article Online
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All experiments were conducted in a clean room, maintained
at a temperature of 22 + 1 °C and a relative humidity of 60 +
10%.

2.4 SEM observation of nonwoven sheets and pPADs-NW

The surface and cross-sectional profiles of the fabricated
UPADs-NW were observed using a low-vacuum scanning
electron microscope (SEM) (TM3030PLUS; Hitachi, Japan) at
an acceleration voltage of 15 kV.

2.5 Determination of the shelf life of flow channel
hydrophilicity

To examine the durability of hydrophilicity in the channel
sections, the change in contact angle on PAR nonwoven
fabrics irradiated with VUV light for 60 s was measured. This
was conducted similarly to previous experiments, under three
different storage temperature conditions: (1) in a clean room
at 21 + 1 °C (RT: room temperature), (2) in a refrigerator at 6
+ 2 °C, and (3) in a freezer ranging from -20 °C to -5 °C. The
water contact angle was recorded at intervals of 1 h, 3 h, 6 h,
1d,3d,7dand 10 d post-irradiation.

3 Results and discussion
3.1 Fabrication of pPADs-NW and flow validation

For all tested polymer films, except PP, the surfaces
transitioned from hydrophobic to hydrophilic after VUV light
exposure, as illustrated by a photograph of a water droplet on
a PAR film before and after 60 s of VUV light exposure
(Fig. 2A). The PP film did not exhibit hydrophilicity post-
irradiation, possibly because of its low VUV light
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Fig. 2 Differences in the water contact angle before and after VUV irradiation on polymer films and a PAR nonwoven sheet. (A) Water contact
angles before (left) and after (right) 60 s of VUV light irradiation on a PAR film and (B) PAR nonwoven sheet. (C) Water contact angles for various
polymer films at different VUV light exposure times, and for a (D) PAR film and a nonwoven sheet.
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Table 1 Water contact angle on polymer films and nonwoven sheets before and after VUV irradiation

Film Nonwoven sheet
Material As is (°) As is (°) After VUV irradiation® (°) Manufacture, model number
PET 92.1 + 0.5¢ 130.0 + 2.6 <10 Asahi Kasei Corp., ELTAS PET E05070
Nylon 87.2 + 0.8° 112.4 +2.2 <10 Asahi Kasei Corp., ELTAS Nylon N05070
PAR 98.9 £ 0.5° 119.8 + 4.3 20.0 £ 1.1 Kuraray Co., Ltd., VECRUS™
PP 102.0 + 2.17 132.7 £ 5.0 123.5 + 4.1 Asahi Kasei Corp., ELTAS PP P03030

¢ Lumirror® #50-T60, Toray, Japan. b RAYFAN® 1401, Toray, Japan. ¢ Vecstar™ CTF-25, Kuraray Corp., Japan. 4 TORAYFAN® ZK207, Toray,

Japan. ¢ VUV light irradiation time: 60 s.

absorption,** attributed to its lack of oxygen content—
materials rich in oxygen atoms typically have higher VUV
light absorption. The results for water contact angles on films
and nonwoven fabrics, both before and after VUV light
irradiation, for several materials are listed in Table 1. All
materials exhibited water repellence on the films, which was
more pronounced on the nonwoven sheets made from the
same materials, exhibiting a contact angle of 110° or higher.
The hydrophobicity of the nonwoven fabric was found to
be greater than that of films made from the same
hydrophobic  material. ~Similar to the Ilotus leaf
phenomenon,*® this effect is ascribed to the microscale voids
and fibres that create complex structures on the surface of
the fabric, thereby enhancing its hydrophobic properties.
Following VUV light irradiation, nonwoven PET, nylon, and
PAR exhibited significant hydrophilicity, with a contact angle
of 30° or lower. Consequently, hydrophilic and hydrophobic
regions can be patterned on the surface of a nonwoven fabric
without any coatings, such as fluorine-based materials. The
increase in hydrophilicity post-irradiation can be attributed
to the breaking of chemical bonds on the surface, leading to
the formation of -OH groups on the dangling bonds, as
previously confirmed by experiments.** The PAR nonwoven
sheet which is not embossed and relatively uniform, was
selected for use in microfluidic devices. The uniformity of

A B

hydrophilicity across the sheet was assessed by varying the
VUV light irradiation time (as portrayed in Fig. 2D). Following
60 s of irradiation, the variation in hydrophilicity by location
was minimised, achieving relatively uniform hydrophilicity as
demonstrated in Fig. 2B and D.

To investigate whether the treated hydrophilic region
could be used as a microfluidic channel, the flow rate of
water was measured at various channel widths using a PAR
nonwoven sheet, as depicted in Fig. 3. The narrower the
channel width, the longer the flow time. Lot-to-lot variation
was not significant in the range of the channel widths
narrowing down to 1 mm, while the variation was rather
large at a channel width of 0.5 mm, and with 0.2 mm, the
liquid could not flow to a point 12.5 mm in length. This is
probably because the walls of the channel are hydrophobic;
consequently, the narrower the channel width, the greater
the influence of the walls, inhibiting the flow of aqueous
solutions with poor affinity to the hydrophobic walls. The
water flowed for approximately 7.7 s and 21.7 s in average to
the points located 7.5 mm and 12.5 mm away, respectively,
with a channel width of 1 mm, which is in close agreement
with the ¢ oc L> relationship described in eqn (1). Fig. 3C
shows a time-lapse photograph of the dye water flowing
through a device with electrodes fabricated with a
hydrophilic channel width of 1 mm. When the channel width
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Fig. 3 Examples of differences in the flow time based on the channel width, and time lapse of liquid flow. (A) View of channels with the channel
widths of 0.5, 1, 2, and 3 mm. (B) Dependence of the elapsed time on the channel width to the lengths of 7.5 mm (blue) and 12.5 mm (red). (C)

Time lapse photographs of colored water flow in a channel with electrodes.
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is 1 mm or more, the installation of several electrode
patterns in this flow channel would enable the real-time
measurement of the electrical conductivity of the liquid while
it flows. A video of ultrapure water flowing through a 1 mm
wide channel using a device with electrodes is available in
ESL¥

To determine the conditions for AC measurements of
saline-based solutions, a hydrophilic channel was created by
irradiating VUV light only in the Ch. 1 with the width of 2
mm, and R, was measured when filled with saline solution
by varying the frequency and RMS value of the applied
voltage (Fig. S17). It can be observed that the R, of the saline
solution decreases gradually up to an AC voltage frequency of
approximately 100 kHz, with a larger decrease at 200 kHz.
Additionally, the R, is constant up to an RMS voltage value of
about 0.8 V, and decreases at higher voltages. In the
following experiments, AC measurements were carried out
with a fixed frequency of 1 kHz and an RMS voltage value of
0.5 V.

3.2 Capillary force measurements and viscosity evaluation of
aqueous solutions with different viscosities

Using the fabricated pPADs-NW with comb-shaped silver
electrodes and a hydrophilic pattern created through VUV
light irradiation, as depicted in the bottom right photo of
Fig. 1B, a 3 pL drop of physiological saline (0.9 wt% saline)
was placed at the end of the flow channel. The resistance
between the two electrodes was then measured in real time,
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as shown in Fig. 4A. The time when the liquid bridged Ch. 1
was set to zero and the elapsed time was plotted on the
horizontal axis. As observed in Fig. 4A, the saline permeates
the hydrophilic area via capillary action, causing the
resistance to decrease each time it crosses the teeth of the
comb-shaped electrodes. This allows the determination of
the passage time.

Once the liquid passed through the electrode, the
resistance stabilized at a constant value, indicating that the
liquid spread was not entirely uniform and that the contact
resistance between the liquid and electrodes decreased as the
contact area increased incrementally. Consequently, when R,
reached a specific value, it was considered indicative of the
electrical conductivity of the channel.

The flow measurements were also performed using
solutions of varying viscosities achieved by mixing 20, 40,
and 50 wt% glycerol with saline. The relationship between ¢
and L* deduced from the conductivity measurements for all
solutions is plotted in Fig. 4B, which indicates the
proportionality of ¢; «c L. Plots where error bars are not seen
contain statistical errors within the plot. This proportionality
coefficient A was determined for each liquid by the least
squares method. Table 2 summarises the viscosity #nqp
measured with the previously reported method using glass
capillaries,®® the literature values #.q°>° >’ proportionality
coefficient A obtained in this work and its coefficient of
determination, and the viscosity 7¢apii determined from #,er of
saline as a calibration fluid. Viscosity values for mixtures of
water and glycerol are given as reference for mixtures of

B
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Fig. 4 Results of electrical measurements and viscosity analysis. (A) Resistance change between comb electrodes during saline flow. The inset
shows a magnified view before and after the liquid passes through Ch. 3. The red arrows indicate the time when the liquid has passed through one
of the comb electrodes. (B) Plots of the elapsed time versus square of the distance for saline and for solutions with 20%, 40%, and 50% mixed
glycerol. (C) Relationship between the slope of the graph shown in Fig. 4B and 74p. (D) Relationship between R, and 7q4p for mixtures of saline and

glycerol and sodium chloride solutions when only Ch. 1 is conducting.
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Table 2 Viscosity of saline mixed with glycerol measured using uPAD-NWs with those by conventional methods and references

Measurement by capillary action

Measurement from conductivity

Mref
Sample liquid (mPas)  nqp (MPas) A(smm®)  Coefficient of determination  #capi (mPa's) R, of Ch. 1 (MQ)  #ges (mPa s)
0.9 wt% saline 0.891¢ 0.882 + 0.012  0.178 0.980 — 0.225 £ 0.0107 —
+glycerol 20 wt% (1.54]b 1.58 £ 0.019  0.294 0.984 1.47 0.385 £ 0.0110 1.51 £ 0.0435
+glycerol 40 wt% (3.18]b 3.42 £0.045 0.611 0.989 3.06 0.886 + 0.00309 3.47 £0.0121
+glycerol 50 wt%  (5.34)" 6.04 + 0.076  0.952 0.988 4.77 1.70 + 0.0744 6.68 + 0.292

@ Ref. 36. © Ref. 37.

saline and glycerol. #n4p was measured by varying the
pressure inside the glass capillary and measuring the
difference in the time taken for the liquid to travel by
capillary action,®® which was consistent with the literature
values.>>*” ycpi was estimated by multiplying the value of
nrer Of the saline solution by the ratio of the proportionality
coefficient A for each glycerol mixture solution to that of
the saline solution, based on eqn (4). Measurements were
made using three devices from different lots and the
standard deviation is shown as the error. The graph of 4
against the measured viscosity #ngp suggests that the
coefficients A and viscosity #gp are approximately
proportional to each other (Fig. 4C). One of the reasons for
the deviation is probably that a distribution occurs in the
flow speed at which the liquid reaches the comb electrode,
and the change in resistance is detected with the liquid
that first reaches the electrode, which may lead to a
smaller estimate of time t. In the case of high viscosity,
this distribution may appear accentuated due to the longer
arrival time. Although analysing the exact specifications of
the flow path is difficult owing to the complex geometry of
the capillaries, D can be approximated as a constant by
assuming that the nonwoven fabric was uniform in all
directions, and acos@ is regarded as a constant when the
pressure is assumed to be constant.’® Thus, the
proportionality factor A is a linear function of 7, assuming
the above assumptions hold, which enables the estimation
of the magnitude of viscosity.

Calculating the flow path volume in the proposed device
is challenging due to the presence of randomly oriented
fibres. However, we estimated this volume by incrementally
adding water droplets to the hydrophilic region until the
water covered the entire channel, determining the volume to
be approximately 2.2 pL. Additionally, we estimated the
volume of the hydrophilic area by calculating the mesh size
and density of the fibres, the area of the pattern design, and
the thickness of the fibres, reaching a volume of 2.0 pL,
which closely aligns with the actual measurement.
Accordingly, electrical conductivity measurements
performed using a minimal liquid volume on an inexpensive
nonwoven fabric sheet.

The device was constructed from non-woven polymer
long-fibre fabrics. To the best of the authors' knowledge, this
is the first reported method for fabricating pPADs where the
hydrophilic part is created via VUV irradiation using

were
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hydrophobic materials. Previously reported methods for
fabricating pPADs have relied on hydrophilic materials as the
substrate. Consequently, it is essential to establish a non-
permeable area surrounding the channels to prevent water
infiltration. This has typically required the application of
photoresist, wax, or resin to form a barrier around the
channel. In the devices proposed here, the inherent
hydrophobic properties of nonwoven fabric are utilised, and
only VUV light irradiation is required to create the channels.
This process can be completed rapidly, for instance, within
60 s as demonstrated in this study, although preparation of a
mask pattern is required.

Viscosity measurements were performed using a
considerably smaller amount of liquid of 3 puL compared to
previous microfluidic devices. By reading the change in
resistance when the liquid passes through the comb
electrode, the start and end points of capillary action can be
determined automatically, thus eliminating the requirement
for camera photography or manual switching. Thus, even
transparent liquids can be measured using the present
device.

3.3 Viscosity evaluation from the electrical resistance of the
solution

From the same plot of conductivity measurements as in
Fig. 4A, the R, values at the same channel length for
solutions with different concentrations of glycerol, with only
Ch. 1 bridged, was determined from the value when R,
became constant (Table 2), and the R, values were plotted
against nqp measured by the conventional method using a
glass capillary (Fig. 4D). As observed in Fig. 4D, the measured
R, and 7ngp yielded an almost linear relationship. The
viscosity #gres Obtained by multiplying the value of the saline
viscosity with the ratio of R, to the saline value in each
solution is shown in Table 2, which is in good agreement
with the viscosity 5gp. Thus, if the #/R, ratio at a certain
temperature is calibrated, the value of # can be inferred from
the R,. For sodium chloride solutions without glycerol, the
values of Ch. 1 resistance (Table S1 and Fig. S27) versus nqp
are plotted simultaneously in Fig. 4D varying its
concentration from 0.1-1.1 wt% (viscosity of pure water is
employed in the plots for 0.1-0.6 wt%). Fig. 4D indicates that
the R, was properly increased when the ionic concentration
reduced without glycerol. The the ion

was lower

© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentration and the higher the resistance, the greater the
variation, whereas stable measurements can be conducted at
around 1 MQ or less (Fig. S27).

In the diagnosis using biological fluids, both the
viscosity () and the ion concentration of the solution are
initially unknown. However, the two previously discussed
viscosity estimation methods can be employed to estimate
both parameters. Fig. 4B illustrates the relationship
between time (£) and the square of the length (L?), which
does not incorporate the term for ionic concentration.
Consequently, the viscosity (7) can be independently
determined, and the ionic concentration in the solution
can be inferred from the obtained 7 value, the constant k
in eqn (2), and the measured resistance (Rp). When a
solution with a known ion concentration is used, the
viscosity (1) can be estimated using both methods, allowing
for cross-verification. The present findings suggest that
even solutions with unknown properties demonstrate
distinct capillary behaviours at varying viscosities, which
can be approximately determined using the proposed
microfluidic device. For measurements in actual biological
fluids, the accuracy of these estimations requires further
validation, and future research will involve experiments
with solutions of varying ionic concentrations.

3.4 SEM observations of the flow channel

Stereo microscope images of screen-printed comb electrodes
with varying the widths with 300 um, 250 pm, 200 pm, 150
pum, and 100 um are shown in Fig. 5A. The conduction
measurements with a continuity tester on five samples
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Fig. 6 Change of the water contact angle over time following VUV
light irradiation.

showed that conduction was observed in all samples with a
width of 150 microns and above. The width of the comb-
teeth electrode was set to 300 pm
(Fig. 5A right magnified image).

SEM images that depict the top-view and cross-sectional
structure of the flow device fabricated on a PAR sheet are
presented in Fig. 5B and C, respectively. In the PAR-based
device, the surface of the nonwoven fabric was lightly
thermally bonded to prevent the separation of the
multifibre, and printed silver electrodes were applied to
this surface. The thickness of the flow channel was

estimated to be approximately 53 pm, and the fibre
diameter of the nonwoven fabric was approximately 2-3
um, which closely aligns with the 2.6 pm specified by the
manufacturer.

B nonWw.oven
sheet'y

PAR nonwoven sheet

Silver electrode

Fig. 5 Stereomicroscopic and SEM images of the fabricated nPADs-NW. (A) Stereomicroscopic images of comb electrodes screen-printed with
different widths and its magnified view. (B) SEM image of the PAR nonwoven sheet surface in the vicinity of the silver electrode. (C) Cross-

sectional SEM image of the electrode area.
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3.5 Self life of the hydrophilicity of flow paths

The study examined the durability of the hydrophilic state on
a PAR surface, which was found to revert to its original
hydrophobic state over time, as depicted in Fig. 6. Error bars
in Fig. 6 show the variation of three measurements on the
same nonwoven sheet. When stored in a clean room at 22 + 1
°C (RT), the contact angle remained below 40° for up to 3 h
following VUV light exposure, maintaining a consistent flow
of the sample liquid. Under frozen conditions, this angle was
sustained for up to 7 days. These findings indicate that the
disrupted bonds on the PAR surface gradually reformed,
influenced by thermal conditions. Addressing this limitation
in storage life is crucial for the functionality of the device.
Future studies will focus on detailed evaluations and
methods to prolong hydrophilicity, such as the introduction
of hydrophilic groups.

4 Conclusions

A microfluidic device was successfully developed by creating
a hydrophilic area on a naturally hydrophobic nonwoven
fabric using VUV light irradiation and integrating a printed
comb electrode pattern. The device facilitates the evaluation
of electrical characteristics as an aqueous solution permeates
through the hydrophilic channel. By adjusting the viscosity of
the solutions through varying the saline and glycerol mix
ratios, it was determined that the time (¢) and the square of
the permeation distance (L*) were proportional to coefficients
derived from the solution viscosities. This proportionality
suggests that the device can be effectively used to estimate
the viscosity of liquids. Additionally, it was demonstrated
that the electrical conductivity of aqueous solutions could be
measured with small volumes, such as 2.2 pL, and that ionic
concentration can be estimated by correlating viscosity
measurements with capillary action results.

This study developed microfluidic devices characterized by
minimal volumes and low costs, potentially advancing
affordable biochip technology for healthcare applications.
Future work will focus on integrating sensing capabilities,
including measurements of pH and antigen-antibody
reactions.
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