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Abstract Paper-based microfluidic devices hold great
potential in today’s microfluidic applications. They offer
low costs, simple and quick fabrication processes, ease of
uses, etc. In this work, several wax and paper materials are
investigated for the fabrication of paper-based microfluidic
devices. A novel method of using wax as a suitable backing
to a paper-based analytical device has been demonstrated.
Governing equations for the mechanics of the fluid flow in
paper-based channels with constant widths have been
experimentally validated. Experimental results showing
deviations from the governing equations have been verified
using fluidic channels with varying widths. There lies the
possibility of manipulation of the fluid flow in paper-based
microfluidic devices solely using geometric factors. This
opens up many potential applications that may require
sequential delivery of reagents or samples. Lastly, prop-
erties of paper such as the average pore diameter and
permeability can be deduced from experimental results.

1 Introduction

Silicon and glass have been used as the substrate materials
for microfluidic applications due to many of their good
properties (Carlen et al. 2009; Coltro et al. 2007). Typical
micromachining of silicon and glass involves dry and wet
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etching, lithography and other techniques, all of which
require clean room facilities and equipment (Fiorini and
Chiu 2010).

Researchers have explored cheaper material alternatives
such as polymeric devices (Ford et al. 2001; Zhong et al.
2011a), and novel fabrication techniques using polymers
have been realised (Chartiera et al. 2003; Zhong et al. 2006).
Polymeric microfluidic devices can be fabricated by a variety
of techniques depending on the intended applications and the
equipment available (Haiducu et al. 2008; Zhong et al. 2010).
Polymeric materials of different grades and types are easily
available, and the fabrication techniques have saved time and
cost compared to glass and silicon-based devices (Song et al.
2004). For example, devices produced from poly methyl
methacrylate (PMMA) have good properties and the pro-
duction cost is low especially using commercial grade
PMMA (Kaleibar et al. 2010). The cyclic olefin copolymer
(Zhou and Papautsky 2007) is highly suitable for the fabri-
cation of microfluidic devices using hot embossing (Yeo
et al. 2010; Zhong et al. 201 1b) techniques.

However, due to the emerging vast markets for analyt-
ical applications in the areas such as healthcare and food,
researchers find even cheaper alternative materials for
minimal costs, and the interests in paper-based microfluidic
devices are increased in recent years (Martinez et al. 2007).
Paper microfluidics was first achieved by patterning chro-
matography paper with polydimethylsiloxane (PDMS) or
SU-8 (Lu et al. 2009). Recently, multi-level paper devices
were developed, which opened up the possibility of run-
ning parallel tests on smaller devices (Lin and Lee 2010).

The main advantages of using paper materials are low
cost, easy obtain-ability, high porosity, great biodegrad-
ability, and chemical compatibility with many applications
(Martinez et al. 2008a). In addition, paper devices require
minimal infrastructure, have simple and quick fabrication
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processes, are easy to use, have the potential of remote
usage and the ability to provide semi-quantitative test
results in a point-of-care fashion (Martinez et al. 2008c).
Moreover, paper can be easily patterned for high-volume
fabrication of microfluidic paper-based analytical devices
(mPADs), and the flow of samples in these devices can be
achieved by the capillary action without using any external
pumping systems (Coltro et al. 2010).

Using conventional photoresist materials to fabricate
these devices has the drawback of having lower flexibility,
and thus the devices can be easily damaged by bending and
folding (Li et al. 2010). However, because of the litho-
graphic process, the feature dimensions on SU-8 devices
can be precisely controlled (Klasner et al. 2010). Hence, a
photolithographic method called fast lithographic activa-
tion of sheets was introduced with a lower cost compared
to the conventional lithography (Martinez et al. 2008b). A
fabrication technique using a desktop plotter and a modi-
fied pen was also proposed without the need for a clean
room (Coltro et al. 2010). The devices can also be fabri-
cated by inkjet printing, and the detecting reagents can be
applied to the test zones by printing (Klasner et al. 2010).

Fabrication with wax is to penetrate wax through the paper
depth to define hydrophilic microchannels on the paper
substrate. This technique gives a cheaper and more conve-
nient alternative than traditional patterning of SU-8 or PDMS
onto the paper substrate (Lu et al. 2009). The smallest
hydrophobic barriers achieved are ~ 850 pm in width with an
edge roughness of about 60 pum, and the smallest hydrophilic
channels are ~560 pm in width (Carrilho et al. 2009). Solid
wax printing has many advantages such as quick fabrication,
no need for extra processing steps, and the ability to print
barriers of various colours (Martinez et al. 2010).

This work was to investigate a microfluidic platform that
is economical, provides ease of use, and has the prospect of
mass production for potential “use and discard” applica-
tions. The focus was on the science of paper-based devices
that offer very low cost and minimum energy consumption.
Feasibility of using wax as a suitable substance for the
formation of hydrophobic barriers was investigated. Paper
properties such as permeability and the average pore
diameter were determined through experimental tech-
niques. Theoretical mechanics of the fluid flow in porous
media was validated by experimental results of the fluid
flow in paper devices.

2 Wax for paper-based devices
2.1 Paper substrates and wax

This experiment was to test the wicking capabilities of
different types of paper substrates, and the compatibility of
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different types of wax with the paper substrates. The paper
substrates tested were A4-sized printing paper, kitchen
towel, thin paper napkins, and laboratory paper (paper
towel used in laboratories). The wax types tested were wax/
grease pencils, wax crayons, candle wax, and lipsticks.

Desired channel patterns were drawn on both single and
double sides of the paper substrates using a wax pencil,
wax crayon or lipstick. The channel widths before wax
diffusion were 5 and 10 mm, and the channel length was
4 cm. The patterned paper was heated at 150 °C on a hot
plate for 2 min. Then sufficient coloured water was
pipetted to completely fill up one “reservoir” of the pattern
to allow sufficient pressure for capillary action along the
channel. Subsequently, the device was left on a horizontal
platform for observation. When candle wax was tested, the
steps were similar except that there was an additional wax
melting step before patterning of the paper substrates. This
was achieved by breaking candles into smaller bits, fol-
lowed by heating the candle bits to the liquid form. The
patterning was then achieved using a paintbrush.

Experiment results show that the laboratory paper and
paper napkin are able to transport the liquid from one
“reservoir” to the other within 30 s. The printing paper has
low “wicking” capabilities, due to the low porosity level
and surface tension effects of the paper, making it unsuit-
able for liquid transport. Having high porosity may not be
ideal for liquid transport as the diffusion of wax barriers
through the paper may be adversely affected, as was
demonstrated by the kitchen towel where due to uneven
and incomplete diffusion of wax barriers, the liquid cannot
be fully constricted within the boundaries of the channels
and “reservoirs”.

Both the laboratory paper and paper napkin have good
“wicking” capabilities with the most rapid and reliable
being the laboratory paper. Liquid transport from one
“reservoir” to the other requires 10 s or less. Although the
paper napkin has good liquid transport, there was consid-
erable leakage along the channel length due to the thinness
of the paper napkin. This may cause problems of con-
tamination or lost samples in actual applications. Further
tests to examine the anisotropic nature of the alignment of
the fibres revealed that the liquid could still be transported
if the channels were drawn in different directions from the
layout of the fibre on the paper substrates.

Wax crayons can diffuse through the laboratory paper
forming wax barriers. However, the effectiveness of the
wax diffusion is limited as the tip of the wax crayon may
be too brittle, thus impeding well-defined patterning on the
substrate. The brittleness of the wax crayon tip together
with the highly porous structure of the kitchen towel makes
the diffusion of wax barriers ineffective. However, the
ingredients used in wax crayons can form suitable hydro-
phobic barriers on paper substrates.



Microsyst Technol (2012) 18:649-659

651

Laboratory Paper Kitchen Towel

(Double-sided)

Laboratory Paper
(Single-sided)

Fig. 1 Wax channels patterned on paper substrates using a wax
pencil

A wax pencil was used to pattern channels on paper
substrates with three setups: draw on a single side of the
laboratory paper, draw on both sides of the laboratory
paper, and draw on both sides of the kitchen towel. Fig-
ure 1 shows that the wax pencil is suitable for wax diffu-
sion to form hydrophobic barriers on paper substrates. This
can be seen from the double-sided setup whereby the liquid
flows smoothly from one “reservoir” to the other without
any leakage. If only one side of the paper is patterned with
wax, wax diffusion may not be complete throughout the
pattern, thus causing leakage at certain portions of
the channel. Incomplete wax diffusion is observed on the
porous kitchen towel.

Fig. 2 Wax barriers for
containing green-coloured
water at various temperatures

Control:

The effectiveness of the candle wax on the laboratory
paper was also investigated. The heat treatment caused the
candle wax to diffuse rapidly in all directions throughout
the paper. This caused the defined channel to be totally
covered by transparent wax, hence restricting any kind of
liquid transport. The entire area surrounding the candle
wax was considered hydrophobic after heat treatment.
Further experiments were carried out by enlarging the
channel width but wax diffusion of the candle wax was
simply too rapid, making it impossible to achieve proper
definitions of the channels. Similar tests were also per-
formed using a lipstick and the same results were obtained.

2.2 Effective temperature for wax diffusion

This experiment was to identify the minimum temperature
required for wax diffusion throughout the depth of the
paper substrate. Channels were drawn on both sides of the
laboratory paper substrate using a wax pencil. The sub-
strate was then heated at a temperature on a flat plate for
2 min.

As shown in Fig. 2, the wax barriers can sufficiently
contain the green-coloured water within the channel if the
paper substrate is heated at 75 °C and above. At 50 °C,
the wax fails to completely diffuse throughout the depth of
the paper, hence rendering the hydrophobic barriers inef-
fective. The coloured water does not wick within the
channel. The melting point of the wax used in the wax
pencils is between 50 and 75 °C. 75 °C is a suitable tem-
perature for wax diffusion to suffice for the creation of
hydrophobic barriers on paper substrates. Another obser-
vation is the “curling” up of the paper upon heat exposure
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Fig. 3 Printed wax channels
before diffusion and the results

Insufficient
4- diffusion

of fluid flow tests performed
using the channels

Before heating

125°C for 3 min

100°C for 3 min
-T— 4cm

-T- 3cm

—+ 2cm

—+ 1cm

—— 0Ocm

of 150 °C and above. Thus, the range for heat exposure
should be kept between 75 and 125 °C.

2.3 Solid ink printing

A solid ink printer was used to print wax on the laboratory
paper, followed by heat treatment of the paper substrate on
a hotplate to allow wax diffusion throughout the depth of
the paper. Figure 3 shows the printed wax channels before
diffusion and the results of the fluid flow tests performed
on the channels that were exposed to a hotplate temperature
of 100 or 125 °C for 3 min. Before heat treatment, the wax
only adhered to one side of the paper. The heat treatment
allowed wax diffusion to penetrate throughout the paper
depth. The channel width was 1 mm. Blue-coloured water
was introduced to the channels at the 0-cm mark and flo-
wed towards the other channel ends, i.e., the 4-cm mark. At
100 and 125 °C, the fluid was transported within the
boundaries of the barriers for most parts of the channels. At
125 °C, leakages out of the channel boundary only
occurred between the 3 and 4 cm marks, as wax diffusion
was incomplete at certain portions of the channels. A
longer heat exposure time may solve the problem of
incomplete diffusion. Another possible reason may be the
uneven surface on the hotplate or the “curl-up” of paper
during heating. Using suitable paper weights to apply
pressure during heating may help to ensure even meshing
between the surfaces of the paper and the hotplate.

Solid ink printing is suitable for the fabrication of wax-
based mPADs. This offers higher consistency, accuracy
and resolution, compared to hand-drawing using a wax
pencil. However, the wax used in solid ink printing has a
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Insufficient diffusion

higher melting temperature and requires a longer heat
exposure time compared to the wax in a wax pencil. This
implies that the time duration allocated for heating of the
paper substrate must be increased when fabricating the
mPAD using a solid ink printer.

2.4 A switch

One of the requirements for fluid manipulation is to
incorporate a switch or valve into the fluidic device. The
ability to control the fluid flow helps to materialise many
microfluidic applications. The work reported in this section
explores a possible prototype of a switch that may be a
stepping stone to the future development of more complex
and efficient paper-based microfluidic switches.

Channels having a length of 3 cm were drawn on both
sides of the paper substrate using a wax pencil. Rectangular
holes with widths of 5 mm were cut out somewhere mid-
way of the channels. A paper strip with a width of 5 mm
was then patterned using a wax pencil in such a way that
the undrawn area had the same width as the fabricated
channels. Both the channel and paper strip were heated on
a flat plate to allow wax diffusion. After heating, the paper
strip was inserted into the cut-out areas of the paper device.
The fluid flow test was conducted in a set-up whereby the
hydrophobic channel was activated, i.e., an open switch. As
soon as the fluid flow was successfully constricted within
the first half of the channel, the hydrophobic barrier was
deactivated to allow fluid flow in the channel, i.e., a closed
switch.

A simple “pull” on the paper strip can act as a switch
that restricts or allows the fluid flow through the fluid
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Sample
introduction
zone

Fig. 4 A fluid test using the switch

channel. Figure 4 compares the colour intensity of sections
A and B, which are the channels before and after the switch
respectively. The fluid colour in section A is more intense,
meaning that there is more fluid present in the region
before the switch. The fluid was restrained within the first
part of the channel when the hydrophobic barriers were
activated. Logically, section A would then hold more fluid
than section B. This experiment proves that the idea of a
switch in a paper-based device is feasible. Further modi-
fications to the design can be explored for various
applications.

2.5 Designs of varying geometry

There is a need to test the feasibility of paper-based devices
consisting of more complex geometry, i.e., curved, multi-
ple channels. Figure 5 shows such channels fabricated
using a wax pencil and the wax printer, which could con-
tain the fluid flow within the wax boundaries. The fluid
flow is indeed possible in curved and linear channels, and
single or multiple channels, showing the possibility of

Fig. 5 Designs with varying

Hand-drawn using Wax Pencil

fabricating more complex paper devices for various
applications.

However, in the section labelled A, there was a fluid
leakage out of the channel boundary, because the device
was placed on a hydrophilic material (paper) during the
experiment. This caused some of the fluid to flow onto
the hydrophilic backing, subsequently spreading out in the
lateral direction, and in turn to flow back onto the device.

This suggests that there is a need to explore ways to
provide a backing that is of hydrophobic nature. Devices
can be designed in a way that they can be mounted onto
thin acrylic plates that provide suitable backing to the
paper devices. An alternative is to laminate the back of the
paper device with a thin layer of polymer sheet. However,
all these methods will increase the cost of production.
Hence, a novel idea of using wax as a suitable backing was
explored, and this is presented in the next section.

2.6 Wax as a backing

The feasibility of using wax as a hydrophobic backing was
investigated for paper-based devices. Experiments were
conducted to find the optimum heat exposure time required
for wax to be precisely diffused laterally without diffusion
through the paper depth. This investigation is crucial as
under-exposure will cause the wax backing to be ineffective
and an over-exposure will render the channel hydrophobic.

The wax printer was used to pattern the channels on the
paper substrate followed by a 5 min heat treatment at
125 °C. Chromatography paper was chosen, as its fibre
arrangement was more consistent compared to the previ-
ously used paper towels. After the fabrication of the
channels, the paper substrates were left at room tempera-
ture for at least 10 min before applying a layer of wax on
the back-side of the paper device using the wax printer. For

Printed using Wax Printer

geometry and shapes

Sample
Introduction
Zone
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Fig. 6 Tests of the heat
exposure time for wax to be a
backing

SIZ = sample introduction zone

Insufficient wax
diffusion

control Siz

5 sec Siz

10sec

15sec

Siz

Pic on left: back view of device after heat treatment
Pic on right: front view of device after fluid flow test

the wax layer on the back of the device, a shade of grey
colour (RGB model Red-202, Green-212, Blue-211) was
chosen to clearly distinguish the wax between the channels
(black) and the backing (grey). Subsequently, four different
set-ups were carried out to find the optimum heat exposure
time. The hot-plate temperature was 125 °C for all set-ups,
and the heat exposure time was 0 (control set-up), 5, 10 and
15 s. These channels were then placed onto a piece of
hydrophilic paper before the fluid flow test.

As shown in Fig. 6, both the control set-up (no heat
exposure) and the set-up with a heat exposure of 5 s have
insufficient wax diffusion, causing the wax layer at the
back of the device to fail. This is depicted by the presence
of fluid contamination between the paper device and the
paper layer supporting the device. Some form of wax dif-
fusion is evident in both set-ups for 10 and 15 s heat
exposure times, as depicted in the left picture of both set-
ups whereby the darker shade is evidence of wax diffusion
of the grey wax on the back-side of the device. These set-
ups could transport the fluid successfully without any
contamination through the hydrophilic paper.

@ Springer

Other set-ups with heat exposure times of 20 s and
above were also tested, and some portions of the fluid
channels were rendered hydrophobic due to the rapid dif-
fusion of the “wax backing” through the depth of the
paper. At a heat exposure of 125 °C on a hotplate, the
optimum exposure time for a paper device with a wax-
based backing fabricated through the wax printer lies
between 10 and 15 s.

3 Mechanics of fluid flow
3.1 Paper wet-out

The wet-out process describes the period when the porous
matrix is originally clear of liquid. For the one-dimensional
flow in a porous matrix like a paper strip, the fluid flow
follows the Washburn equation (Fu et al. 2011),

yDt

L:
4p

(1)
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where L = the distance moved by the fluid front, y = the
effective surface tension of the liquid, D = the average
pore diameter, t = time, and p = the viscosity of the
liquid. The application of the Washburn equation for the
flow in a porous media is based on the assumption that
there is a non-limiting source and a constant cross-sectional
area is maintained throughout.

3.1.1 Flow in constant-width channels

Experiments were conducted using paper-based fluidic
channels with a constant width of 1.2, 1.6 or 2 mm, fab-
ricated by wax printing. Grade 1 chromatography paper
was used as it had the highest consistency in terms of fibre
alignment and the flow rate. A video camera was used to
record the entire flow processes. The video files were then
converted into pictures at different time points, for mea-
suring of the distances travelled by the fluid fronts. The
results of the test are presented in Fig. 7, which clearly
show that the flow characteristics are similar regardless of
the width of the fluidic channels. In addition, the structures
of the three curves suggest that the flow rates of the fluid
fronts indeed follow the Washburn equation in the sense
that the distance travelled by the fluid front is proportional
to the square-root of time, i.e., L ~ 193,

Slight variations in the different curves can be due to the
following reasons: (1) small differences in the pore sizes of
different paper samples, (2) the presence of small impuri-
ties in the paper matrix, and (3) the inconsistency in the
diffusion of wax during the channel fabrication process that
creates small differences in the driving force of the fluid.

Also, from the results gathered, we can deduce the
average pore diameter (D) of the chromatography paper
using the rearrangement of Eq. (1):

2
p=Un @)
vt

The surface tension and viscosity of water at the room
temperature are 0.0728 N/m and 1.002 x 10~ Ns/m?,

4.0 4
3.5 4
3.0 4
2.5 1

2.0 4 =—=1.2 mm width

1.5 4 ~{~1.6 mm width

o 2.0mm width

Distance travelled (cm)

0.5 {4

0.0 1+ T T r r r - v
0 10 20 30 40 50 60 70
Time (s)

Fig. 7 Flow characteristics for the fluid flow in the channels of
constant widths

respectively. Using these values and the results from the
experiments, a deduced value of the average pore diameter
can be obtained for each measurement taken. With the
removal of the outliers below the lower control limit (LCL,
the value 1 ¢ below the mean value) and above upper control
limit (UCL, the value 1 ¢ above the mean value), the average
pore diameter of the paper can be deduced by taking the mean
of the remaining values. From this test, the average pore
diameter of the paper is deduced to be 1.2 pum.

3.1.2 Constricted flow

A constricted fluid flow refers to a flow from a channel
with a smaller width to another channel with a larger width.
The word “constricted” is used because a flow from a
channel with a smaller width to another one with a larger
width violates the assumption of a non-limiting source. The
fabricated channel with a fluid front at the 2.4 cm mark is
shown in Fig. 8. Two designs of varying channel widths
shown in Table 1 were tested, and both had a small-to-big
transition at the 2 cm mark.

As shown in Fig. 9, the flow characteristics for both
designs are very similar for the first half of the channels,
i.e., before the transition point. This again shows that the
liquid flow in a channel is independent of the channel
width. However, after the transition point, both the flow
rates depicted by the gradients of the curves are greatly
decreased, because there is a constriction of the flow at the
transition from a smaller-to-larger channel width. This

illllllllllllllll

11
A

Fig. 8 The constricted fluid flow in a varying-width channel with a
fluid front at the 2.4 cm mark
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Table 1 Design specifications of the channels for constricted flow

tests
Design Smaller Larger
width (mm) width (mm)
A
B 2
4.0
=35 Transition point g
E -
2 3.0
T
2 25;
S # ,
© 20 s —4—Design A
=] 7’
g 15 - —— Design B
8 d idth
£ 10/ Constant Wi
(a]
0.5
0.04 T T : ;
0 20 40 60 80
Time (s)

Fig. 9 Flow characteristics of the constricted flow

observation is analogous to the principle of conservation of
mass flowing along a channel. If a volumetric flow rate is
conserved and the flow cross-sectional area increases due
to an increase in the channel width, the flow rate of the
fluid front must be decreased. In addition, by comparing
the gradients of the curves in Fig. 9 for designs A and B
just after the transition point, it is clear that design B results
in a higher flow rate compared to design A. This obser-
vation again substantiates the principle of conservation of
mass, as the first half of the channel in design B has a larger
width than that in design A.

3.1.3 Abundant flow

An abundant flow refers to a flow from a channel with a
larger width to another channel with a smaller width. The
word abundant is used because a flow from a channel with
a larger width may be considered a non-limiting source to
the flow in a channel with a smaller width. A fabricated
channel with a fluid front at the 2.8 cm mark is shown in
Fig. 10. Two designs of varying channel widths shown in
Table 2 were tested, and both had a big-to-small transition
at the 1.6 cm mark.

As shown in Fig. 11, the trends of the curves for designs
C and D are similar to that of the curve for a constant width
design, i.e., L ~ t®°. It takes about the same time for the
fluid fronts to travel a distance of 3.5 cm. This shows that
the change in the channel width at the 1.6 cm mark does
not affect the fluid flow rate, as there is sufficient liquid for
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Fig. 10 The abundant fluid flow in a varying-width channel with a
fluid front at the 2.8 cm mark

Table 2 Design specifications of the channels for abundant flow tests

Design Smaller Larger
width (mm) width (mm)
C 1 5.8
D 2 5.8
4.0
— | S -
§.° T
; 3.0 o
= 251
s >
20{ &«
b =g Design C
4 1.51 _
e “= DesignD
g 1.07 = = Constant Width
B 0.51
0.0% T T T T T T |
o0 10 20 30 40 50 60 70
Time (s)

Fig. 11 Flow characteristics for the abundant flow in varying-width
channels

the flow to be sustained after the transition point. This
observation validates the fact that a flow from a larger
width channel can in fact act as a non-limiting source for
the flow entering into a smaller width channel.
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3.2 Fully wetted flow

A fully wetted flow refers to the flow characteristics of a
fluid introduced into a pre-wetted channel, i.e., there exists
the presence of fluid particles within the pores of the por-
ous matrix. The flow characteristics for such flows can be
described by Darcy’s Law given by (Fu et al. 2011),

kWH
ulL

0=- Ap (3)
where, Q = the volumetric flow rate, x = the permeability
of the paper to the fluid, u = the viscosity of the fluid,
WH = the area of the channel perpendicular to the flow,
and AP = the pressure difference along the flow direction
over the length L. Assuming a constant cross-sectional area
throughout and by division of WH on both sides of the
equation, the flow rate of the fluid, g can be derived from
Eq. (3) as,

K
q:—ﬁAP (4)

3.2.1 Constant-width channels

Constant-width channels were fabricated by wax printing
on chromatography paper. The fluidic channels were first
pre-wetted with clear water before the test with coloured
water. The entire process of the fluid flow was captured
using a video camera. Three channels of different widths
were tested, and the results are presented in Fig. 12.

As depicted in Fig. 12, the fluid flow curves for all three
channels are very similar and the characteristic of the fully-
wetted flow is independent of the channel width. This result
is in fact consistent with the theory for the flow rate in a
channel with a constant width.

According to the principle of conservation of mass, it is
clear that the volumetric flow rate, Q, is constant along a
channel. Thus, if the channel width is kept constant, the
time taken for the fluid front to travel a certain distance can
be calculated as (Fu et al. 2011),

3.5 4
3.0

2.5 1

2.0 4

—— 1.2 mm width

Distance travelled {cm)

1.5 1
== 1.6 mm width
10 —8— 2.0mm width
0.5 == == Theory
0.0 : :
0 200 400 600 800 1000

Time (s)

Fig. 12 Flow characteristics for the flow in constant-width channels

\% VuL ul?

=0 WWHAP kAP G)

where V = the volume of the fluid at the time instant ¢.

The viscosity of water at the room temperature is
assumed to be 1.002 x 107> Ns/m% As the pressure vari-
ation in a stand-alone paper-based device is driven solely
by the capillary pressure within the pores, AP can be
assumed to be a constant. For this test, AP is assumed to be
4,560 N/m? (Fu et al. 2011). Hence if the permeability of
paper is assumed to be a constant, the only variable that
affects the flow rate of the fluid is the geometric factor, i.e.,
if the thickness and width of the paper channels are kept
constant, the time taken for the fluid flow is affected solely
by the length L.

Under the above assumptions, the theoretical flow
characteristic for a fluid flowing in a constant width paper
channel, as presented in Fig. 12, can be developed through
repetitive iterations of the constant x. The deduced value
for the permeability of a Grade-1 chromatography paper is
3 x 107" m?. This deduced value is consistent with the
range of experimentally deduced permeability for different
grades of papers reported by Nilsson and Stenstrom (1996).

3.2.2 Varying-width channels

This experiment was conducted to understand the flow
rates of the fluid in channels with varying cross-section
dimensions and the same overall length (4 cm). Figure 13
shows two fluid channels with the flow fronts at the 1.5 cm
mark. The smaller channel width is 1.2 mm and the larger
width is 5.8 mm. Designs E and F have a small-to-big
width transition at the 3.1 and 1.7 cm mark, respectively.
The results of the tests for the fluid flow in both devices are
presented in Fig. 14.

Channels
pre-wetted
with clear
water

Fluid Front
Line

Design E Design F

Fig. 13 Flow fronts at the 1.5 cm mark
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Fig. 14 Flow characteristics for the flow in varying-width channels

The time taken for the fluid front to travel a distance of
1.5 cm from the reservoir is about 5 s in the channels of the
two designs. This observation is expected, as the channel
widths are the same between the 0 and 1.5 cm marks.
However, a deviation in the fluid flow rate begins to surface
right after the transition point (i.e., 1.7 cm mark) for design
F. The device of design E can transport the fluid further
compared to design F, given the same amount of time. This
observation is expected, as the volumetric flow rate is
assumed to be constant throughout the fluid channels.
Hence, as the cross-sectional area increases, the flow rate
of the fluid must decrease.

As depicted in Fig. 14, it takes a much longer time for
the fluid in the device of design F to be transported the
same distance compared to design E. This observation
holds as long as the distance travelled passes the transition
point for design F. Also evident from the figure, the gra-
dients of the curves are drastically reduced at the transition
points for both designs. This implies a reduction in the flow
rate of the fluid flowing from a channel with a smaller
width to a channel with a larger width.

Experimental results provide a deeper understanding on
the flow characteristics in a fully wetted flow. The capillary
flow within a channel can be controlled solely by variations
in geometric factors. Therefore, there is a possibility of
incorporating a system of sequential delivery of reagents in
mPADs for various application purposes.

4 Conclusions

Due to its intrinsic hydrophobic nature, wax is capable of
channelling the fluid flow within the matrix of a paper
substrate. A novel method of using wax as a hydrophobic
backing to paper-based devices has been proven feasible
through careful and accurate heat treatment. The governing
equations for both the wet-out process and fully wetted
flow have been proven to be consistent with experimental
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results. Deviations from the Washburn equation have been
verified in channels with varying geometry. There is pos-
sibility of designing a paper-based device that allows
accurate manipulation of the fluid and sequential delivery
of reagents to various test sites for a variety of applications.
Methods of determining properties of paper such as the
average pore diameter and permeability have been deduced
from experimental results.

Assuming a size of 5 cm x 5 cm paper-device, the total
cost including energy consumption for each device can be
<US $0.12. Furthermore, the simplicity in the fabrication
and usage steps enables ease of use for the users, thus
allowing the possibility of the use of such devices in less
developed countries where trained medical personnel may
not be readily available. In addition, there is the prospect of
potential “use and discard” applications, as the cost of
each device is kept to the minimum. These hold great
promise in the development of inexpensive mPADs that are
able to perform analytical functions in a point-of-care
fashion.
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