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HIGHLIGHTS

o A model with considering evaporation was proposed to predict wicking height and mass.
o Flow characteristics of filter paper were experimentally and theoretically studied.
 Effective porosity could be conveniently measured by the experimental platform.

e The evaporation effect tended to reduce the wicking flow speed.
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ABSTRACT

Paper-based diagnostics have shown promising potential applications in human disease surveillance and
food safety analysis at the point-of-care (POC). The liquid wicking behavior in diagnostic fibrous paper
plays an important role in development of paper-based diagnostics. In the current study, we performed
experimental and numerical research on the liquid wicking height and mass with three width strips into
filter paper. The effective porosity could be conveniently measured in the light of the linear correlation
between wicking height and mass by the experimental system. A modified model with considering
evaporation effect was proposed to predict wicking height and mass. The predicted wicking height and
mass using the evaporation model was much closer to the experimental data compared with the model
without evaporation. The wicking speed initially decreased significantly and then maintained at a con-
stant value at lower level. The evaporation effect tends to reduce the wicking flow speed. More wicking
mass could be obtained at larger strip width but the corresponding reagent loss became significant. The
proposed model with evaporation paved a way to understanding the fundamental of fluid flow in
diagnostic paper and was essential to provide meaningful and useful reference for the research and
development of paper-based diagnostics devices.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

diagnosis and monitoring of public and global health (e.g., infec-
tious diseases, food safety and water quality) at the point-of-care

Since paper-based analytical devices are simple-to-design,
scalable-to-manufacture, inexpensive-to-afford and convenient-
to-use, they are uniquely suitable for qualitative and quantitative
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(POC) [1—-4]. In spite of the advantageous features, paper-based
diagnostics have been confined by poor sensitivity probably
because the underlying mechanism of the fluid flow behavior, such
as the speed distribution and the wicking liquid mass in paper re-
mains unclear. Paper-based diagnostics are usually involved in
multi-step biochemical processes, and the mixture and interaction
time of these reactions are greatly affected by the liquid speed [5].
Meanwhile, there are many influence factors on liquid flow rate in
fibrous matrix, such as the characteristics of the substrate (e.g.,
filter paper) and solution, the dimensions of the channels, evapo-
ration and the environmental temperature and humidity.
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Nomenclature

w The strip width (mm)

1) The strip thickness (mm)

A The cross sectional area of paper strip (mm?)
r The mean fiber radius (um)

A The maximum deviation

hy The biggest value in Fig. 3(a) (mm)
hy One test value in Fig. 3(a) (mm)

hs The smallest value in Fig. 3(a) (mm)
hy One test value in Fig. 3(a) (mm)

Mexp The wicking liquid mass in experiment (mg)

Mmax The maximum measurement range of the electronic
balance

hexp The wicking liquid height in experiment (mm)

hy The strip length (mm)
Density (kg/m?)

£ Effective porosity

Uy, Uncertainty of the strip width (mm)

Us Uncertainty of the thickness (mm)

Uhey Uncertainty of the liquid height (mm)

Uewp Uncertainty of the liquid mass (g)

U, Uncertainty of the effective porosity (%)

u Viscous (Pa s)

a Interfacial tension (N/m)

0 Contact angle (*)

K Permeability (m?)

R The effective pore radius (pum)

ho The theoretical liquid wicking height (mm)
So The theoretical liquid speed (mm/s)

Mo The theoretical liquid wicking height (mg)
t time (s)

Pw The water saturated pressure (Pa)

Dv The partial pressure of vapor in air (Pa)

Va The air flow rate (m/s)

¥ The latent heat of vaporization of water (kJ/kg)
1) The relative humidity

my, The evaporation rate (mg/(m? s))

Mey The total evaporation mass at every moment (mg)
Me The predicted wicking liquid mass (mg)
hev The predicted wicking liquid height (mm)
Sev The predicted liquid speed (mm/s)
Subscript

exp The experimental result

0 The theoretical value

w water

v vapor

a air

ev evaporation

e The predicted value with evaporation

Therefore, it is important to explore these factors in the fluid flow
progress in diagnostic paper and it is crucial for designing a paper-
based diagnostics to improve the sensitivity by optimizing the
assay procedures.

Various methods have been proposed to improve the sensitivity
of paper-based diagnostics by changing the flow rate in fibrous
matrix, such as changing geometrical structures, adding moderator
reagents and so on. For instance, Parolo et al. [6] made a simple
change in the architecture of lateral flow assays to alter the fluid
speed in different pads and increase the amount of sample, through
which they got an 8-fold improvement in sensitivity. Fu et al. [7]
investigated T-shape paper networks to achieve multi-step re-
actions by changing the length proportion between the two parts
with different width in one paper strip. These studies controlled
fluid speed in their designs through changing the geometrical
structure of paper strips to improve sensitivity. Besides changing
paper structure, fibrous matrix of papers can also be modified with
hydrophobic material (e.g., paraffin wax) or dissolvable barriers
(e.g., glucose and trehalose) to slow down fluid speed directly. For
instance, a time-based assay proposed by Noh et al. [8] owned
timing function by managing the quantity of wax previously
deposited in the paper. Lutz et al. [9] added dissolvable sucrose into
paper strips to create flow delays for building the automating
multi-step assays protocols. Schilling et al. [10] designed a fully
enclosed paper-based devices and found that the amount of toner
used to enclose channels could vary the liquid flow rate. Addi-
tionally, water soluble pullulan films could serve as a controlled
time shutoff system, through which a paper-based device with a
time-dependent sequential release of reagents could be made [11]
and a hollow channel applied in paper-based devices would
enhance the flow rate of solution and reduce the analysis time [12].
However, the above researches just described the qualitative ten-
dency of liquid flow in their devices, most of them might be affected
by the evaporation in an open environment. Therefore, the

underlying mechanism with a simplified model still need be further
disclosed.

Besides experimental studies, various calculation models had
also been developed to reveal the underlying mechanism of fluid
flow behavior in essence and to guide the optimization of experi-
ments. Two classical models were frequently used to investigate
the characteristics of fluid flow in fibrous material, i.e., Richard's
model and Lucas—Washburn model. For instance, Ashari et al.
[13,14] combined the Richard's model with Darcy's law to simulate
fluid spread in fibrous matrix, however, this model is not appro-
priate to calculate flow of liquids under saturated conditions as
indicated by Richards [15]. In comparison, the Lucas—Washburn
model [16] is available for laminar, viscous, incompressible and
saturated conditions, but it has not been conformed to situation
with evaporation.

In this study, we showed both experiments and simulations to
understand fluid flow behavior in filter diagnostic paper. The
wicking height and mass at various strip width were experimen-
tally investigated. A modified model with considering the evapo-
ration was built to simulate the flow situation to analyze the flow
regularity.

2. Experimental study
2.1. Materials and their physical parameters

A red solution was used to facilitate the observation of experi-
mental phenomena. It was prepared using 0.06 ml of red food
additive (Guangzhou Xinde Foods Co., Ltd., China) dissolved in
12 mL of ultrapure water (>18 MQ) from the Barnstead Nanopure
ultrapure water purification system (Thermo Scientific, MA, USA).
As the volume fraction of red food additive was only 0.5% in the
mixed solution, the physical property parameters of the mixed
solution were similar to that of the purified water at the
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experimental temperature 20 °C. All the filter papers (qualitative,
102, ¢15 mm) used for the preparation of the strip were purchased
from Hangzhou Whatman—Xinhua Filter Paper Co., Ltd. (China).
The qualitative grade filter paper was cut into 50 mm length of
rectangle strips with width of 2 mm, 5 mm and 10 mm by a paper
cutter, respectively [Fig. 1(a)]. The average thickness ¢ of the filter
paper was 0.15 mm given by measuring 8 layers of filter paper using
a vernier caliper. Therefore, the cross sectional area A of the paper
strip was the product of the strip width w and thickness
6 (A =w-6). The mean fiber radius r(=1.4 um) could be extracted
from a SEM image of filter paper in Fig. 1(b) by averaging multiple
measurements.

2.2. Experimental set-up and procedure

Fig. 2 depicts a schematic diagram of the wicking experimental
system placed in a closed room. Basically the platform consisted of
five parts as follows: an electronic balance to weigh the wicking
liquid, a support placed on the electronic balance center, a string to
suspend the paper strip above the liquid surface conveniently, a
lifting table to control the beginning and end of experiments, and a
digital video camera to record the reading of the electronic balance
and the wicking liquid front height. The electronic balance was
reset to zero before the experiment, thus the electronic balance
would display the increased wicking liquid weight directly. The
liquid was raised by adjusting the lifting table until the filter paper
strip contact with the liquid surface exactly, and the data recording
started at the same time as the reading on the electronic balance
increased. After a period of time, the lifting table was dropped
rapidly until the paper strip separated from the liquid surface.

The wicking liquid experiment data was evaluated from images
acquired with the assistance of a digital video camera (Sony HDR-
CX510E, Shanghai, China). All the data were obtained from a fixed
setting and from the fixed distance. Then, the images observed at
different times from the videos were processed with the image
processing software Corel DRAW X6. The wicking height and the
wicking mass of liquid at each moment were measured from the
images.

In the wicking experiments, according to each paper strip with
high surface roughness and high distribution of pore size, the in-
homogeneity of paper strips might have a negative impact on the
accuracy of experiments at the same condition. To identify the in-
homogeneity of paper with same pattern, four repeated tests with
four paper strips with the same pattern were conducted. Fig. 3(a)

a

support

string —

paper
strip

liquid
\

electronic
balance

lifting

table camera

Fig. 2. The experimental set-up.

presents the obtained four wicking heights (hy,hy, h3 and hy) with
5 mm width paper strips under four repeated tests under same
operating conditions. It was found that the deviations between the
four heights were small. The values of hs and h; were found to be
the highest and lowest one respectively. As shown in the Fig. 3(b),
the maximum deviation [A=(h3—hq)/h3x100%] was below 10%
basically and the deviation of wicking height was less than 2 mm.
Therefore the reliability of the experimental system was well
confirmed.

2.3. Experimental measurement of effective porosity of filter paper

Fibrous porous materials generally contain open and blocked
pores and only the open pores could form connected channels that
the fluid can pass through. Hence, the wet area of each cross section
excluded the blocked pores was only taken into account. Therefore,

Fig. 1. The filter paper. (a) Paper strip, (b) SEM image of the filter paper.
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Fig. 3. The reliability of the experimental system.

the experimentally measured porosity in the present study can be
considered as a kind effective porosity in the wet situation Based on
the defined effective porosity, the liquid mass and height satisfy the
linear relationship shown in Eq. (1):

Mexp = ﬂEAhexp = PfWéhexp (1

where, Mexp, p, & hexp, A, w and 6 are liquid mass, density, effective
porosity, wicking liquid height, cross sectional area of the paper
strip, strip width and thickness, respectively. Indeed, the absolute
porosity and the cross-sectional area may vary before and after
saturation, which would have an influence on this linear relation-
ship shown in Eq. (1). For example, the cross-sectional area A may
have a tiny change before and after saturation on account of that
the swelling was about 3% of the total paper thickness as indicated
by Lioumbas et al. [17]. Thus the change of the cross-sectional area
could be ignored. In the present study, the existence effects of
blocked pores, the variation of porosity and cross-sectional area in
fibrous materials were taken into account within the effective
porosity. Therefore, the effective porosity of the filter paper could
be measured directly through the linear relationship shown in Eq.
(1). Fig. 4 shows a good linear relationship between the wicking
height and mass for 5 mm width paper strip. The filter paper
effective porosity was obtained as 0.69 based on the slope of the
fitting curve (0.515) as well. An uncertainty analysis conducted for
the strip width Uy, thickness U;, liquid height Uy, , liquid mass

Um,, and the effective porosity U, was summarized in Table 1,
respectively. The type An uncertainties of the strip width U,, and
thickness U; could be calculated with the values of 8 measurements
directly. They were 0.5 mm and 0.007 mm, respectively. The liquid
front may not be a horizontal line, and the liquid height observed
from the video is averaged over the width of paper strip, mean-
while, the maximum error of liquid height Uy is less than 2 mm
apparently in the video. The uncertainty for the liquid mass Un,,,
was 1.0 x 10~ g corresponding to the precision of electronic bal-
ance. Thus, the uncertainty for the effective porosity U, was
determined to be 11.7% based on the uncertainties of Uy, U, Up,,,,
Um,,,. the strip length h; and maximum measurement range of the
electronic balance mp,x according to Eq. (1).

3. Numerical methods
3.1. A review of model without considering evaporation

The liquid can transport through the filter paper strip slowly
under the effect of capillary force, inertial force, viscous resistance
and gravity. Fries [18] analyzed the analytical solution, and found
that inertial force and gravity can be neglected. For capillary flow in
porous materials, Lucas—Washburn equation [16] proposed a
model based on the momentum balance including only viscous
resistance and capillary force, and the formula was shown in Eq.
(2a):

ho _ 40 COS(G) %.[1/2 (2&)
M m £

The corresponding liquid speed was then defined as:
- dh() - g COS(H) Et_]/z

o=\ 4 &

(2b)
In Egs. (2a) and (2b), hg, So, 7, u, 6, K, R, t are theoretical wicking
liquid front height, theoretical liquid speed, interfacial tension,
viscous, contact angle, permeability, the effective pore radius and
the time, respectively.
The interfacial tension and viscous can be obtained from the
physical property parameters of water. The contact angle @

20 F .
o The experimental result
—— The fit curve
15F
go " m=0.515h+0.181
= R2=0.9933
g
S5F DDD
o
0 L L L L L
0 8 16 24 32 40

h (mm)

Fig. 4. Correlation of liquid mass inside the strip and the wicking height (w = 5 mm).
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Table 1
Uncertainties for measured variables.
Variable Formula Parameters Uncertainty
Strip width S wi-w) w=0.5mm 0.5 mm
Uw = nn—1)
Thickness S 0-5) Us = 0.5 mm 0.007 mm
Us = n(n—1) n=38
Liquid height Up,, =2 mm 2 mm
Liquid mass Une,, = 1.0 x 1074g 1.0x10%g
Effective porosity 2 2 2 2 w=5mm 11.7%
Uy, Un,
U = / %) +®) +G) ~ ) 6 =015 mm
hy = 50 mm
Mmax = 100 g

quantified by Young equation is not always unique because of
plenty influence factors, such as temperature, equilibration time,
roughness and so on as indicated by Yuan et al. [19]. Therefore, the
contact angle # was assumed to 80° according to Lu and co-author’s
research [20]. The permeability K is an important parameter of filter
paper in practical application. It shows a measure of the ability of a
porous matrix to transmit fluids. Kozeny—Carman correlation [21]
is an empirical equation to predict the permeability, however it is
just suitable for the isotropic fibrous material as indicated in
Ref. [22]. Van der Westhuizen et al. [23] developed a mathematic
solution of the phase average Navier Stokes equation for the
orthotropic (transverse) permeability of random unidirectional fi-
ber beds. The permeability of filter paper was calculated from Eq.
(3) by Van der Westhuizen et al. [23].

- r27r£<1 —V1- 5)2

24(1— )19 3)

In Eq. (4), the pore radius R was carried out from the correlation
of Tomadakis et al. [24] in which the pore radius R and the mean
fiber radius r limited to randomly overlapping fiber structures was
correlated. The formula was expressed as:

7—1”
T Ine

(4)

The values of geomantic parameters, the width w and the
thickness d, the mean fiber radius r, the effective pore radius R,
effective porosity ¢ and the values of physical parameters, the
density p, the viscous y, interfacial tension ¢, permeability K were
summarized in Table 2 and Table 3, respectively.

Similar to Eq. (1), the theoretical wicking fluid mass mg was
expressed as:
mg = pewshg (5)
where, the theoretical wicking fluid mass was composed of the
actual liquid mass and the evaporation mass. To get the correlation
between the theoretical wicking mass and time, Eq. (2) was
substituted in Eq. (5), resulting in

3.2. A modified model with considering evaporation

The classical mathematical model [Eq. (2)] only considered
viscous resistance and capillary force, it ignored the evaporation for
a long time at an open space. Jahanshahi-Anbuhi et al. [11] used a
correlation to calculate the water evaporation rate at each relative
humidity from the ASHRAE handbook, as:

(0.089 + 0.0782V,)
X
"

(Pw — Dv) (7)

where mg,, pw, Dv, Va v are the evaporation rate, water saturated
pressure, the partial pressure of vapor in air, air flow rate, the latent
heat of vaporization of water, respectively. The relative humidity ¢
is defined as a radio of the partial pressure of vapor in air and water
saturated pressure at fixed pressure and temperature. The defini-
tion of relative humidity was given as:

Pv
_rv 8
= (8)
The Eq. (7) was rewritten as:
* 0.089 + 0.0782V.,
Moy = (1= ) x pur x < 2) 9

Y

The experiment was carried out in a closed room, the air flow
speed V, was assumed to be zero and the relative humidity ¢ was
tested with a moisture meter as 52%. The values of py, and vy are
2338 Pa and 2454.3 kJ/kg according to the physical properties of dry
air and water at fixed temperature 20 °C. As a result, the evapora-
tion rate was determined as a constant value of 0.0407 g/(m? s). In
the evaporation model, the total evaporation mass me, (ignoring
the area on the thickness direction) at every moment could be
calculated through the integral formula:

t
meV:/m;v'Z'W'hevdt (10)
0

40 cos(0) K 1, where, hey is the predicted wicking liquid height. Therefore, the
Mo = pwé T RE 't (6) predicted wicking liquid mass me at every moment was the dif-
ference between the theoretical value mg and the evaporation mass
Mey, as:
Table 2 Table 3
The geometrical parameters of filter paper. The physical parameters.
Parameter w (mm) d (mm) r (um) R (um) € Parameter p (kg/m?) wu(Pas) o (N/m) K (m?)
Value 2.0/5.0/10.0 0.15 1.4 3.77 0.69 Value 998.2 1004.0 x 1006 7269 x 107 2.01 x 10713
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40 cos(0) K
me:mo_mev:pm"5 -
m

t
Esltl/z —/mzv-Z-whevdt
0
(11)

Meanwhile, the predicted wicking liquid mass me at every
moment could be obtained by the wicking liquid density and its
volume, expressed as:

Me = pewdhey (12)

As a consequence, the predicted wicking liquid height could be
written as:

t
_ me _ [4gcos(f) K i, ZmZv/
hev = pEWS = i R t PYS hevdt (13)
0

By differential calculation method, the Eq. (13) was recast in Eq.
(14a) and its definite condition was also provided in Eq. (14b):

S0F s

40 ™ , - 7 ﬁﬁﬁﬁ
~30F
g
g %
=20} o experiment

= —h_, with evaporation
0 - - = h,, without evaporation
0 1 1 1 1
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t(s)
(a) Wicking height versus time curve

1O

0.8 F
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(b) The wicking liquid speed versus time curve

Fig. 5. Characteristic of liquid flow (w = 5 mm).

dhey

T = N-t=1/2 — M-hey (14a)
he\/ = 07 t = 0 (14b)
where:

_2mg, _ |ocos(d) K
= N = . R (14c)

Eq. (14a) was a first order ordinary differential equation and its
solution was expressed in Eq. (15):
NG
hey = 2N~e’Mt/ eMedt (15)
0

The corresponding predicted wicking speed Sey was expressed
as:

dhev _
de

Sev =

Vi
N-t‘l/z—ZM-Ne‘Mt/ Mt (16)
0

The second term with variable upper limit integral was non-
integrable, we employed the numerical integration to calculate
the predicted wicking liquid height. Then the total evaporation
mass, the predicted wicking liquid mass and the liquid speed could
be calculated through numerical iterative method in turn. It was
noted that the predicted wicking height was irrelevant to strip
width as indicated in Eq. (15), whereas, the wicking mass was
obviously dependent on strip width.

4. Results and discussion
4.1. Effect of evaporation on liquid wicking

The predicted wicking height, wicking speed and wicking mass
predicted by evaporation model and conventional model without
evaporation were compared with experimental data. The wicking
height and wicking liquid speed between experiment data and
different calculation models with 5 mm width paper strips were
compared in Fig. 5(a) and (b), respectively. As shown in Fig. 5(a), the
predicted wicking height with considering evaporation agreed well
with the experimental data, whereas the deviations between the
predicted wicking height without considering evaporation and
experimental data were obvious. This implied the feasibility to
consider the evaporation effect. As shown in Fig. 5(b), the experi-
mental wicking liquid speed was average value, which was the ratio
between two adjacent wicking height and time difference. The
liquid speed for models with and without evaporation was ob-
tained by the Eq. (2b) and Eq. (16), respectively. The liquid speed
decreased rapidly at first and this decrease trend became insignif-
icant after a period of time. Again, better agreement between
experimental data and theoretical with considering the evapora-
tion effect model was achieved. The liquid speed in the model with
considering evaporation was lower than that in the model without
considering evaporation because the water molecules diffused out
of the paper surface and horizontal migration of water occurred.
Then, the evaporation creates a negative effect on the capillarity to
reduce the wicking fluid speed. These results revealed that the
evaporation was a critical factor to slow down the fluid speed and
the suppression trend for speed increasing and this effect became
more obvious as time increased.
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Fig. 6. Wicking mass versus time curve (w = 5 mm).

Fig. 6 depicts the comparison for the wicking mass versus time
between experiment data and different calculation models with
5 mm paper strips. The difference of wicking mass between the
calculation result without considering evaporation and the exper-
iment data gradually became more significant with elapse of time.
Comparatively, the calculation result with considering evaporation
agreed well with the experimental data. Therefore, the feasibility of
present model was validated in actual engineering application.

4.2. Effect of strip's width on liquid wicking

Figs. 7 and 8 compared the wicking height and mass between
experimental data and prediction with evaporation model at three
different width strips, respectively. The strip width has no impacts
on the wicking height as indicated in Eq. (15) because the paper
width could be considered as infinite width and the boundary ef-
fects were not considered. Whereas, the experimental results with
different strip widths had mild difference and the wicking height
increased with an increase in strip width as shown in Fig. 7. Hence,
it was speculated that the boundary effect for wider width was
weaker than that for smaller width. Generally, the predicted
wicking height agreed well with the experimental data. The
wicking mass obviously increased with an increase in strip width as

O
40 | QOOOOZAA
30 F
~
ézo !
~ h_, prediction
= ¢ 10mm, experiment
10F A 5mm, experiment
o 2mm, experiment
OF @
0 200 400 600 800 1000
t(s)

Fig. 7. Comparison of wicking height at different strip width.

60 —
== m, 10mm, prediction
sob” " M. Smm, prediction
m , 2mm, prediction
bt : 004
10 ¢ 10mm, experiment woooooo

Fig. 8. Comparison of wicking mass at different strip width.

also shown in Fig. 8 and indicated in Eq. (11). This implied that more
sample volume could exist in the reaction in paper-based di-
agnostics and this occurrence might make a contribution to a
stronger signal. On the other hand, more liquid will lost caused by
the evaporation for a strip with larger width under a long time
period of time. Therefore, it is necessary to select an appropriate
width when paper-based diagnostics is developed.

5. Conclusions

A liquid wicking experiment platform was built to investigate
flow characteristics of filter paper strip. The wicking height and
mass at three different width strips was experimentally investi-
gated. The effective porosity could be conveniently measured by
the linear correlation between wicking height and mass. A modified
mathematical model with considering the evaporation was pro-
posed to predict the wicking height and mass for fibrous porous
strip. The simulated wicking height and mass with evaporation
model agreed well with experimental data. The occurrence of
evaporation tended to slow down the fluid speed. The wicking
height with larger strip width was a little higher than that with
smaller strip width because of boundary effect. The filter strip with
higher width could wick larger volume liquid but consumed more
reagent through the evaporation. The mathematical model was
expected to provide optimization and improvement of paper-based
diagnostics development.
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