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Abstract Paper-based microfluidic devices have gained
an increasing amount of interest over the last few years.
As such devices continue advancing toward more com-
plex and sophisticated functions, obtaining accurate and
consistent fluid imbibition under different conditions will
become increasingly important. This study presents a series
of controlled imbibition experiments investigating effects
of relative humidity and channel width in paper-based
microfluidic channels. The obtained imbibition data high-
lighted the importance in accounting for the effects of these
design and environmental parameters. Additionally, fitting
of the experimental data to three relevant imbibition mod-
els revealed evaporation, not water saturation, to be the
main mechanism of the observed relative humidity effect.
The current study has created a library of paper-specific,
imbibition-related properties for commonly used filter and
chromatography papers for the first time. Collectively, the
presented imbibition data and the discovered relationships
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are expected to help researchers design more precise and
reproducible paper-based microfluidic devices.
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1 Introduction

Paper-based microfluidics has generated a great amount
of interest for the development of diagnostic and self-con-
tained analytical devices. Applications range from health-
care, food safety, environmental monitoring, among others.
What has in part attracted attention is the low-cost, ease-of-
use, and adaptability of these paper devices. Compared to
conventional microfluidic devices, the paper-based counter-
parts are able to utilize paper’s inherent wicking property
to eliminate the external pumping needed to drive the fluid.
Channels are easily formed by either selectively remov-
ing sections of the paper substrate or by pattering chan-
nel boundaries with a hydrophobic material. The former
methods range from using high-precision CO, laser-cutting
(Chitnis et al. 2011; Fu et al. 2010) to craft cutting (Fen-
ton et al. 2009), while the latter methods range from those
of photolithography (Martinez et al. 2008b) to techniques
using commercially available printers with inkjet (Abe
et al. 2010) or solid ink (Carrilho et al. 2009) technology.
Ultimately, the common result of these fabrication meth-
ods is the creation of a defined impermeable boundary for
fluid transport. Thorough reviews on fabrication methods
have recently been published (Cate et al. 2015a; Jiang and
Fan 2016; Xia et al. 2016; Yetisen et al. 2013). In spite of
the benefits and advantages described above, paper-based
microfluidic technologies often lack the necessary sensitiv-
ity and sophistication available in conventional microfluidic
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devices. In order to be a competitive alternative, paper-
based microfluidics requires improvement and novel devel-
opment of feasible detection methods. These methods will
likely require increasingly complex chemistry and control
of reagents. Thus, obtaining precise, accurate, and consist-
ent fluid handling within the paper device will be crucial.

Currently, the most widely used imbibition model in the
paper-based microfluidic community is the Lucas—Wash-
burn (L-W) equation (Lucas 1918; Washburn 1921) where
the progression of the imbibition front is taken to be pro-
portional to the square-root of time. More extensive theo-
retical models for imbibition as well as fluid front concen-
tration gradients in analyte transport (Berli and Kler 2016)
are available from the porous media research community.
These imbibition models include models derived from dif-
fusion dynamics (Richards 1931), models that include
fluctuations created by the roughness of the material
(Krug and Meakin 1991), and models based on statistical
methods (Kardar et al. 1986), among others (Alava et al.
2004). These models are valuable and used to understand
the detailed dynamics occurring within and during the
imbibition process. However, practical implementation of
these models under the context of paper-based microfluidic
devices is lacking mainly due to the extensive empirical
model parameters required to reproduce the highly dynamic
imbibition phenomena. Consequently, the L-W model is
still widely used by the paper-based microfluidic commu-
nity due to its simplicity, ease-of-use, and adequate accu-
racy for the current characterization needs. The L-W equa-
tion has been used to compare superabsorbent material to
laboratory-grade filter paper (Schuchardt and Berg 1991),
used to design simple sequential delivery devices (Fridley
et al. 2014; Fu et al. 2010; Lutz et al. 2013), and to charac-
terize wettability of modified paper (Bohm et al. 2014; Li
et al. 2010; Lutz et al. 2013). Even though the L-W equa-
tion is arguably the standard in paper-based microfluidics,
for the field to continue advancing toward more sophisti-
cated and precise device functions, it is imperative that bet-
ter knowledge in and tools for characterization of the liquid
imbibition be available to researchers.

One of the primary applications of paper-based micro-
fluidics is analyte detection. Various flow control methods
have been investigated in order to provide the necessary
fluid handling for the varying degree of detection processes.
These processes can range from simple glucose detection
(Martinez et al. 2007) or signal amplification (Fu et al.
2010) to more complex processes where sequential and
timed handling of the fluid sample and reagents are required
such as with enzyme-linked immunosorbent assay (ELISA)
(Apilux et al. 2013) and with “paper machines” where fluid
handling is integrated with loop-mediated isothermal ampli-
fication (LAMP) (Connelly et al. 2015). Methods to control
imbibition include changing the channel geometry and the
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physical properties of the paper. Several groups have inves-
tigated and proposed several cross-sectional geometries.
The Yager group investigated the wet-out and fully wetted
flows in 2-D channel networks (Fu et al. 2011; Kauffman
et al. 2010), Mendez et al. (2010) studied fan-shaped expan-
sion channels that can induce quasi-steady-state flows in the
preceding straight channel section, Shou et al. (2014) inves-
tigated contraction/expansion segments along the channel,
and Elizalde et al. (2015) proposed a general expression for
continuous cross-sectional change in geometry as a way to
control fluid flow. In addition to geometrical manipulation
of the paper channel, modifying and adjusting the perme-
ability of the paper have also been shown to be effective.
These methods among others include using hydropho-
bic polymers (Bohm et al. 2014; Noh and Phillips 2010;
Weng et al. 2014), using dissolvable and erodible barriers
(Jahanshahi-Anbuhi et al. 2014; Lutz et al. 2013), as well
as physical methods such as compressing paper (Park et al.
2016) and selectively cutting the paper (Giokas et al. 2014;
Renault et al. 2013). Although considerable knowledge
exists on techniques to manipulate fluid within the paper
channel, what is lacking are studies on how non-laboratory
conditions (e.g., relative humidity) influence fluid flow. An
exception is a very recent study by Walji and MacDonald
(2016) where the authors experimentally investigated effects
of the paper channel geometry and surrounding conditions.
In the present study, we focus on the effects of relative
humidity and channel width to help address this knowl-
edge gap further. We report a series of controlled imbibi-
tion experiments using cellulose papers commonly used in
the field of paper-based microfluidics. We show that both the
imposed relative humidity and the channel width have criti-
cal design considerations in paper-based devices. Addition-
ally, we compare three models, the L-W model, the Fries
et al. (2008) model which incorporates evaporation, and
a newly developed water saturation model. We assess their
accuracy in representing the experimental data and systemat-
ically evaluate the importance of evaporation and water satu-
ration under a wide range of relative humidity conditions.

2 Materials and methods
2.1 Material and device fabrication

Four different paper types were surveyed in this study:
Whatman qualitative filter paper of Grade #1 (Cat. No.
1001-185; Lot No. FC009260), Grade #4 (Cat. No. 1004-
185; Lot No. FC005565), Grade #5 (Cat. No. 1005-185;
Lot No. 9463409), and Whatman chromatography (Chr)
paper of Grade 1 (Cat. No. 3001-861; Lot No. FS005173)
(GE Healthcare, Pittsburgh, PA). Based on the distance
wicked over time, the paper types can be classified into
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three qualitative imbibition speeds (slow, medium, and
fast). The test device and the specified paper pieces’ dimen-
sions were designed in SolidWorks (Dassault Systemes,
Vélizy-Villacoublay, France) and cut using a Zing 16 CO,
laser cutter (Epilog Laser, Golden, CO). All wetting and
imbibition experiments were conducted using ultrapure
water (18.2 M2-cm) prepared by a Millipore Synergy UV
water purification system (Billerica, MA). Relevant prop-
erties of the surveyed papers are summarized in Table 1.
An ambient temperature of 25 £ 0.5 °C was maintained
throughout the experiments in this study.

2.2 Characterization of evaporation flux

Evaporation flux was experimentally measured in two ways
as described below: evaporation from a fixed pre-wetted
area (static evaporation) and evaporation from a dynami-
cally wetted area (dynamic evaporation).

In the static evaporation experiment, a 40 x 40 mm
laser-cut piece of paper was hung on an analytical scale
(Model TP-64, Denver Instrument, Bohemia, NY) placed
inside an environmentally controlled chamber (Model
5503-E, Electro-Tech Systems, Glenside, PA). Preliminary
studies showed that the lowest possible relative humidity
that could be maintained during the imbibition process with
a water reservoir inside was 18% (without the water reser-
voir, 3% was the lowest achievable). The chamber was set
to a specified relative humidity value (18, 25, 50, 75, 90, or
99%) and left for an hour to allow the paper piece to reach
equilibrium with the chamber environment. The paper was
then wetted by evenly applying water using a micropipette.
0.25 mL of water fully wetted the sample without visible
excess water accumulating at the edges. The mass of the
paper was recorded as water evaporated over 30 min, while
relative humidity was maintained at the designated value.
This experiment was repeated five times for each relative
humidity value and each paper type. The rate of evaporated
water mass was divided by the total surface area of the
paper piece to calculate the evaporation flux, F.

In the dynamic evaporation experiment, the evapora-
tion rate was measured from a laser-cut piece of paper
(50 x 150 mm) undergoing the imbibition process on top of
an analytical scale. The relative humidity was set to 25, 50,

Table 1 Properties of the surveyed paper types in the current study

and 75%. The evaporation flux was calculated using the rate
of water evaporation from the piece of paper and the chang-
ing surface area of the wetted region. Similarly to the static
evaporation experiments, measurements were repeated five
times for each relative humidity value and each paper type.

2.3 Characterization of residual water

A 70 x 70 mm laser-cut piece of paper was put in an open
glass container and dried at 105 °C for 1 hour in a con-
vection oven (Model FD-53, Binder, Bohemia, NY). The
glass container was then immediately sealed with a dry lid
and transferred to the environmentally controlled cham-
ber. Once the chamber reached its lowest possible relative
humidity value (3%), the paper sample was taken out and
immediately placed on the analytical scale to measure its
dry mass. The paper strip was then hung on the scale and
left for an hour at a specified relative humidity value (10,
18, 25, 50, 75, 90, or 99%) to reach equilibrium before
its mass was measured and recorded. Ten replicates were
tested for each relative humidity value and each paper
type. Based on the dry mass of paper, the amount of water
retained (i.e., volume fraction of residual water) in the
unwet paper, here called water saturation S,,, was calcu-
lated for each relative humidity. See Section S3 of elec-
tronic supplementary information for detail.

2.4 Measurement of imbibition distance

The paper device was mounted vertically on the test fixture
inside the environmentally controlled chamber (Fig. la,
b). As shown in Fig. 1c, each device features 41-mm-long
channels of 1, 2, 4, 10, and 20 mm widths. A water res-
ervoir was placed on a laboratory jack (Model L-490,
Thorlabs, Newton, NJ). The jack’s platform was then
raised quickly to the start line of the channels. The imbi-
bition process was recorded using a Nikon D5100 digital
camera (Tokyo, Japan). Image frames were then extracted
from the recorded video files using Adobe Premiere Pro
CS6 (San Jose, CA). Image brightness was adjusted digi-
tally to increase the contrast of the imbibition front. Imbibi-
tion distance was then measured at the centerline position
of the liquid front using ImageJ] with the Manual Tracking

Paper type (speed) Density of cellulose fiber, p,

Thickness?, 7 (ium)  Basis Weight®, Wy (g/m?)  Porosity?, ¢

Whatman #1 (Medium)
Whatman #4 (Fast)
Whatman #5 (Slow)
Whatman Chr-1 (Medium)

15001600 kg/m*

(Bledzki and Gassan 1999; Moon et al. 2011) 55

180 81.71 0.707

83.96 0.736
200 92.35 0.702
180 81.98 0.706

 See electronic supplementary information for detail
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Humidity -controlled

Fig.1 Test setup for imbibition experiments. a Overview of test
setup. A pair of gloves (not shown) were attached to the glove ports
and used during the experiments to access the sample and the labo-
ratory jack. b Close-up view of the testing section. ¢ An unmounted
paper device featuring 5 channels of 1, 2, 4, 10, and 20 mm width

plug-in. Ten replicates were tested for each combination.
The combinations include variations in channel width (1,
2,4, 10, 20 mm), relative humidity (18, 25, 50, 75, 90, and
99%), and paper type (Whatman #1, #4, #5, and Chr-1).

@ Springer

2.5 Calculation of effective permeability

A custom MATLAB script was written and used to cal-
culate effective permeabilities, K, of the L-W model, the
Fries et al. model, and the water saturation model by curve
fitting against the experimentally obtained imbibition data.
The effective permeability value was chosen based on the
highest R? value.

3 Results and discussion
3.1 Imbibition studies

An array of imbibition studies was conducted to explore
a wide range of imbibition scenarios. These scenarios
included combinations of five different channel widths (1,
2, 4, 10, and 20 mm), four commonly used paper types
(Whatman #1, #4, #5, and Chr-1), and six different rela-
tive humidity values (18, 25, 50, 75, 90, and 99%). Figure 2
shows imbibition distance versus time for different chan-
nel widths at selected relative humidity values for each sur-
veyed paper (complete set available in Fig. S6-S9).

Within each paper type, two relations were consistently
observed. First, the imbibition distance at a specified time
increased as relative humidity increased. For example, to
reach a height of 40 mm with a 2-mm-wide channel the
relative humidity can delay the liquid front by as much
as 60-800 s depending on the type (speed) of the What-
man paper. This demonstrates the strong inhibitory effect
of low relative humidity on liquid imbibition. The second
observed relation corresponds to the channel width. For
a specified relative humidity, the liquid front travels less
distance for narrow channels after an elapsed time and
becomes less pronounced as the channel width increases.
This channel width effect decreases as the relative humid-
ity increases. The channel width dependence on imbibition
has previously been observed in channels with hydrophobic
boundaries. The inhibitory effect is suggested to be caused
when the fiber length is larger than the width of the chan-
nel, terminating the flow at the side edges of the channel
(known as dead-end pores) (Bohm et al. 2014) or caused
by the increase in contact angle seen at the wall (Hong and
Kim 2015). Nonetheless, a narrow channel has an increased
resistance, with an asymptotic plateau for wider channels.
Interestingly, the dependence in both relative humidity
and channel width is more pronounced in slower wicking
papers. In an extreme case, 1-mm channels of Whatman
#5 (slow wicking) could not be fully wicked at 18% rela-
tive humidity because the liquid front was pinned at around
30 mm distance (Fig. 2¢). The pinning can be caused by a
combination of low permeability of paper, dead-end pores,
and strong evaporation. Balankin et al. (2013) found that
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Fig. 2 Imbibition distance versus time of surveyed paper types at selected relative humidity: a Whatman #1, b Whatman #4, ¢ Whatman #5, and

d Whatman Chr-1. Channel width tested: 1, 2, 4, 10, and 20 mm. Data shown as mean £ SD (N = 10)
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if there is a rapid increase in relative humidity, the once
pinned front could be unpinned.

3.2 Imbibition modeling

A detailed description of imbibition becomes increas-
ingly complicated as the parameters involved are fre-
quently time- and length-scale dependent. These param-
eters, among others, include properties involving pore size,
porosity, tortuosity, contact angle, the degree of swelling,
and roughening terms describing perturbations of liquid
front. Extensive studies have been done to understand the
underlining imbibition dynamics, and sophisticated models
have been derived from diffusion theory (Richards 1931),
stochastic theory (Kardar et al. 1986), and percolation the-
ory (Amaral et al. 1995). However, the shared trait among
these advanced models is the large number of parameters
and theoretical constants needed, often requiring fit to
the specific situation to be addressed. Even analytically
friendly models incorporating swelling are case specific,
and swelling parameters need fitting to the experimental
data (Masoodi and Pillai 2010). For practical characteriza-
tion and usage in the paper-based microfluidics field, more
user-friendly models are preferred.

The current standard for paper-based microfluidic mod-
eling is the L-W model (Eq. 1), a simple imbibition model
derived by combining capillary theory with Hagen—Poiseuille
flow (Lucas 1918; Washburn 1921), where the substrate is
assumed as a bundle of capillary tubes with an infinite reser-
voir. Though known to be theoretically inaccurate in describ-
ing the imbibition flow (Alava et al. 2004), the L-W equation
is frequently used as a first-order approximation due to the
very good empirical description of the liquid front and the
ease-of-use. The liquid front is described by,

Dey cos@t

a0 " ey

Yr =

where y, is the imbibition distance of the liquid front, D, is
the effective capillary diameter, y is the surface tension of the
liquid, 6 is the capillary contact angle, u is the dynamic vis-
cosity, and ¢ is the imbibition time. Since the L-W model is
only dependent on effective material pore and the liquid prop-
erties, it predicts that any channel width will have the same
imbibition behavior. However, the simple characterization
attributes associated with the L-W equation can be invali-
dated in non-ideal laboratory settings, such as imbibition in
different relative humidity. This specific issue raises questions
and concerns about relative humidity effects such as evapo-
ration and water saturation. Therefore, there is a need in the
paper-based microfluidic field to characterize such possible
effects in a straight forward manner and with approachability.
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To characterize the imbibition front of all surveyed com-
binations and to assess the importance of relative humidity,
we compare three models, the L-W model, the Fries et al.
(2008) model which incorporates evaporation, and a newly
developed water saturation model, where evaporation and
residual water are incorporated.

The Fries et al. model stems from the need of an evap-
oration-based model. Originally derived for metal weaves,
the Fries et al. model results in a relatively simple, straight
forward imbibition equation that takes evaporation into
account.

1
a—aexp(—2bt)]?2
e { b }

_ Kycos6
Depu '

where D, is the effective pore diameter, K is the effective
permeability, ¢ is the porosity of the material, F is the
evaporation flux, p is the liquid density, W is the channel
width, and T is the paper thickness.

Paper, unlike metal weaves, is hygroscopic by nature and
will absorb moisture at high relative humidity. Accounting
for this, we developed a model that includes residual water
associated with the relative humidity. The resulting model
(see electronic supplementary information for derivation)
is a modified version of the Fries et al. model accounting
for the internal volume changes due to the residual water.
With gravitational effects being negligible, the implicit
model simplifies to Eq. 3, herein called the water saturation
model,

_FW+T)

SpWT @

a — aexp (—2bt) 2
yr= -y

1/2
a:(K) ycose, FW+T) 3)

26 w o1 = SWT’
where S, is the degree of water saturation.
To compare Eq. 3 to the L-W model and the Fries et al.

model, Hagen—Poiseuille and Darcy flows are related so as
to produce an alternative form of the L-W equation,

2K\ /2
o=y () e

Similarly, the Fries et al. model becomes,

a — aexp (—2bt) 2
=
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It is to be noted that when evaporation is zero (F = 0)
both Eq. 3 and Eq. 5 reduce to the L-W model (Eq. 4), pro-
cess of which is described in Section S6 of electronic sup-
plementary information (Eq. S20 and S21).

3.3 Evaporation flux

The evaporation flux, F in both Eq. 3 and Eq. 5, was mod-
eled as being constant. To determine this value, a static
evaporation flux was calculated by measuring the mass of
evaporated water over time under different relative humid-
ity and paper type. Figure S1 shows the linear relationships
between mass evaporation and time among all relative
humidity/paper combinations. The linear relationship con-
firms that at constant relative humidity the rate of evapora-
tion (i.e., slope of the plot divided by area) from a constant
area is constant irrespective of the wetness of the paper.
The only exception was when the majority of the water is
evaporated. The nonlinearity is seen during the last 5 min
of 18% relative humidity (Fig. S1). At this instant, the four
surveyed papers contained at most 5% of the 0.25 mL water
added. This results in an approximate liquid-to-surface-area
ratio of 8 nL/mm? after 30 min at 18% relative humid-
ity. Since the longest imbibition time was approximately
22 min (see Fig. 2), the linear approximation for 18% rela-
tive humidity was assumed. The evaporation flux versus
relative humidity is plotted in Fig. 3 with a linear best-fit
line for each paper type. As shown, for all paper types the
evaporation flux is almost identical with a linear decline as
the relative humidity increases.

The assumption of constant evaporation flux in Eqs. 3
and 5 makes the usage of the models more user-friendly.
As the paper undergoes the imbibition process, the con-
tinuously increasing wetted area might lead to a dynamic
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Fig. 3 Static evaporation flux versus relative humidity of surveyed
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Fig. 4 Dynamic evaporation flux of surveyed paper types versus
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value of the four paper types at the specified relative humidity. Data
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evaporation process. Similar to the static evaporation
results, in the dynamic evaporation experiment the four
surveyed papers exhibited similar evaporation fluxes at
each relative humidity (Fig. 4). The dynamic behavior
was seen more explicitly at the higher relative humidity
(i.e., 75%). Interestingly, the evaporation flux approached
and reached the static evaporation flux values observed in
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Fig. 3. Because of the relatively fast asymptotic approach
of the dynamic evaporation flux to the static value, as well
as the decreasing amount of evaporation with higher rela-
tive humidity, we concluded that the static flux values rep-
resented evaporation during imbibition reasonably well and
therefore used in the subsequent imbibition analysis.
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Fig. 5 Water saturation versus relative humidity of surveyed paper
types with a cubic fit (mean R* = 0.9986). Data shown as mean + SD
(N=10)
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3.4 Water saturation

The degree of residual water (i.e., water saturation) at spec-
ified relative humidity can be particularly important when
it comes to paper due to the hygroscopic nature of cellu-
lose. Figure 5 shows the calculated water saturation S,, for
each paper type at relative humidity of 10, 18, 25, 50, 75,
90, and 99%. For each relative humidity, water saturation
was observed to be similar across the surveyed paper types
up to about 50% relative humidity. Above 50%, the What-
man #4 had noticeably less water saturation than the others.
This can be due in part to the relatively large porosity of
this specific paper (Table 1; Fig. S4). Higher porosity not
only makes the denominator of S, larger, but also poten-
tially makes the numerator small because a large porosity
means less fiber material by which water can be absorbed
(see Section S3 of electronic supplementary information).
Accordingly, S,, can be noticeably lower for paper with
slightly higher porosity (i.e., Whatman #4) than the others.
Water retention at 99% relative humidity resulted in a max-
imum water saturation of 7.5% for Whatman #4 and about
9% for the other three paper types.

(b) Whatman #4
~ 30
NE e1mm ¢2mm ¢4mm <10mm <20 mm
© 25 |
Q
x 20 L
=
% 15
15}
£
& 10
2
5%
=
w o L L L
0 25 50 75 100
Relative Humidity (%)
(d) Whatman Chr-1
6

e1mm ¢2mm ¢4mm <10 mm 20 mm

(4]
T

N
T

w

N

-

Effective Permeability x 10-'% (m?)

o

Relative Humidity (%)

Fig. 6 Effective permeability versus relative humidity of surveyed paper types for the L-W model. a Whatman #1, b Whatman #4, ¢ Whatman
#5, and d Whatman Chr-1. Dotted lines are best-fit lines with a constant slope. Data points shown as mean £ SD (N = 10)
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3.5 Effective permeability and model comparison

The effective permeability, K, of the channel was deter-
mined as a way to characterize the observed imbibi-
tion behavior. The effective permeability for each sce-
nario (channel width, relative humidity, paper type) was
extracted by fitting the L-W model (Eq. 4), the Fries et al.
model (Eq. 5), and the water saturation model (Eq. 3) to
the imbibition distance versus time data (see electronic
supplementary information for the complete set). It should
be noted that the L-W model is inherently independent of
channel width and relative humidity, but here it was fitted
to each scenario. This allowed for a direct comparison of
the three models. Because of paper’s high affinity to water
and the highly dynamic contact angle within the porous
media, the water-paper interface was taken as perfectly
wetting (6 = 0°) (Ballerini et al. 2011; Liukkonen 1997,
Songok et al. 2014).

The resultant effective permeabilities for each paper type
were plotted as a function of relative humidity (Figs. 6, 7,
8). Direct comparisons between the models show that the
permeabilities are higher with the inclusion of the evapora-
tion term, in particular, at low relative humidity. A linear
relationship with a positive constant slope was observed,

(a)

Whatman #1

10 mm ©20 mm

e1mm ¢2mm °4mm

Effective Permeability x 1015 (m?)

0 1 1 1
0 25 50 75 100
Relative Humidity (%)
(c) Whatman #5

N

elmm ¢2mm ¢4mm <10 mm 20 mm

-

Effective Permeability x 1015 (m2)

o

0 25 50 75 100

Relative Humidity (%)

irrespective of the channel width and model. Additionally,
the effective permeability asymptotically approached an
upper limit with the increasing channel width. These sim-
ple practical relationships that are conserved across differ-
ent paper types can be used by researchers to design better
paper devices. Specifically, by knowing the slope and the
intercept in the vertical axis (see Table S1, S2, and S3), the
imbibition behavior can be easily calculated for a specific
paper type, a specific channel width, and a relative humid-
ity value.

Comparing the effective permeability associated with
the L-W model (Fig. 6) to either the Fries et al. model
(Fig. 7) or the water saturation model (Fig. 8) shows the
importance of evaporation, particularly the high evapo-
ration rate that occurs at low humidity. Without a desig-
nated term for evaporation, the effective permeability in
the L-W model must account for the slowing of imbibition
due to evaporation. Differences in the models become less
apparent as the relative humidity increases because of the
reduced evaporation. This results in a convergence of the
L-W model (Eq. 4) and the evaporation models (Egs. 3 and
5).

In comparing the accuracy in these effective permeabili-
ties, the coefficient of determination, R?, was investigated.

(b)
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Fig. 7 Effective permeability versus relative humidity of surveyed paper types for the Fries et al. model. a Whatman #1, b Whatman #4, ¢ What-
man #5, and d Whatman Chr-1. Dotted lines are best-fit lines with a constant slope. Data points shown as mean = SD (N = 10)
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Figure 9 shows the R? value (note difference in vertical
axis) for all the permeabilities associated with the surveyed
papers at selected relative humidity (for full set see elec-
tronic supplementary information). The relatively low R?
value at low relative humidity for the L-W model reiterates
its limitations associated with evaporation. Interestingly, as
the relative imbibition speed of the paper decreases (e.g.,
slow imbibition in Whatman #5), the accuracy of the evap-
oration models also decreases with that of the L-W model
being the most prominent, (Fig. 9c). On the other hand, the
accuracy of these models increases as the channel width
increases. Additionally, plots of the three models against
experimental data for selected conditions are available in
Fig. S13-S16 in electronic supplementary information.
Collectively, this comparison shows a critical importance
of treating the permeability and hence the effective pore
diameter as a function of both relative humidity and chan-
nel geometry.

In comparing the water saturation model to the Fries
et al. model, it is found that the effective permeability val-
ues are almost identical. This result can be foreseen by
finding the ratio of the evaporation to the water satura-
tion. At high relative humidity, evaporation is low, while
water saturation is at its highest. At low relative humidity,

_
Y
L

Whatman #1

e1mm ¢2mm ¢4mm <10 mm 20 mm

Effective Permeability x 1015 (m?)
w

0 25 50 75
Relative Humidity (%)

100

Whatman #5

_
()
N

10 mm <20 mm

e1Tmm ¢2mm ¢4mm

Effective Permeability x 1015 (m?2)

0 25 50 75
Relative Humidity (%)

100

evaporation is high, while water saturation is at its low-
est. Irrespective of the case, for these types of paper, the
evaporation term dominates over the water saturation at a
specified relative humidity. Therefore, for characterization
purposes the degree of water saturation is found to be neg-
ligible, although water saturation might have a significant
impact on other aspects in paper-based microfluidic devices
(e.g., morphological changes, moisture sensitive chemistry,
device handling, shelf life). These types of investigations
are beyond the scope of this manuscript.

3.6 Additional discussion

The capillary models in this study assume parallel capil-
lary tubes with no dependence on orientation. In this study,
the surveyed paper orientation where selected at random
although the cellulose fibers have been previously shown
to have a specific orientation known as the machine direc-
tion (MD), along which the imbibition speed is the fastest
(Elizalde et al. 2016; Walji and MacDonald 2016; Xu and
Enomae 2014). Following the method employed by Eli-
zalde et al. (2016), we surveyed a total of 100 pieces of
Whatman #1 filter paper (10 pieces x 10 sheets) and found
that such a preferred direction is not uniform across even a

Whatman #4

e1mm ¢2mm ¢4mm <10mm 20 mm

0 25 50 75
Relative Humidity (%)

100

—_
Q.
N

Whatman Chr-1

10 mm <20 mm

e2mm e4mm

*1mm

Effective Permeability x 1015 (m?)

0 25 50 75
Relative Humidity (%)

100

Fig. 8 Effective permeability versus relative humidity of surveyed paper types for the water saturation model. a Whatman #1, b Whatman #4, ¢
Whatman #5, and d Whatman Chr-1. Dotted lines are best-fit lines with a constant slope. Data points shown as mean &+ SD (N = 10)
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Whatman #1

Fig. 9 R? values of effective

(a) 1.00

permeability of surveyed paper

types at selected relative humid-
ity for L-W model, Fries et al.

098

model, and the water saturation
model. a Whatman #1, b What-
man #4, ¢ Whatman #5, and d

Whatman Chr-1. Data shown as

mean & SD (N

10)

Whatman #4

e e e e e e e e e e e OO
=

Vo770 7777777777

anjeA

F2=|

Whatman #5

(€) 100

anjeA

zd

Whatman Chr-1

098

50% 99%

Relative Humidity (RH)

18%

Il Water saturation model

EH Fries et al. model

N L-W model

Channel width: ll 1mm [l 2mm Bl 4mm B 10 mm [l 20 mm

within error bars. Although additional investigations might
help characterize the effects of paper orientation more in

detail

single sheet of paper (Section S10 in electronic supplemen-

tary information). We next cut

-out channels along the pre-

these two experiments we conducted indicate the

]

ferred wicking direction (0°), at 45°, and at 90° to estimate

precisely selecting MD is impractical because

following;

the effects of potential paper orientation. As shown in Fig.

it is not likely identical over the area of filter paper, and

, difference in the wicking distances of these cases is

S19

pringer

a's



21 Page 12 of 14

Microfluid Nanofluid (2017) 21:21

its effect on the imbibition speed is reasonably small when
compared with uncertainties due to other factors.

The current study used an adequately large reservoir of
water, and all three models discussed here assume imbi-
bition from an infinite reservoir. However, many practi-
cal applications of paper-based microfluidic devices are
limited to a source of a finite volume. In most cases, this
limited volume is enough to create a pseudo-infinite reser-
voir because the device is small enough or the flow is only
important within a limited distance from the inlet. Never-
theless, future investigations on finite sources will be ben-
eficial for liquid samples whose volume is extremely lim-
ited. Additionally, imbibition studies in channels made by
other fabrication methods are expected to provide useful
information toward designs of sophisticated paper-based
microfluidic devices. In particular, many devices today are
made by wax printing, ranging from the conventional open
channels, to hemi-channels, and to fully enclosed channels
(Renault et al. 2014). The hemi-channels and fully enclosed
channels are closed on one side and both sides by the wax,
respectively. Therefore, the reduced, exposed wet surfaces
will reduce evaporation, aiding the imbibition process. On
the other hand, as shown by Hong and Kim (2015), wax
boundaries can inhibit the flow. Therefore, the resulting
effects will depend on a balance between the increased
flow resistance due to hydrophobic wax and the reduced
evaporation.

4 Conclusions

In the current study, we characterized the effect of rela-
tive humidity and channel width on imbibition for paper-
based microfluidic applications. The significant role of
relative humidity on imbibition was demonstrated, as well
as the impact of channel width on imbibition. Whereas the
latter observation is in agreement with the result of Walji
and MacDonald (2016), the former appears to contradict
their observation that the effect of humidity on the imbibi-
tion speed was not noticeable. Comparing the L-W model
to the evaporation models showed the ineffectiveness of
the former in accurately describing flows at low relative
humidity. In addition, comparison of the water saturation
model to the Fries et al. model showed the water satura-
tion term to be negligible for characterizing the fluid front.
The strong interdependence of different parameters (rela-
tive humidity, channel width, paper type) has left the paper-
based microfluidic device designers with an optimiza-
tion challenge. Practical tools to accurately describe fluid
transport in paper devices will become increasingly impor-
tant as the designs of the devices evolve from 1-D to 3-D
(Han et al. 2016; Kalish and Tsutsui 2014, 2016; Li and
Liu 2014; Liu and Crooks 2011; Martinez et al. 2008a) as

@ Springer

well as incorporate advanced timing (Chen et al. 2012; Fu
et al. 2012; Toley et al. 2013, 2015) and demultiplexing/
multiplexing functions (Cate et al. 2015b; Lopez-Marzo
and Merkoci 2016). The current study has created a library
of paper-specific properties (e.g., water saturation, evapo-
ration flux, effective permeability) for common cellulose
papers used in the field of paper-based microfluidics. Effec-
tive use of this information will allow researchers to design
more precise and reproducible paper-based microfluidic
devices.
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