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ABSTRACT: Paper-based devices provide an alternative
technology for simple, low-cost, portable, and disposable
diagnostic tools for many applications, including clinical
diagnosis, food quality control, and environmental monitoring.
In this study we report a two-step fabrication process for
creating two-dimensional microfluidic channels to move
liquids on a hydrophobized paper surface. A highly hydro-
phobic surface was created on paper by TiO2 nanoparticle coating using a high-speed, roll-to-roll liquid flame spray technique.
The hydrophilic pattern was then generated by UV irradiation through a photomask utilizing the photocatalytic property of TiO2.
The flow dynamics of five model liquids with differing surface tensions 48−72 mN·m−1 and viscosities 1−15 mN·m−2 was
studied. The results show that the liquid front (l) in a channel advances in time (t) according to the power law l = Zt0.5 (Z is an
empirical constant which depend on the liquid properties and channel dimensions). The flow dynamics of the liquids with low
viscosity show a dependence on the channel width and the droplet volume, while the flow of liquids with high viscosity is mainly
controlled by the viscous forces.
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■ INTRODUCTION

Conventional uses of paper are in applications such as writing,
printing, cleaning, food wrapping, filtering, packaging, and as
currency. In recent times, paper has become increasingly
recognized as an interesting substrate for the construction of
(paper-based) microfluidic devices (μPADs) for possible
applications in areas such as environmental monitoring, health
diagnosis, food safety, and for home-care. Paper offers
numerous advantages, including low cost, ease of handling
and disposal, hydrophilicity-driven flow eliminating the need
for pumps or power, and removal of problems associated with
bubbles.1−4 μPADs are constructed both for detection and
delivery of a sufficient volume of fluid from a sample well to a
sensing zone. However, commonly more than 50% of the
sample is retained within the paper matrix.5 To make a μPAD,
it is necessary to design paper with hydrophilic regions, that is,
channels that wick fluids, bounded by regions of hydrophobic
walls6 or air.7,8

A number of patterning methods for μPADs have been
proposed in literature, including the following: photolithog-
raphy,3,9−12 inkjet etching,13−15 plasma etching,16,17 polydime-
thysiloxane (PDMS) plotting,18 PDMS printing,19 knife
cutting,7 laser cutting,8,20 and wax printing21−24 and dipping.25

Comprehensive and comparative information on these
methods can be found in recently published review

articles.5,26−28 Although each fabrication technique has its
advantages and shortcomings, the need still remains for simple
fabrication techniques that can produce μPADs in large
volumes with high reproducibility and low cost. In addition,
the devices should efficiently deliver maximal liquid volumes to
the detection zone.
This article describes a two-step method for fabricating two-

dimensional (2D) microfluidic channels by controlling the local
wettability of paper surface. The use of surface wettability
control for paper microfluidic applications has been reported
earlier. Balu et al. (2009) made 2D paper-based μPADs by
printing high surface energy black ink patterns on paper
substrates. The ink patterns provided local handling of droplet
adhesion on the paper surface and hence enabled storage,
transport, mixing, sampling, and splitting of droplets of test
liquids on the surface.29 Barona and Amirfazli (2011) prepared
superhydrophobic paper based on spraying a nanocomposite
film and further manipulated the wetting characteristics of the
paper by printing solid gray patterns of different intensities with
a simple printing technology.30 In the current study, the
photocatalytic property of titanium dioxide is utilized to
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generate wettability contrast. A thin, transparent, and highly
hydrophobic surface layer was created by coating nanosized
TiO2 particles on paper surface using the liquid flame spray
(LFS) technique. The LFS is a thermal technique for
generating and coating surfaces with metal oxide nano-
particles.31,32 Hydrophilic channels were then generated by
UV irradiation through a photomask placed on the TiO2-coated
paper. The unexposed regions retain their superhydrophobicity,
thereby acting as a boundary for the open microfluidic channels
capable of transferring liquids via capillary action. This
technique is valuable for the following reasons: the deposition
of TiO2 nanoparticles on paper can be accomplished in a roll-
to-roll process, which enables continuous high-speed and large
volume industrial production. Second, by controlling the paper
surface wettability, liquid flow over the surface is enhanced,
which minimizes liquid absorption into paper and reduces the
required sample volumes. Finally, the liquid flow speeds can be
controlled by adjusting the apparent surface energy in the
channels with the amount of UV exposure.
This paper describes a novel way of producing channels for

lateral flow microfluidic applications. We optimize the UV
irradiation time and demonstrate the potential of the
fabrication technique for paper-based microfluidics by inves-
tigating the influence of channel width, droplet volume, and
liquid properties on the rate of liquid flow for five model
liquids.

■ MATERIALS AND METHODS
Figure 1 below presents a schematic for creating a paper-based
microfluidic channel. First, a commercially available pigment-coated
paperboard (200 g/m2, Stora Enso, Sweden) was coated with TiO2
nanoparticles in a continuous roll-to-roll process using the LFS
method. The LFS coating was carried out in the pilot scale paper
converting line at Tampere University of Technology (TUT). A
detailed description of the LFS process has been presented
previously.33,34 Here, channels that were 0.5, 1.0, and 1.5 mm in
width and 60 mm in length were studied. The hydrophilic channels
were created by ultraviolet (UVA − 320−390 nm) exposure
(Bluepoint 4 ecocure, Hönle UV technology, DE) through a
photomask. Different irradiation times, 2, 10, 15, and 30 min, were
used to understand the induced changes in paper wettability and
optimize the exposure time. The photomask was created by printing
silver nanoparticle ink (Sun Tronic U5603, Suntronic Inc., US) onto a
microscopic glass slide (Thermo-Scientific, Menzel-glaz̈er GmbH, DE)
using an inkjet printer (DimatixTM materials printer DMP-2831,
Fujifilm, US). The measured widths of the channels after UV
irradiation were ca. 5% narrower than the width defined by the mask.
The surface wettability was characterized by contact angle measure-
ments (KSV CAM 200, KSV Instruments Ltd., FI) using a Laplacian
fit to the projected 4 μL droplet curvature.
The flow dynamics within the channels were investigated using the

setup shown in Figure 2. The sample to be tested was placed on a
horizontal x−y stage, and a liquid droplet was deposited on one end of

the channel using the dispenser of the KSV CAM 200 equipment. The
position of the liquid front over time was recorded using two cameras:
one from a side view recording 100 frames per second and one from a
top view recording at 200 frames per second. A small amount of
amaranth red dye was added to the liquids to improve the visual
contrast of the thin liquid films. The results are presented as averages
of 4−6 parallel measurements. The distance of the advancing wetting
front as a function of time was measured from the recorded frames
using ImageJ image analysis software.35 Table 1 lists the physical
properties of the liquids used in this study. PhysicaMCR 300
rheometer (Anto Paar GmbH, AT) was used to measure liquid
viscosity and the Sensadyne bubble tensiometer (M&H Technologies
Inc., US) for surface tension measurements. The measured values are
comparable to what is available in literature. All the measurements
were conducted at ambient conditions at room temperature.

■ RESULTS AND DISCUSSION
Wettability Control. Figure 3 below shows liquid placed

on wetting and nonwetting regions of the paper used in this
work. The hydrophilic channel on the otherwise hydrophobic
paper surface was created by exposing the TiO2 nanoparticle-
coated paper to UV irradiation through a patterned photomask.
Contact angle (CA) measurements show that the TiO2

nanoparticle coating by the LFS technique changed the
wettability of the paperboard from slightly hydrophilic (CA ≈
80°) to superhydrophobic (CA ≈ 150°, step 1, Figure 4). The
superhydrophobicity has been attributed to a combination of
the nanoparticle surface chemistry and the hierarchical surface
roughness that enhances the water repellency.34,36 By exposing
the TiO2-coated paper to UV irradiation (wavelength 320−390
nm), the superhydrophobic surface is converted to a super-
hydrophilic one with a contact angle ≤ 10°, (step 2, Figure 4).
The conversion has been ascribed to an increase in the number
of hydroxyl groups caused by photocatalytic oxidation of the
thin carbonaceous layer covering the TiO2 nanopar-
ticles.32,36−38 Tuominen et al. (2014) has reported a super-
hydrophobic−hydrophilic conversion in a roll-to-roll process
with line speeds up to 10 m/min using corona and argon
plasma treatment.39 The wettability conversion to a water

Figure 1. A schematic for manufacturing of paper-based microfluidic channels. (a) Generation of a hydrophobic paper surface by TiO2 nanoparticle
deposition in the roll-to-roll LFS process. (b) Creation of hydrophilic surface flow channels by UV irradiation through a mask.

Figure 2. Experimental setup with two cameras for recording side and
top views of liquid flow on microchannels on paper.
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contact angle of ∼20° was achieved within 0.8 s when corona
treated at 8 m/min line speed and within 0.2 s applying plasma
treatment at line speed of 12 m/min. The fairly constant static
contact angle implies a low or no liquid absorption into paper
over the 30 s time observed herein. This is an advantage since if

the liquid transport takes place on the paper surface with no
absorption into the paper matrix, sample volumes available for
lateral flow transfer are maximized.

Influence of Irradiation Time. The conversion from a
superhydrophobic to highly hydrophilic surface depends on the
irradiation intensity and irradiation time. In the current work,
constant irradiation intensity of 50 mW/cm2 was used in
laboratory scale. High-intensity industrial light-emitting diode
and pulsed UV systems can be used to significantly reduce the
required exposure times, potentially enabling roll-to-roll
exposure through a photomask. Figure 5 presents the contact
angles at 2, 10, and 20 s after the droplet deposition on paper
treated with different irradiation times. UV irradiation altered
the deionized water and 62% v/v glycerol−water mixture
contact angles. The contact angles decrease with increasing UV
irradiation time to the 10 min exposure. Shorter irradiation
times lead to intermediate contact angles that can potentially be
advantageous in controlling and manipulating flow rates and
may also be used to create reaction sites. The slightly higher
contact angles for the glycerol−water mixture at 2 s after the
droplet placement on the sample is from the high viscosity
slowing the contact angle while it approaches its static value.
Because of differences in liquid properties used and to eliminate
the possibilities of partial wettability conversion, the samples in
this work were exposed to UV irradiation for 30 min.

Flow Dynamics in 2D Microchannel. One of the
advantages of using paper as a substrate for microfluidic
devices is its ability to transport liquid by capillary action. When
a liquid droplet is placed on a hydrophilic 2D microchannel
created by the UV exposure, it spreads spontaneously as shown
in Figure 6. The liquid is confined to the hydrophilic area and
does not spread onto the hydrophobic regions. (See also
Supporting Information for videos of different liquid flows that
were used to plot the position of the advancing wetting front as
a function of time presented in Figure 7.)
Figure 7 summarizes the data for the five test liquids flowing

on a 1.5 mm wide channel. These data are presented in terms

Table 1. Physical Properties of the Tested Liquids

liquid abbreviation
density
(kg m−3) viscosity (mPa·s)

surface tension
(mN/m)

bond number
(1 μL droplet)

bond number
(8 μL droplet)

deionized water ST72_V1.0 1000 1.0 72 0.05 0.21
5% v/v isopropanol−water ST54_V1.5 989 1.5 54 0.07 0.28
10% v/v isopropanol−
water

ST48_V1.7 978 1.7 48 0.08 0.31

50% v/v glycerol−water ST66_V8.5 1144 8.5 66 0.07 0.26
62% v/v glycerol−water ST64_V15.5 1174 15.5 64 0.07 0.28

Figure 3. A water droplet deposited on TiO2 nanoparticle-coated
paper and a 2D microfluidic channel confined within a super-
hydrophobic boundary.

Figure 4.Water contact angle for a paper sample as a function of time:
paperboard before coating with TiO2 nanoparticles (blue line), after
TiO2 coating (red line), and after subsequent exposure to UV light
(black line).

Figure 5. Water (a) and 62% glycerol−water mixture (b) contact angles at different UV irradiation times. For each irradiation time, the angle was
recorded after, 2, 10, and 20 s after the droplet was deposited on the surface.
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of advancing liquid front position versus time. As expected, low-
viscosity liquids have fastest spreading rates. For a high viscosity
liquid (e.g., ST64_V15.5), a single flow regime is observed
implying the wetting force-driven flow is controlled by viscous
forces at all times. In the case of a low-viscosity liquid
(e.g.ST72_V1), two flow regimes can be seen. Initially, the flow
is influenced by the relaxation of the advancing contact angle
toward its static equilibrium value. At longer times, a second
regime emerges from the balance between surface tension and
viscous forces close to the contact line. The inertial effects can
be considered negligible because both the Reynolds number
and Weber number are low for the studied system. The
significance of the gravitational force relative to capillary forces
can be expressed using the Bond number (Bo):

ργ= R gBo /2

where g is the gravitational acceleration, R is the radius of the
spherical droplet before spreading, and ρ and γ are the liquid

density and surface tension, respectively.40 The Bo ranges
between 0.06 and 0.31 for the liquids used in this study (Table
1). Since the Bo < 1, the gravitation effect was considered
negligible.
The extent of wetting versus the square root of time plots is

presented in Figure 8. The experimental data are fitted to the
power law of the form

=l Zt n

where l is the spreading distance, t is time, and Z and n are
empirical constants determined by the best fit of each curve.
The fits with R2 > 0.98 indicate that the liquid front advances
approximately proportionally to square root of time (l ∼ √t).
The curves for the less-viscous liquids (ST72_V1.0 and
ST54_V1.5) were fitted to the point where the flow rate starts
to decrease due to insufficient liquid supply to the liquid front.
Figure 9 shows the values of empirical constants n and Z

obtained for different channel width and droplet volume
combinations. Despite the major difference in the velocity
profiles and the presence of the deformable free surface on
open channels, the same t0.5 time dependence is observed for a
closed capillary,41 a surface groove capillary,42 and the 2D open
lateral flow channel of the current work. The t0.5 behavior may
reflect a constant pressure difference driving the flow as liquid
moves on the channel. The value of n was found to be
independent of the liquid property, channel width, and the
liquid volume. However, the flow was strongly influenced by
prefactor Z, which shows dependence on the liquid properties,
droplet volume, and the channel width. Figure 9 shows that the
viscous liquid (ST64_V15.5) is not adversely affected by
changes in the droplet volume and channel width, which
confirms the viscous dominance for the flow. On the contrary,
for the less-viscous liquids (ST72_V1.0, ST54_V1.5, and
ST48_V1.7), an increase in the channel width and the droplet
volume results in a significant change in the Z value except for 8
μL water droplet on 1 mm channel that showed no flow. We

Figure 6. Images of 50% v/v glycerol−water mixture advancing in a 2D microchannel.

Figure 7. Spreading kinetics of different liquids on a 1.5 mm channel.
Droplet volume = 8 μL.

Figure 8. Dependence of the spreading distance over√t. All the measurements indicate a power law behavior with R2 > 0.98. Continuous lines show
power law fits.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5055806 | ACS Appl. Mater. Interfaces 2014, 6, 20060−2006620063



concluded that nonflow is due to resistance offered by small
channel in addition to the high liquid surface tension.
Influence of the Liquid Surface Tension and Channel

Width. The positions of the spreading fronts for different
liquids advancing on 1.0 and 1.5 mm wide channels at 1, 2, 3,
and 10 s are compared in Figure 10. After 10 s, the spreading of

the less-viscous liquids (ST72_V1.0, ST54_1.5, and
ST48_V1.7) was complete. These times are of interest because
the majority of microfluidic applications requiring fast analysis
are conducted within this time frame. Second, liquid absorption
into paper is minimal at these times (as shown in Figure 4), and
evaporation may be considered negligible.
Comparing the liquid front position for the different liquids

in Figure 10, we can observe that low surface tension liquids
(isopropanol−water mixtures) advanced the furthest. The main
effect of the isopropanol addition is lowering the surface
tension of water, which also lowers the contact angle and
thereby determines the maximum extent of liquid spreading.
Figure 10 further reveals that the water stops from advancing
after 2 and 3 s on 1 and 1.5 mm channels, respectively. This
appears to be related to the high surface tension of water, which
confirms its controlling role on the flow. When comparing the
two channel widths, the wider channel shows initially a higher
flow rate within the first 3 s. This is attributed to the area
available for the liquid to wet as it lowers Gibbs energy to an
equilibrium state and also the higher resistance to flow on the
narrow channel. However, at long times, the liquid front

advances furthest in the narrow channel because more liquid is
available to fill the channel.
When optimizing the liquid transfer rate and the volume, the

channel width and the droplet size play important roles. A small
droplet deposited on a wide channel resulted in short transport
distances because of an insufficient volume of liquid available
for spreading. Short distances were also seen when a large
droplet was deposited on a narrow channel. In this case, the
droplet formed a bulge shape, and the contact base diameter
extended beyond the channel width, giving rise to an
insufficient driving force to break the cohesive forces within
the liquid. Figure 11 presents the dependence of the spreading

velocity on the distance for 0.5 and 1.0 mm wide channels. We
infer that the difference in velocities despite the small droplet
size (1.24 mm diameter) is due to different droplet
morphologies formed when droplets are deposited onto the
channel. This is evident in Figure 12, which illustrates the
shapes of the droplet formed as the water front advances on 0.5
and 1.0 mm wide channels. The bulge shape formed in 0.5 mm
channels acts as a liquid source to the channel. This leads to a
constant liquid front velocity along the channel as observed in
Figure 11. For the wide channel, the water droplet just covers
the hydrophilic area, leveling out evenly along the channel as
the liquid front advances.

Figure 9. Power law constants n exponent (left) and prefactor Z (right) obtained from best fits for flows on 1 mm and 1.5 mm channels.

Figure 10. Effect of liquid properties on the position of the advancing
liquid front on 1.0 and 1.5 mm wide channels for a droplet volume of 4
μL. *Liquid front continues spreading beyond 10 s.

Figure 11. Dependence of the spreading velocity on the distance of
the advancing liquid front. (insets) Illustrations of the different droplet
morphologies on the hydrophilic channels.
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■ CONCLUSIONS

Photocatalytic property of TiO2 was used to create hydro-
philic−hydrophobic regions on paper surface. The two-step
patterning process entailed coating paper with TiO2 nano-
particles in a roll-to-roll process followed by a second step, in
which the coated paper is exposed to UV light through a
photomask. This enables fabrication of 2D microchannels with
arbitrary geometry for control of lateral liquid flow on paper
with minimal absorption into the paper matrix. Small volumes
of different liquids with a surface tension range of 48−72 mN·
m−1 and a viscosity range of 1−15 mN·m−2

flow within the
channels driven by capillary action. From the range of liquid
properties tested, other liquids within this property range such
as bodily fluids and contamination in water can potentially be
conveyed over distances of 20 mm within 2 s. For example,
blood plasma, which is a Newtonian fluid with surface tension
of 56 mN·m−1 and viscosity of 1.2 mPa.s,43,44 may show similar
flow rates as the sample ST54_V1.5, and urine from a human
suffering with gall bladder stone having surface tension of 67
mN·m−1 and viscosity 8.5 mPa.s may exhibit flow rates
comparable to the sample ST66_V8.5.45
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