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Hypothesis: Liquid can move by capillary action through interconnected porous materials, as in fabric or
paper towels. Today mass transport is controlled by chemical modification. It is, however, possible to
direct mass transport by geometrical modifications. It is here proposed that it is possible to tailor capil-
lary flow speed in a model system of micro-channels by the angle, size and position of attached side chan-
nels.
Experiments: A flexible, rapid, and cost-effective method is used to produce micro-channels in gels. It
involves 3D-printed moulds in which gels are cast. Open channels of micrometre size with several side
channels on either one or two sides are produced with tilting angles of 10–170�. On a horizontal plane
the meniscus of water driven by surface tension is tracked in the main channel.
Findings: The presence of side channels on one side slowed down the speed of the meniscus in the main
channel least. Channels having side channels on both sides with tilting angles of up to 30� indicated
tremendously slower flow, and the liquid exhibited a stick-slip motion. Broader side channels decreased
the speed more than thinner ones, as suggested by the hypothesis. Inertial forces are suggested to be
important in branched channel systems studied here.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

The spreading or moving of fluids is of great industrial impor-
tance, for example, in oil recovery, textile processing, and mortar
drying, and knowledge of it is also needed in various biomedical
applications and diagnostics, such as lab on a chip or lab on a paper
[1]. The spreading of water on hydrophilic non-smooth surfaces
also occurs naturally in biology and has important functions, for
example, in ensuring effective nutritional absorption and the per-
ception of tastes and odours [2].
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A fluid can be moved, for example, in microfluidics, using valves
and pumps requiring active work and careful adjustment of the
pressure. It needs experienced and skilled personal for Lab-on-a-
chip-devices to adjust those parameters to apply an appropriate
pressure, which could be rare specifically in developing countries
[3]. An easier way to move fluids is to take advantage of capillary
action and passively let the liquid flow. Capillary action, or wicking,
is driven by the surface forces of the material and the imbibing liq-
uid, and occurs spontaneously when (i) the contact angle between
the imbibing liquid and the surface is <90� and (ii) the diameter of
the capillary/channel is small enough [4]. Capillary action has been
studied and modelled by Lucas [5] and Washburn [6] and can be
described by the commonly quoted Lucas–Washburn (LW) equa-
tion, which combines the driving force (i.e., capillary pressure)
with the opposing Poisseuille flow:

x2 ¼ cRcosh
2l

t ð1Þ

where R is the channel radius, l the dynamic viscosity of the liquid
phase, c the surface tension of the liquid, and h the static contact
angle of the liquid on the channel wall [5,6].

Wicking and wetting in hard 2D materials are well understood
through models and theories [7,8]. Several studies of wicking in
differently shaped channels (i.e., V-shaped [9,10], rectangular
[11], skewed U-shaped [12], and cylindrical [11]) demonstrate that
wicking generally follows LW predictions independent of whether
the channels are closed or open. The fluid direction can be con-
trolled by using pillars on a plane (see [13], a numerical study).
Wicking in the preferred direction can also be obtained by manip-
ulating the design of structures extending into the channels [14].
The wicking of fluid in open channels offers the advantages of ease
of surface modification, ease of cleaning (or, as in the present case,
use of disposable systems), and reduced risk of clogging [11]. The
only way of filling open channels is by using capillary action
and/or wicking, since they cannot be filled by pumping. Although
paper-based medical devices hold great potential, they still vary
in specificity and sensitivity [1]. Generally only about 50% of the
applied test fluid reach the detection zones and their speed greatly
influences both specificity and sensitivity. These are still issues to
overcome, where the understanding of precise flow dynamics
could help to add to the breakthrough of Lab-on-a-paper-devices
[3].

Preferred pathways of the imbibing liquid are also observed in
interconnected 3Dmaterials characterised by inhomogeneous pore
size distributions, such as the paper or sponges used in wound-care
products [15–17]. Pore sizes are often hierarchical in that there are
pores which can differ one or several magnitudes in size. The exact
cause of these preferred pathways is discussed in the literature but
is not yet known. One point of discussion has been if large or small
pores are filled first in an interconnected porous system [18–21].
Since the liquid flows faster in larger capillaries one can assume
that they are also filled first in a porous system. However, capillary
pressure is higher in smaller pores so that liquid can also rise
higher than in thicker capillaries.

Moreover, in an interconnected porous system, the liquid not
only takes a preferred pathway but also moves discontinuously.
This means that the meniscus accelerates and decelerates through-
out the system, giving rise to increased inertial forces [20] adding
up to behaviour deviating from LW equation predictions [17,22].
Sometimes, the liquid even stops and then suddenly resumes
movement in what are referred to as Haines jumps [23].

The challenge of investigating such a complex porous system is
that of directly tracking several menisci in a 3D porous system.
However, systematic studies seeking the cause of such preferred
pathways might fail because of the high production costs of pre-
cisely defined channels. Channels with controlled size and struc-
tures are commonly prepared using photolithography techniques.
Photolithography involves the deposition of photoresist on a sub-
strate using a spin coater, and then the manufacture of a master
used in exposing the photoresist to UV light with a mask aligner.
This causes the photoresist to cross-link in the exposed or non-
exposed areas, depending on the type of resist; the resist is subse-
quently lifted off by a remover. All the involved work must be
undertaken in cleanroom facilities. While such techniques allow
precise control of the channels, they are costly and time consum-
ing. A low-cost alternative to the lab-on-a-chip approach is the
application of microfluidics on paper in the lab-on-a-paper
approach [1,24]. Photolithography (which physically blocks the
pores in the paper), ink-jet printing (which chemically modifies
the fibre structure), and wax printing (which physically deposits
reagent on the fibre surface) are used to control fluid movement
in lab-on-a-paper applications.

Wetting and therefore wicking are more complex in soft mate-
rials than hard materials [25,26] because local deformation of the
soft material occurs near the contact line [27,28]. We have previ-
ously reported that capillary filling in soft hydrophilic capillaries
is in line with the LW equation, although at a slower rate than
in, for example, glass capillaries [29]. The controlled wicking of
fluid in soft materials, such as gels, is of great importance as such
systems are used in microfluidic applications for diagnostics
[30,31]. Silva et al. reported a stick–slip motion occurring in glass
capillaries coated with a dried hydrogel [32]: as the meniscus
advanced, it became successively pinned and unpinned due to
swelling and local deformation, indicating that substrate deforma-
tion significantly affects the contact-line dynamics of the liquid
movement. From a broader perspective, not only gels are soft,
but also often foams and various types of paper, comprising a vast
range of materials and applications. Gel applications have some
advantages over lab-on-a-paper applications, such as transparency,
non-toxicity, and biocompatibility with cells. Despite their rela-
tively short shelf life, polysaccharides are a cheap, renewable,
and readily available material. Fluid wicking in soft hydrophilic
materials of various geometric shapes has been much less studied
than wicking in hard channels.

Here we report on wicking speed within geometrically struc-
tured soft materials obtained using 3D-printed moulds in which
a hydrogel (i.e., calcium alginate) was allowed to cure. This method
results in channels with rectangular cross-sections and open top
sides. We can control the wicking speed of an imbibing fluid in a
main channel by varying the tilting angle and position of side chan-
nels. The width of the side channels are varied to investigate if
small or large pores are filled first. The use of 3D-printed moulds
in combination with curable hydrogels opens up the possibility
of the rapid, cheap, and simple use of variously structured materi-
als in which the controlled wicking of fluid is obtained.
2. Method and materials

2.1. Drawing of a 3D mould

An overview of the process of fabricating microchannels (m-
channels) in gels is shown in Fig. 1. A mould was drawn in 3D using
AutoCAD (Version 2014; Autodesk, San Rafael, CA, USA). Reservoirs
for depositing the liquid were designed to hold sufficient liquid
volume to fill at least the entire channel.

The mould was designed with side channels added on one or
two sides of a main flow channel with varying tilting angles and
widths (see Fig. 2). The sketch shows a top view of part of a chan-
nel. As the junctions, we define the point in the main channel
where the side channels are connected to the main channel. The



Fig. 1. Flowchart of the process of producing m-channels in semi-solids.

Fig. 2. Channel design. The angles of the side channels were varied from 10� to
170�, with angles <90� defined relative to liquid coming from the left and angles
>90� relative to liquid from the right (sharp angles); dimensions given in mm.
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width and height of the channels was 0.6 mm and the angles tested
were 10�, 30�, 60�, and 80� and, using the same mould but the
opposite flow direction, also 100�, 120�, 150�, and 170�. Moreover,
the influence of side-channel width was tested with channels 0.3,
0.4, and 0.6 mmwide having angles of 30�, 80�, 100�, and 150�with
respect to the main channel.

Themouldwas 3D printed by Shapeways (New York, NY, USA) in
a material called Frosted Ultra Detail,1 a UV-cured acrylic polymer
heat resistant up to 80 �C. The roughness of themould is not expected
to influence the flow (details in Supplementary information).

2.2. Gel preparation, curing, and recording

An aqueous alginate solution containing 2% w/w alginate
(kindly provided by FMC Biopolymer, Girvan, UK) was prepared
by adding alginate at room temperature (RT) under vigorous stir-
ring. The dispersion was then heated to 80 �C for 30 min, after
which it was left to cool to RT and the pH was adjusted to 7. Imme-
diately before gel preparation, the alginate solution was deaerated
under vacuum for approximately 15 min. Controlled gel formation
was achieved by mixing calcium carbonate (CaCO3; Provencale SA,
1 The reader is referred to the producer’s homepage (http://www.shapeways.com)
for further details on the material, resolution (hundredths of micrometre), and
printing limitations.
Brignoles, France) and D-(+)-glucono-d-lactone (GDL; Sigma-
Aldrich, Darmstadt, Germany) in water just before adding the algi-
nate solution to yield a final alginate concentration of 1.7% w/w.
The mixture was without delay poured into the 3D-printed mould
and left to gel for 24 h at RT in a closed chamber with a relative
humidity of 98%, controlled by saturated salt solutions of potas-
sium sulphate (K2SO4; Merck Millipore, Burlington, MA, USA).
The stoichiometric relationship of calcium ions to G units (i.e.,
the calcium-binding copolymer of the alginate chains) was 1.0.

Next, the gel was removed from the mould (it released easily)
and the wicking process was videotaped. No visual deviation from
the initial mould was observed in the final structure obtained in
the alginate gel. Filtered ultra-pure water stained with methylene
blue (Fluka Chemie, Buchs, Switzerland) was added to the reservoir
with a pipette. The liquid penetrated the channel and the process
was recorded with a camera (EX-ZR300; Casio, Tokyo, Japan). For
reproducibility, each gel was used only once, though in principle
a gel could be used several times. Each experiment was conducted
in at least four replicates.
2.3. Data post processing

Using the software FFmpeg (version N-54571-g00b1401), the
videos were divided into single images. The images in which the
liquid penetrates one channel were selected and compiled to form
a stack of TIF images using ImageJ (version 1.50b). Using the same
software, the area of interest was cropped, the contrast between
liquid and gel was increased by selecting only the red channel of
the images, and finally the image stack was converted into binary
images. A MATLAB (version R2015b) code was written to track the
liquid position in each image, with the (known) total length of the
channel being used to convert the image resolution to metric units.
The volume flow was calculated by counting the amount of black
pixels, which depicted the stained water, and relating it to the vol-
ume of the channel (see Supplementary information on further
details).
3. Results and discussion

We used a versatile, simple, and rapid method to fabricate m-
channels. The side channels varied in tilting angle from the main
channel and in their width. In this study, we investigated the wick-
ing speed of water into channels cast in calcium alginate gel. Wick-
ing tests were performed by adding a precise amount of stained
water to the reservoir and then analysing the position of the water
front using a high-speed camera. By careful post processing of the

http://www.shapeways.com
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videos, the distance the meniscus travelled over time was
determined. It should be noted that the contact angle between
the water and alginate gel was very low leading to a rapid spread-
ing of water over the gel. Capillary flow into gels with straight
channels and circular cross-sections follow the typical behaviour
of LW but tend to be slower compared to hard materials [29].
The structure of the gel has been described elsewhere [33,34]
and is typical for a polyelectrolyte gel i.e., with large variation in
pore sizes. The interaction between the fluid and the gel is consid-
ered insignificant at the timescales relevant for this study, as swel-
ling occurs at longer timescales [35], previously discussed in
similar systems [29]. The reader is referred to the Video S1 in the
supplementary materials showing typical imbibition behaviour in
real-time in channels with various tilting angles of the side chan-
nels and close-up videos of the junctions.
Video S1.
3.1. Stick–slip motion is obtained in branched channels

We investigated the position of the meniscus over time in the
main channel without considering the side channels. As a refer-
ence, we used a straight channel without any branches and having
the same width. Representative results are plotted in Fig. 3. In
channels about 60 mm long, the travelled distance is plotted over
time for straight channels without any branches (blue line), chan-
nels having a branch on only one side (black line), and channels
having branches on both sides (red line). This is shown for struc-
tures with side channels at tilting angles of (a) 10�, (b) 80�, (c)
150�, and (d) 170�.

As the blue lines in Fig. 3 indicate, the straight channel exhib-
ited the fastest dynamics, with the whole channel being filled in
under 2 s, followed by the channels with branches on one side
and then the channels with branches on both sides. Such behaviour
was observed independent of the angle of the side branches.

The increased time required for the liquid to travel along the
whole channel with branches on one or two sides is explained by
repetitive stops made by the liquid, as shown by the staircase-like
patterns of distance travelled over time (Fig. 3). After a stop, the liq-
uid resumed flowing, no sudden jump (i.e., Haines jump) being
observed. The repetitive stops made by the liquid were particularly
noticeable in the case of channels on both sides of the main channel
and occur at each junction. The stopping of the wicking fluid can be
explained by a sudden reduction in capillary pressure. As the
meniscus encounters a junction, it cannot follow anywalls and sud-
denly encounters a gap; this influences the curvedmeniscus in such
a way that the driving force of the capillary transport of the liquid
declines to zero, and the meniscus stops advancing. In the case of
a channel on one side, the capillary pressure is reduced but still acts
between one wall and the bottom surface. This effect was also
described by Kusumaatmaja et al., who found that local pinning
can temporarily hold the capillary front while the interface/menis-
cus advances along another side wall or bottom plate [36].
3.2. Tilting angle of the side channels accentuates the stick–slip motion

Given that the advancing curved meniscus requires channel
walls between which capillary pressure can take effect, it was
expected that the stop duration would be related to the time
required for the side channels to fill (and therefore also be related
to the volume/width of the side channels). This was not observed
at all times, however, and the possible reasons for this observation
will be discussed in more detail later.

Investigation of the effect of the tilting angles of the side chan-
nels on the filling time of the main channel revealed that reducing
the angle increased the filling time in the design with channels on
both sides. Side channels of 10� followed by 30� resulted in the
absolute longest filling times for an entire channel (see Fig. 3a
compared with b, c, and d) in geometries in which the side chan-
nels are tilted 80�, 150�, and 170�, respectively. It is worth noting
that the geometry in Fig. 3a (with a tilting angle of 10�) and d (with
a tilting angle of 170�) is exactly the same, in the sense that the
side channels are tilted to the same degree, but with the difference
that the side channels are tilted either against (as in a at 10�) or
with the wicking direction (as in d at 170�). The design of struc-
tures in which the angle of the side channels is tilted against or
with the wicking direction will substantially affect the time
required for a liquid to fill an entire channel. In this case, when
comparing 10� and 170�, we observe that it took 15 and 5 s, respec-
tively, to fill the entire main channel, i.e., a threefold difference in
time. Accordingly, by choosing the flow direction, the flow speed
can be either fast for high angles or slow for low angles; in this
way, it is possible to tailor the desired flow speed. While a reduced
total filling time was observed when side channels were intro-
duced on one side, the angle of these side channels was found to
have no effect. In these cases, filling times were 3–4 s independent
of the tilting angle of the side channels (i.e., 10�–170�).
3.3. Stopping time is related to travelled distance in channel

As the tilting angle of a side channel on one side had no
observed impact, the rest of the study focused on the design with
side channels on both sides. The stop duration at each junction (i.e.,
junctions 1–7) was analysed by calculating the velocity from the
travelled distance and time, with the duration during which the
velocity was zero being defined as a ‘‘stop”. This was done by cal-
culating the difference in distance and time between single
recorded images. Below a defined threshold of 5–20 mm s–1, we
set the velocity to zero (‘‘modified”), using a moving average
smoothing filter for the experiments when needed. The results
are peaks between which the velocity v ¼ 0. An example is pre-
sented in Fig. 4, which shows the original data from one experi-
ment for the distance travelled over time in a channel with
branches of 170� (black line) and the resulting modified and
smoothed velocity (green line), with the threshold velocity being
set to 15 mm s–1 and a smoothing span of 2 values. The threshold
velocity and smoothing span were adjusted and optimised for each
experiment. The stopping duration was calculated as Dt where
v ¼ 0. The result is presented in Fig. 5, which shows the mean
duration of each stop the liquid takes at each junction, with the
step number denoting the first, second, third junction, etc.

As can be seen, the stop duration increases towards the end of
the capillary. The increase in stop duration with successive junc-
tions can be explained by the reduced speed of the meniscus
towards the end of the capillary (Fig. 3, blue line). The declining
speed of the wicking fluid is in line with the LW equation [5,6],



Fig. 3. Distance of liquid flow over time in channels without branches (blue), with branches on only one side (black), and with branches on both sides (red). The angles of the
branches are (a) 10�, (b) 80�, (c) 150�, and (d) 170�. Note that the blue line is based on the same data in all four graphs. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. Example of an experiment with branches on both sides at tilting angles of
170� showing the distance liquid travelled over time (black line) and the modified
and smoothed velocity (green line). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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stating a relationship of l / p
t, where l is the travelled distance

and t the time. The relationship has been reconfirmed by numerous
studies of different channel geometries and sizes [4,11,37–40] and
is related to the counteracting force originating from the viscous
drag of the Poiseuille flow [5,6].

The inertia of the fluid is not accounted for in the original LW
equation. Bosanquet [41] proposed a modified version of the LW
equation in which inertia was included, a modification further
developed by Ridgway et al. [15]. In the system studied here it is
suggested that inertial forces are important specifically in channel
geometries with long stopping times. In contrast to straight
unbranched channels where inertia is only of importance during
the very first milliseconds as the liquid enters the channel. [29].
However, given that the velocity is largely alternating in the
branched-channel system studied here (Fig. 4), inertia will have a
larger impact than in an unbranched channel. This reasoning is
supported by the fact that the velocity between the junctions is
slightly lower in the branched channels than over the same dis-
tance in a straight channel as shown in Fig. 6 where the velocity
in a straight channel (a) is compared to the velocity of the fluid
in a branched channel (b).

The velocity of the liquid between the junctions was therefore
further analysed by fitting a linear curve of the distance travelled
over time to each step in the graph and comparing the resulting
slope of each step with the velocity in a straight channel at the
same point (see Fig. 6). For clarity, we picked three representative
curves, for 60�, 80�, and 150�. Both graphs show declining velocity



Fig. 5. Mean stopping duration of the liquid in capillaries with side channels on
both sides with tilting angles as indicated in the graph. The junction number
indicates the number of the side channel along the capillary.
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over distance, which is related to the viscous braking of the
Poiseuille flow in LW, as discussed above. However, the decline
in velocity was less pronounced once the fluid had passed the very
first junction in the branched channel (b) than after it had travelled
the same distance in the channel without side branches (a).

While the channel width was the same, the velocity was lower
in the branched channel (Fig. 6b), specifically at the beginning of
the capillary, than in the unbranched one (Fig. 6a). Therefore,
either the existence of the already-filled branches slowed the
advancing liquid meniscus due to viscous forces, or the velocity
decreased because of increased inertial forces due to the many
stops. Studies are being undertaken investigating the effect of
momentum on branched channel systems having different geome-
tries at the same total volume. The volume flow was calculated
from the amount of pixels in the binary images. The results indi-
cated that, similarly to the speed in the main channel, the volume
flow is not constant, but moves fastest in the beginning and is
influenced by the junctions. The values range from 5 up to 40
mm3 s�1 depending on the time and the geometry of the channel,
see the Supplementary information for further details. This, again,
Fig. 6. (a) Mean velocity in an unbranched channel over distance; the shaded areas repre
with branches on both sides with angles as indicated in the graph; three representative
strengthens the suggestion that inertial forces are important in
channels with side channels, which could be the case in wicking
in, for example, foams or other porous structures. However, our
channels are large compared to other porous systems, they are
therefore more prone to inertial forces than was a system with
similar geometry studied by Feng and Rothstein [14]. The relatively
large channels and the inherently greater momentum of the fluid
in the present system might also explain why Haines jumps were
not observed.

Another aspect visible in Fig. 5 is that the presence of channels
with branches of 10� or 30� resulted in relatively long stop times
compared with the other angles, where no difference in stop time
was observed in channels with side channels tilted >60� (angles up
to 170� were tested) (Fig. 5). To understand the effect of 10� and
30� tilting angles in delaying the wicking of the liquid, we recorded
close-up videos of a junction where the side channels were tilted
by 10� (Fig. 7). We observed that the stained liquid stopped at
the sharp angle of the side channel.

The driving force of wicking, i.e., the concave meniscus, was
missing as the liquid reached the junction. To continue flowing
the liquid has to overcome a convex meniscus at the edge of the
junction, where the driving force is naturally backwards. The liquid
entered the side branches because the distance between the walls
was the shortest in that area while the capillary pressure was high-
est; it filled the side channels first and then proceeded farther
along the walls until the centre of the junction was finally filled.
The timeline at the bottom of the figure indicates the time interval
within which the images were selected. The liquid stopped for a
relatively long time (a–d) when the side channels were filling,
whereas the rest of the junction filled rapidly in comparison. Mov-
ing the opposite direction in the channel, the liquid never encoun-
tered such sharp edges, explaining why such movement was
considerably faster. Our results are in line with observations made
by Feng and Rothstein, even though their study regarded wicking
of isopropanol and water in polydimethylsiloxane structures
slightly differing in geometry and of smaller channel sizes [14].
3.4. Stick–slip motion is accentuated by the use of broader side
channels

Given that the capillary pressure is higher in smaller channels,
we investigated the effect of the side-channel width on the
sent the standard deviation. (b) Velocity at each junction over distance for channels
curves.



Fig. 7. Image series visualising the liquid penetration behaviour at a junction with branches of 10�; the timeline indicates the timing of the images.

Fig. 8. Stopping duration of the liquid in a main channel having branches 0.3, 0.4, and 0.6 mm wide and angles of (a) 30�, (b) 80�, (c) 100�, and (d) 150�.
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stopping time. Apart from side channels having a width of 0.6 mm,
the dynamics of the main channel with side channels 0.4 and 0.3
mm wide with tilting angles of 30�, 80�, 100�, and 150� were anal-
ysed. Specifically, we studied whether the stopping duration was
influenced by the angles and widths of the branches. In Fig. 8,
the stopping duration at each junction is plotted for the angles
indicated in the figure. As in Fig. 5, the mean stopping duration
increased with the junction number, which happened regardless
of the side-channel width and angle.

As anticipated, the widest side channels of 0.6 mm resulted in
the longest stopping times and the smallest side channels, 0.3
mm, caused the shortest stops in the experiments, irrespective of
the tilting angle. Fig. 7 shows that the liquid stopped for a consid-
erable time right at the edge of the junction before it started filling
the side channels. The higher capillary pressure in smaller chan-
nels means that the liquid can enter the side channels faster than
it does in wider side channels, causing decreased stopping times.
Transferring our results to a porous system suggests that the liquid
enters smaller channels before bigger ones are filled, taking a pre-
ferred pathway.

In our investigations, it was not clear whether the liquid
stopped until the whole side channel was completely filled or
whether it had already resumed flowing before that; various
experiments revealed slightly divergent behaviour, which would
be a matter for further studies.

Again, very low angles had high stopping times. Among the
tested angles, 30� with a side channel width of 0.6 mm was associ-
ated with considerably greater stopping durations than were all
other tested angles (30�, 80�, 100�, and 150�) and channel widths
(0.3, 0.4, and 0.6 mm). It can be concluded that the liquid is influ-
enced the most if the side channel has a low tilting angle; above a
certain critical angle, the width of the side channel plays a bigger
role.
4. Conclusions

This study systematically investigated how a wetting liquid
moves in a soft porous system and we hypothesize that the capil-
lary flow speed can be tailored in a model system of micro-
channels by the angle, size and position of attached side channels.
Previous studies concerned capillary flow in hard materials such as
glass or silicon wafers [9,11,12] even though it is known that the
behaviour is different on soft substrates [26–28]. A 2D structure
was designed using a quick, simple, and cost-effective method that
involves the CAD design and 3D printing of a mould, and the cast-
ing/curing of gel in the mould. The gel that was finally peeled off
the mould contained defined m-channels. The method presented
is flexible in terms of both geometric variation and choice of mate-
rial in comparison to other commonly used methods which are
more costly and time consuming [9,11,12,14].

Similar to the results of [14] the liquid in the main channel dis-
played a stick–slip motion in that it became pinned and depinned
at junctions with a side channel on one or both sides of the main
channel. Furthermore, the stopping time increased with low tilting
angles and large side-channel widths, which gives rise to that
smaller pores are filled first in a porous system. Longer stopping
times were measured towards the end of the capillary, propor-
tional to the decreased flow speed in the main channel. Because
of the discontinuous movement, inertia is hypothesised to play a
large role in the branched-channel systems studied here and might
also explain why no permanent pinning was observed in contrast
to [14], where the structures had smaller dimensions. This paper
confirms the existence of preferred pathways taken by imbibing
liquids and illustrates how to control the flow by manipulating
the geometric design. The findings presented can further have
impact on paper-based medical devices by adjusting the speed of
test liquid by the geometrical paper structure of the device and
so improving the specificity and sensitivity. The present results
are also expected to be applicable to foams, as well as lab-on-a-
chip diagnostics using gels. Furthermore, the testing set-up is rel-
evant to biological contexts.

A future study should investigate for instance how and if the
stopping time is related to the length, volume or amount of side
channels. Another interesting aspect to study is the impact of iner-
tia in various sizes while having the same geometry.
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