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One-way wicking (microfluidic diode) behaviors of a range of IPA–water mixtures on internally struc-
tured PDMS-based open micro-channels were experimentally demonstrated and quantified. The open
microfluidic channels, each internally decorated with an array of angled fin-like-structure pairs, were
fabricated using a combined photolithography and soft molding procedure. Propagations of wetting flu-
ids were found to be much more impeded on the fin-tilting direction, or the hard wicking direction, com-
paring to the opposite direction, or the easy wicking direction. This asymmetric wicking behaviors were
attributed to the structure-induced direction-dependent Laplace pressure. Two key parameters – the con-
tact angle of the wicking fluid and the tilting angle of the fin-like structures – were studied. The effects of
preferential evaporation and wetting instability were also investigated. The findings of this study are
expected to provide a better understanding of how fluids interact with micro-scaled structures and to
offer a new way of manipulating fluids at the micron and nanometer scales.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Holding promising prospects for efficient and economic auto-
mation and parallelization of fluid-based experiments, microflui-
dics has emerged as an important experimental platform in the
fields of chemistry, biology, medicine research, and material sci-
ence [1–4]. The micrometer size-scale is the most important char-
acteristics of microfluidics from the application standpoint as well
as from the physics standpoint [5]. The rapid growth of microflui-
dics in recent decades has triggered the need for new strategies to
effectively control fluid flow at small scales, where surface forces
and viscous forces dominate over gravity and inertia. In order to
perform any basic operations within a microfluidic device, one
must first be able to move the test fluid. This can be done actively
with valves and pumps [6,7], or passively using capillary action
[8,9]. At the size-scales of microfluidic channels, viscous and sur-
face-tension effects dominate the behavior of the fluid. As a result,
pressure-driven pumping of a fluid through a microfluidic device
can often be difficult. Conversely, utilizing capillary action or wick-
ing to move wetting fluids in those devices is typically relatively
easy and effective. A number of interesting studies have appeared
in the recent literature utilizing wicking to develop low-cost
microfluidics platform suitable for chemical and biological sensing
and diagnostics [8–11]. These paper-based or thread-based micro-
fluidics devices allow simple transporting and mixing functional-
ity, but are unable to provide a high level of fluidic control.

Chen et al. [12] has reported a paper-based fluidic diode which
controls fluid to wick on only one direction. Their devices relied on
deposition of surfactant in specific regions on the device during the
fabrication process, and therefore they are single use only. Alterna-
tively, we are interested in using structure-induced surface tension
effects to control the wicking behavior. It has been demonstrated
that uni-directional liquid spreading can be achieved on surfaces
decorated with asymmetric structures (e.g., stooped nano-hairs
[13], deflected nano-pillars [14]). Chu et al. [14] also developed a
theory to explain the uni-directional spreading behavior along
the direction of the deflected pillars, which allows for making
quantitative predictions of spreading asymmetry based on the
combination of water contact angle and deflection angle of the pil-
lars. Blow et al. [15,16] have reported simulation studies that
showed anisotropic imbibition of a fluid interacting with an array
of hydrophilic polygonal prism structures. They found that the pin-
ning of fluid front had direction-dependency affected by the shape
and orientation of the polygonal prisms and the array arrange-
ment. It has been mentioned in a previous study that capillary fill-
ing of micro-channels can be impeded by the posts or ridges
patterned inside the channels due to contact line pinning [17].
Here we report an experimental study on direction-dependent
wicking behavior induced by structural asymmetry in microfluidic
channels. The objective of this study was to develop microfluidic
diodes based on geometric effects. Specifically, we experimentally
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Fig. 1. Schematic diagrams and microscope images of the asymmetric-structure-decorated micro-channels. In (a), schematic diagram of a linear channel with tilted fins on
the side-walls is shown. Here only a top view of a small representative section of a single channel is shown with all relevant geometric parameters labeled. In (b), a schematic
diagram of a typical open microfluidic device used in this study is shown. In (c), an optical micrograph of a set of ten parallel channels is shown. The scale-bar at the lower-
right corner represents 100 lm. In (d), a 45� view SEM image of a small section of the micro-channels on the PDMS device is shown.
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demonstrate one-way wicking microfluidic channels by decorating
both side-walls of an open linear micro-channel with an array of
angled fin-like structures, as shown in Fig. 1a. The direction-depen-
dent Laplace pressure induced in these micro-channels allowed a
wetting fluid to wick in a predefined direction while prohibited
spreading of the same fluid in the opposite direction. A series of
fluids were tested to systematically study the effects of changing
surface tension and, as a result, contact angle. The impacts of pref-
erential evaporation and wetting instability were also studied. Fi-
nally, a complete three-dimensional (3-D) model were developed
to provide quantitative predictions of the wicking behavior gov-
erned by geometric effects.
2. Material and methods

2.1. Fabrication

Materials and apparatus: SU-8 2015 and SU-8 2050 resists from
MicroChem, CEE 100CB spin-coater from Brewer Science, 3-in. wa-
fers from WRS Materials, MA6 mask-aligner from SUSS MicroTec,
HOYA U-350 filter from Newport Glass, plastic film photo-mask
from CAD/Art Services, Sylgard-184 silicone elastomer kit from
Dow Corning, HMS-301 PDMS crosslinker from Gelest, PGMEA
(P99.5%) from Sigma–Aldrich.

The fabrication of microfluidic channels includes two main
steps: photolithography and silicone molding. In step one, a stan-
dard SU-8 photolithography procedure was performed to gener-
ated molding masters with negative structures of the channels.
SU-8 2015 resist and SU-8 2050 resist were first spin-coated onto
silicon wafers to produce 22 lm-thick and 60 lm-thick SU-8 films,
respectively. Then, after a soft bake, the SU-8 coated wafers were
exposed in a mask-aligner to 365 nm UV light through a pre-de-
signed photo-mask and a UV filter. Finally, the exposed SU-8 sam-
ples went through a post-exposure bake, a PGMEA development,
and a hardening bake. The spin-coating speed, soft-bake time,
exposure dosage, post-exposure-bake time, development time,
and the hardening-bake time all followed the corresponding
instructions provided in the SU-8 processing guidelines sheet. In
step two, part A (base) of Sylgard-184 was first thoroughly mixed
with HMS-301 at an approximately 16:1 volume ratio. The mixture
was then degassed in a vacuum chamber and slowly cast onto the
masters that were individually seated in polystyrene Petri dishes.
The mixtures filled up to approximately 2 mm above the top sur-
face of the masters. These Preti dishes were then covered and left
on a level platform for a slow curing at room temperature over-
night (more than twelve hours) followed by a completion of curing
at 80 �C for two hours. Finally, the samples were slowly cooled
down and the silicone devices were carefully separated from the
SU-8 masters.
2.2. Wicking experiments

Materials and apparatus: Isopropyl alcohol (P99.9%) from Fish-
er Scientific, RO-water from a Millipore Milli-Q system, EO-1312C
CMOS Color USB camera and 50 mm spacer from Edmund Optics,
V5018 video lens (50 mm, F/1.8) from Computar, Eclipse TE2000-
U microscope system with CFL Plan Fluor 10X objective lens and
LHS-H100C-1 light source from Nikon, Phantom V4.4 high-speed
video camera with PH607 video processing software from Vision
Research, KDS100 syringe pump from KD Scientific, 1 mL Norm-
Ject disposable syringes from Henke-Sass Wolf, Intramedic poly-
ethylene tubing from Clay Adams.

Each PDMS device was first cut and carefully placed on a piece
of clean glass slide. Before each experiment, the device surface
were cleaned with abundant amount of RO-water and dried with
compressed air. In an wicking characterization experiment, the
glass slide (with device on top) was placed on top of a leveled dif-
fused light source. The Edmund video camera was set up above the
device at an angle between 35o and 45o from horizontal. Deposi-
tion of test fluids were performed at a constant speed with a
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syringe pump. Total duration of the fluid deposition was between
1.5 s and 3.0 s depending on the target volume. For experiments
in closed atmosphere, the whole glass slide was covered with a
transparent polystyrene Petri dish with drilled holes for needle ac-
cess. For observations of the fluid propagation, the Phantom high-
speed video camera was set up on the Nikon optical microscope to
capture videos of fluid front propagation at 1000 fps with
512 � 512 pixels resolution. All experiments were done under
room temperature of 21.0 �C ± 2.0 � C.
2.3. Microscopy

Materials and apparatus: Cressington 108 sputter coater from
Ted Pella, JSM-7001F Thermal FE-SEM from JEOL, Olympus BH2
Microscope with Infinity 2 digital camera.

All SU-8 masters and PDMS devices were examined with optical
microscopy. Some of the PDMS devices were also examined by
Scanning Electron Microscopy (SEM) after wicking experiments.
For SEM examinations, small sections of the PDMS devices were
first sputtered with a thin layer of gold (� 50 nm) on the surface.
SEM imaging were performed under high vacuum at 5.0 kV accel-
eration voltage and �160 pA current.
3. Results and discussion

A series of microfluidic devices consisting of ten parallel micro-
channels (length �6 mm) side-by-side with each end connected to
a reservoir (diameter �6 mm) were fabricated via a combined pro-
cess of photolithography and soft molding [18,19]. A schematic
diagram of the microfluidic device is shown in Fig. 1b. The geom-
etry of a straight channel was modified through the addition of
asymmetric side structures to induce asymmetric wicking. The
size, orientation, and spacing of the tilted fins shown in Fig. 1a
were modified over a wide range, and optimized to maximize the
speed of wicking and the degree of asymmetry. Table 1 lists the
range of structural parameters used in the photo-mask design, as
well as the optimized value for the device shown in Fig. 1c and
d. Although experimental data exist for all the designs outlined
in Table 1, for brevity and clarity, only the results of the optimized
channel are presented in detail here.

Representative images of the micro-structures of a small section
of the parallel channels are shown in Fig. 1c and d. As expected,
only small deviations of the fabricated structures were observed
from the original photomask’s design patterns. The height of the
micro-structures on the device, as measured with optical profilom-
etry and SEM imaging, was determined to be 56 ± 1 lm. Details of
the fabrication and characterization procedures are explained in
the experimental section. The product devices were formed in
the surface of cured Sylgard-184, a silicone material commonly re-
ferred to as PDMS. Wicking tests were carried out directly on these
open microfluidic devices by slowly depositing a precise amount of
test fluid onto the reservoirs and allowing it to spontaneously
spread into the micro-channels. No additional surface treatment
or sealing of the top of the device were performed prior to the tests.
PDMS is mildly hydrophobic with an advancing contact angle of
Table 1
Values of the structural parameters of wicking devices studied. These parameters are
defined in Fig. 1a.

Parameter w (lm) a (lm) b (lm) d (lm) g (lm) h (lm) / (�)

Range of
values

80–90 20–30 20–40 100–120 20 22–56 27–45

Optimized
device

80 20 40 120 20 56 27
hwater � 102�, but PDMS is wet by IPA which has a contact angle
of hIPA � 33�. Mixtures of IPA and RO-water were made with
advancing contact angles between those two limits to systemati-
cally probe the effect of contact angle on wicking rates and degree
of asymmetry. Alternatively, the advancing contact angle could
have been changed by modifying the surface chemistry of the de-
vice through silane chemistry. This is particularly relevant to bio-
medical applications where water or saline are used as the
working fluid.

The initial experimental demonstration of asymmetric wicking
in our ‘‘microfluidic diodes’’ was performed with a mixture of
80% by volume IPA and 20% RO-water as the test fluid. In Fig. 2,
two time-lapse images are presented side-by-side to show the test
fluid wicking through the micro-channels in opposite directions.
These images represent two separate experiments. In each case,
the volume of deposited fluid was set to be 15.0 lL. As seen in
Fig. 2, the wetting behavior of an identical fluid can be quite differ-
ent depending on which direction it wicks. On the left-hand-side,
the wetting fluid spread rapidly along the channels, and within
ten seconds, the fluid covered the entire length of the micro-chan-
nels. We denote this as the easy wicking direction because a wet-
ting fluid can spread readily. The easy wicking direction was found
to be opposite to the tilting direction of the fin-like structures in-
side the channels. On the right-hand-side, the same wetting fluid
hardly penetrated into the channels because its spreading front
was strongly pinned at the corners of the tilted fins added near
the entrance of the micro-channels. We denote this as the hard
wetting direction. Experiments with 20.0 lL, 25.0 lL, and 30.0 lL
test fluids were performed to determine whether varying the
amount of test fluid deposited onto the reservoir had an effect on
the one-way wicking behavior. It was found that, as long as the
overflow (i.e., the distance between the foot of bulk droplet and
the entrance of channels) was subtracted as background, the speed
and distance a given fluid front was observed to wick into the
channel was independent of drop size in the reservoir.

During the entire study, care was taken to ensure that the wick-
ing experiments in opposite directions of the same set of micro-
channels were performed under consistent conditions, so that valid
comparisons could be drawn. Specifically, the PDMS devices were
cleaned and dried with the same procedure before each tests, the
same amount of test fluids were deposited with the same manner,
and the temperature, lighting, and air flow conditions were kept as
consistent as possible. To examine repeatability of the wicking
behavior, multiple experiments with identical experimental
parameters were performed and compared. Moreover, multiple de-
vices duplicated (negatively) from a single SU-8 master wafer were
also tested and compared. No difference of statistical significance
was observed in either set of comparisons.

The effect of surface tension in a fluid system is exhibited in the
form of the Laplace pressure. Mathematically, the magnitude and
direction Laplace pressure can be calculated by knowing the local
curvature of a given point on a surface such that

DP ¼ c~r � n̂ ¼ c
1
R1
þ 1

R2

� �
: ð1Þ

Here n̂ is the local unit normal vector, 1/R1 and 1/R2 are the two
principle curvatures. This indicates that balancing of surface forces
or minimization of surface energy is intrinsically a geometry prob-
lem. As a result, because the fluid dynamics is dictated by forces, it
is possible to use the geometric design of the micro-channels to
control the wicking behavior of the test fluid [15–17]. The key con-
cept in this physical model is the recognition that, at small charac-
teristic length-scale (i.e., the width of the micro-channels), the
interfacial forces are large comparing to inertial forces and gravita-
tional forces. This can be demonstrated through the formulation of a



Fig. 2. Time-lapse images of wicking of the same fluid, 80% IPA+ 20% H2O solution, on opposite directions along the same set of micro-channels demonstrate one-way wicking
behavior of the system. In both cases, the fluid front wicked from the center outward. The scale-bar at the lower-right corner represents 1.0 mm.
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number of different dimensionless groups. Here the Reynolds num-
ber, Remax = qV w/l � 0.4, which quantifies the relative strength of
inertial forces comparing to viscous forces, is small; the Bond num-
ber, Bomax = qg w2/c � 3 � 10�3, which quantifies the relative
strength of gravity comparing to interfacial forces, is small; and
the capillary length, which is j�1

min ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c=ðqgÞ

p
� 1:5 mm for the

IPA water mixtures, is large compared to the dimensions of the fea-
tures in the micro-channels. While it may not represent a sharp
transition, the capillary length provides an order-of-magnitude esti-
mate of the length scale below which interfacial effects become
dominant. For these calculations, q = 1.0 � 103 kg/m3 is the density
of water, l = 1.0 � 10�3 Pa�s is the dynamic viscosity of water,
c = 22 � 10�3 N/m is the surface tension of isopropanol, w = 80 lm
is the width of the micro-channels, and Vmax = 1.0 cm/s is the esti-
mated maximum velocity of the fluid.

The one-way wicking phenomenon explored in this study re-
sulted from the ability of the micro-structured channels to locally
impose different boundary conditions on the spreading front (or
meniscus) in opposite spreading directions. To qualitatively ex-
plain this mechanism, a simplified two-dimensional (2D) model
is presented in Fig. 3. In this figure, the top-view images of the
spreading meniscus at different stages of propagation on both
the easy (left-hand side) and the hard (right-hand side) wicking
directions are listed with the strength and direction of the pressure
gradient at each stage represented by the arrow placed at the cor-
responding moving contact line. Here we assume that a wetting
fluid (shown in blue) meets the side walls of the micro-channels
and of the internal fin-like structures (shown in black) at a con-
stant advancing contact angle, which is less than 90�. The spread-
ing of this fluid can easily continue in either direction when the
front is in the straight section connecting the tilted fins (Fig. 3a
and d) or when it is entering the narrow opening between the
tilted fins on opposite walls (Fig. 3b and e) because the curvature
of the meniscus in these cases remains negative which results in
a pressure gradient aligned in the flow direction. The decisive stage
is when the spreading front exits the tilted fin pairs (Fig. 3f and c).
In the hard wicking direction, the fluid front must form a convex
meniscus. This results in a pressure gradient that resists further
spreading and pins the contact line. In the easy wicking direction,
the shape of the meniscus downstream of the tilted fins can be
either concave or convex depending on whether / + h < 90� (con-
cave) or / + h > 90� (convex), where / is the tilting angle, and h
is the advancing contact angle. Consequently, with simple addition
of a tilted-fin geometry to an open micro-channel, this 2D model
demonstrates how asymmetric wicking can be achieved. As we will
see later, this simple 2D model cannot quantitatively explain all
our observations. In some cases, 3D effects must be considered.

To examine the proposed 2D model, high-speed videos were
captured through an optical microscope for direct observations of
the spreading meniscus on both propagation directions. Shown in
Fig. 4 are time-lapse images of the microscopic spreading meniscus
on the easy wicking direction. The meniscus remains concave at
each spreading stage captured on the video. Before the meniscus
enters an opening between a tilted fin pair, its contacts to the side
walls of the channel advance at high speeds while its instanta-
neous centerline velocity is close to zero or even slightly negative.
This causes a rapid increase of the magnitude of the front curva-
ture. Then, the highly curved meniscus generates a large pressure
gradient which pulls the fluid through the opening rapidly. The
spreading continues as the meniscus exits the narrow opening
and appears to remain slightly concave. In comparison, shown in
Fig. 5 are time-lapse images of the spreading meniscus on the hard
wicking direction. The propagating front enters the first channels
with a concave profile, but as soon as it reaches the exit of the nar-
row opening between the first pair of fins, the shape of the menis-
cus becomes convex and is pinned at the exit of the narrow
opening between the fins. The pining of contact line at the edge
of the fin-like structures can be explained by the Gibbs criterion
[15,16], which states that a liquid meniscus at a sharp corner can
exist at a contact angle anywhere between the advancing contact
angles on the two surfaces intersecting to form the corner. Thus
at the exit of the narrow opening between the fins, the meniscus
must deform such that the advancing contact angle is reached on
the downstream side of the fin before the meniscus can advance
further.

In order to investigate the effects of wettability on asymmetric
wicking of fluid through our micro-channels, the contact angle be-
tween the test fluid and the PDMS surface was tuned by varying
the mixing ratio of IPA and water. The specific values of contact an-
gles were experimentally measured and are presented in Fig. 6. As
shown in this figure, the cosine of the contact angle, cosh, was
found to increase linearly with increasing IPA concentration in
the mixture. Based on our simplified 2-D model, it is expected that
the fluid will not spread in the hard wicking direction due to the



Fig. 3. Schematic diagrams of the asymmetric wicking mechanism based on a simplified 2D model. Top-view images representing consecutive stages of propagation of a
wetting fluid (shown in blue) in a micro-channel (shown in black) on the easy direction (a–c) and the hard direction (d–f) of wicking are compared side-by-side. The arrows
represent the strength and direction of the Laplace pressure at each stage. (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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positive-definite curvature of the meniscus, but the spreading of
the fluid in the easy wicking direction can be controlled by the
amount of IPA in the mixture. For a more detailed understanding
of the wicking dynamics, plotted in Fig. 7 are the spread distances
as functions of time for three IPA–water mixtures - 60% 80%, 90%
IPA volume ratio, respectively – on the microfluidic device de-
scribed in Table 1. Notice in the easy wicking direction, both the
80% IPA and the 90% IPA solutions wicked through but the wicking
of the 60% IPA solution stopped midway in the micro-channels; in
the hard wicking direction, only the 90% IPA solution wicked
through, both the 60% IPA and the 80% IPA solution did not wick.
It was found that, on this device, under open atmosphere, at least
partial wicking was allowed on the easy direction for IPA percent-
age above 40%. Spreading was stopped on the hard direction unless
IPA ratio was above 85%. Generally, the wicking speed on the easy
direction decreases with decreasing IPA ratio of the mixture, be-
cause a lower IPA ratio corresponds to a higher contact angle and
consequentially a smaller driving force that comes from a lower La-
place pressure. With a total channel length of approximately
6 mm, it took between 5 s and 20 s for a test fluid with IPA ratio
higher than 70% to wick through.

Based on the data presented in Fig. 7, it is clearly that the
speed of wicking in the easy direction decreased as the fluid front
advanced. A log–log plot of the data presented in Fig. 8 shows a
power-law dependence of the wicked distance with time. At long
times, the characteristic power index for all the fluids converge to
within the range of 0.55–0.60. This can be explained by a simple
model of capillary action under the absence of gravity. Here a
laminar channel flow is driven by a constant Laplace pressure,
so the pressure drop across the length of the fluid column inside
the capillary should be inversely proportional to the length of the
column, L. Based on the Poiseuille equation [20], this pressure
drop is proportional to the volumetric flow rate, or front velocity,
V. Therefore,

V ¼ dL
dt
/ 1

L
; ð2Þ
which gives L /
ffiffi
t
p

. This means that the length of the wicking fluid
column should grow as the square root of time, which is close to the
scaling observed in the experiments. The small discrepancy in the
characteristic power indexes between experimental extraction
and theoretical prediction is likely due to the structural details of
the channels or perhaps simply measurement errors. It is worth
noting that, in Fig. 7, there is one wicking curve � 90% IPA in the
hard wicking direction – which displays a more linear relationship
between wicking distance and elapse time. This noticeable differ-
ence is believed to be due to the fact that the underlying mecha-
nism which enables wicking (for wetting fluids with relatively
low contact angles) on the hard direction is distinct from that on
the easy direction. More detailed explanations will be provided in
the following sections.

One question that needs to be addressed is why the 60% IPA
solution only spread halfway down the micro-channels in the easy
wicking direction before stopping. The simplified 2D model would
suggest that if a fluid could initially wick into a structured micro-
channel, it should be able to wick all the way through the channel.
Assuming the volume of fluid removed from the reservoir is small,
which it is. This discrepancy between 2D theoretical prediction and
experimental observation clearly indicates one or more important
components are missing in the model. The two primary physical
components that our 2D model ignores are the effect of evapora-
tion, specifically the evaporation of the IPA, and the 3D effects at
the leading edge of the spreading meniscus. The effects due to
evaporation of the test fluid were examined by comparing open
experiments to those performed in a solvent rich environment.
For experiments in closed atmosphere, the whole glass slide on
which the PDMS microfluidic device was placed was covered with
a transparent polystyrene Petri-dish with drilled holes for needle
access. A simple enclosure like this can also be implemented in bio-
medical or other applications of these devices where airborne con-
taminant can be an issue. As shown in Fig. 9, the environmental
conditions can have a large impact on spreading. In experiments
where the 60% IPA test fluid was allowed to spread in the easy
wicking direction, under an open atmosphere, the test fluid was



Fig. 4. Sequential frames from a high-speed video of fluid propagation on the easy wicking direction (from right to left on each image). The chronological order of the images
is first the left column then the right column. Individual frames were taken 1 ms apart. The scale-bar at the bottom represents 100 lm.
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observed to wick only half-way through the channels. If, however,
the PDMS device was covered with a Petri-dish inside which the
environment was saturated with equilibrium vapor of the same
IPA and water mixture, the same 60% IPA test fluid was found to
wick completely through the micro-channel array. In experiments
where the test fluid IPA ratio was 70%, covering the PDMS device
increased the wicking speed. These experiments confirmed that
the higher evaporation rate of IPA compared to water leads to low-
ering of IPA concentration locally at the fluid front. The increase
contact angle results in a transition from a concave to a convex
meniscus causing the propagation of the fluid front to stall. It
was found by experiment that, under a solvent vapor saturated
environment, a test fluid of 40% IPA (h � 61�) could wick into the
micro-channels while a test fluid of 35% IPA (h � 68�) could not
wick into the channels at all.

As shown in Fig. 7, the 90% IPA test fluid was observed to com-
pletely wick through the micro-channels in both the easy and the
hard wicking directions. The entire wicking process took about 60 s
in the hard wicking direction compared to about 5 s in the easy
direction. Other than evaporation effects, this is another example
of how the simplified 2D model, while in many cases is adequate
for explaining qualitative trends, cannot capture some of the
important aspects of physics. This observation is not a result of
evaporation, but rather a case where 3D effects need to be taken
into account. To obtain a more accurate quantitative prediction
of the wicking behavior, 3D simulations based on the Surface
Evolver were employed [21–23]. Two representative 3D menisci
obtained from the simulations, one spreading in the easy wicking
direction and the other spreading in the hard wicking direction,
are shown in Fig. 10. In general, the shapes of the 3D menisci com-
puted by simulations are not fundamentally distinct from what
were expected using the 2D model. The major difference is the a
sloped front profile on the vertical plane as a result of the micro-
channel having a wet, solid bottom and a top open to air. In most
cases, these differences are not enough to keep the simplified 2D
model from providing satisfactory qualitative predictions consis-
tent with the experimental observations of asymmetric wicking
behaviors. There are, however, a number of limiting cases where
predicting the 3D characteristics of the meniscus is critical to
understanding the observed wetting behavior. One such case is a
special example of groove instability under geometric confine-
ments which occurs where the vertical walls meet the floor of
the micro-channels, as illustrated in Fig. 11. This instability has
been examined in a number of previous studies and is known to
occur at a critical combination of geometry and contact angle
[24–26]. For a 90� wedge, with side-walls exactly perpendicular
to the floor, the critical contact angle is 45�. Below this angle, the
fluid will wick indefinitely along the wedge. The critical contact an-
gle decreases as the inner angle of the wedge increases. One of the
ramifications of this instability is that it enables wicking on the



Fig. 5. Sequential frames from a high-speed video of fluid (dark color) propagation on the hard wicking direction (from left to right on each image). The chronological order of
the images is first the top row then the bottom row. Individual frames were taken 1 ms apart. The scale-bar at the bottom represents 100 lm.
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hard direction for fluids with relatively low contact angles even
though our simplified 2D model would exclude it. As shown in
Fig. 10, this is because the groove instability allows the meniscus
to extend along the lower front corners of the micro-structures.
When the meniscus reaches the inside wall of the channel, the
boundary condition is altered to one which favors forward wicking
and the front moves down the channel to the next feature, albeit
relatively slowly. This instability-enabled wicking mechanism is
responsible for the distinct dynamics observed on 90% IPA in the
hard wicking direction. Specifically, the phase where the meniscus
stretch along the corner is a lot slower than that of propagation
through the straight portion of channel between the fins. There-
fore, the time limiting phase is meniscus stretching, which is rela-
tively insensitive to the total length of the fluid column because
fluid supply at the openings between fins is fast. This results at
approximately constant wicking velocity and a linear distance-
time relationship as mentioned previously. Quantitatively, the
average hydraulic diameter, dh = 4 � area/perimeter, can be esti-
mated for each of the two spreading phases and then compared.
For the meniscus stretching phase, the average cross-section of
the fluid can be roughly approximated as a right-angle triangle
with the length of both catheti equal to h/2, or half the height of
the structures. This results in a hydraulic diameter for the stretch-
ing phase dh,str � 16.4 lm. For the propagation through the straight
section phase, the cross-section of the fluid can be roughly approx-
imated as a rectangle with the length of two sides equal to the
height of the structures, h, and the opening width, a, respectively.
This results in a hydraulic diameter for propagating phase
dh,pro � 29.5 lm. The volumetric flow rate of a Poiseuille flow is
proportional to the fourth power of the hydraulic diameter,
Qpro

Qstr
¼ dh;pro

dh;str

� �4
� 10:5. This result indicates that, for the same 90%

IPA fluid, it takes about ten times longer to fill the channels in
the hard wicking direction than in the easy wicking direction,



Fig. 6. Contact angle between test fluid and PDMS surface varies as a function of IPA
volume ratio.

Fig. 7. Distance of spreading as a function of time for a series of different IPA–water
mixtures. The data include: 60% IPA (triangle, M), 80% IPA (square, h), 90% IPA
(diamond, }) test fluids on the device described in Table 1. All experiments were
performed open to atmosphere. The open symbols represent wicking in the easy
direction and the closed symbols represent wicking in the hard direction. The
dashed-line indicates the total length of the channels.

Fig. 8. Wicking on the easy direction shown at a log–log scale. The dashed-line
indicates the total length of the channels. Slopes of the fit-lines varied between 0.55
and 0.60 for the 80% IPA (h), 85% IPA (s), and 90% IPA ð}Þ test fluids under open
atmosphere, and at long times for the 70% IPA (+) and 60% IPA (O) test fluids under
vapor saturated environment.

Fig. 9. Distance of spreading of the wicking front as a function of time. The dashed-
line indicates the total length of the channels. This plot quantifies the wicking
process of 60% IPA fluids under open (M) and closed (O) atmosphere, and 70% IPA
fluids under open (�) and closed (+) atmosphere for the microfluidic device
described in Table 1. The wicking velocities (in log–log scale) are presented in the
inset. The velocity data is all found to scale roughly as V / t�0.5.
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which is in fairly good agreement with the experimental
measurements.

So far, all the discussions have been based on the same device
structure whose geometric parameters are listed in Table 1. In
these experiments, the only parameter that has been varied was
the contact angle and interfacial tension. The next step was to
investigate the effects of variation of each geometric parameter
of the device structure on the wicking behavior. A range of geomet-
ric parameters tested are presented in Table 1. Qualitatively, it was
observed that lowering the height, h, of the structures to h = 22 lm,
while keeping other parameters the same, led to a lower degree of
wicking asymmetry by both promoting wicking on the hard direc-
tion and diminishing wicking on the easy direction. This agrees
with the intuition that 3D effects are more pronounced on struc-
tures with lower aspect ratios, because the Laplace pressure is dic-
tated by the mean curvature, which is dictated by the two principle
curvatures. Moreover, a smaller value of opening width, a, led to a
higher degree of wicking asymmetry, as one would predict based
on the simplified 2D model. In terms of the tilting angle, /, on
one hand it is better to have smaller tilting angle to induce a large
front curvature difference between opposite spreading directions,
but on the other hand, the 3D effects makes it necessary to also
consider the spacing between consecutive fins along the micro-
channels and between the fins and the side-wall of the channels.
This restricts tilting angle within a certain range based on the val-
ues of the other geometric parameters d, a, and w. We observed
that a 27� tilting angle produced larger wicking asymmetry, in
terms of the extend and speed, than a 45� tilting angle in most
cases.

The capability of precisely calculating the 3D meniscus shape
(by using simulations based on the Surface Evolver) allows for a
model that can more accurately predict the wicking behavior and
to establish design rules for developing and optimizing unidirec-
tional wicking channels. Here we examined the easy and hard
wicking directions separately. In the hard wicking direction, our
simulations agree quite well with the predictions of hcrit = 45�



Fig. 10. Representative 3D menisci (shown in dark color) resulted from Surface
Evolver simulations of a wetting fluid (h = 48�) at the opening between tilted arms
on opposite sides. A top view and a 3D view of the menisci formed when the fluid
spreads on (a) the easy wicking and (b) the hard wicking directions are included.
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below which the fluid will wet as a result of the groove instability.
This critical contact angle is only affected by the angle at which the
fin-like structures meet the bottom of the channel. In the easy
direction, our simulations predict that like in the hard direction,
for h < 45�, fluid always wick. For h > 45�, the fluid can wick with
Fig. 11. Illustration of the groove instability which occurs at a 90� wedge. 3D menisci (s
included. When the contact angle is above the critical contact angle, as shown in (a), the
critical contact angle, as shown in (b), the fluid spreads along the wedge indefinitely.

Fig. 12. Calculation of projected contact angle, hproj. (a) Schematics of the projected cont
the tetrahedron formed at the tip of the advancing front.
proper design of the channel geometry. For a fixed channel height,
our simulations confirm that the wicking behavior is mainly con-
trolled by the tilting angle of the fins, /. Results of our simulations
suggest that the projected (from the top view) contact angle, hproj

(schematically defined in Fig. 12a), can be used as an excellent pre-
dictor of whether the fluid will wick into the micro-channels. In the
2D model represented by Fig. 3, the dynamics of the wetting fluid
on the easy wicking direction is controlled by the sum of / and h.
Taking into account the 3D effect, h should be replaced by hproj. The
combination of / and hproj can be represented by the front forward
angle, x, as shown in Fig. 13, and the criterion for wicking, from
the 2D viewpoint, becomes whether x = / + h � p/2 < 0�. Clearly,
this criterion is only true when the meniscus has zero curvature
on the vertical direction. The projected contact angle can be calcu-
lated from Surface Evolver simulations or it can be approximated a
priori from the advancing contact angle and some geometric argu-
ments. When one zooms in close enough to the corner where the
propagating front meets the tilted fin, one observes that the tip
of the fluid forms a tetrahedron (because the local curvature of
any point on the meniscus has to be finite), as shown in Fig. 12b.
The shape of this tetrahedron only depends on h, and once the
shape is determined, hproj can be calculated as:

cos hproj ¼
1

tan h
: ð3Þ

Good agreements can be demonstrated between the simulation re-
sults and the analytical solution. A strong correlation between the
front forward angle, x, and the fluid behavior (whether or not ad-
vance) can be concluded. This indicates that, under a fixed channel
height, the curvature on the vertical direction is approximately un-
changed. The effect due to this vertical curvature is shifting the cri-
terion for fluid wicking from x = 0� to approximately x = 6�. From
hown in dark color) of wetting fluids with contact angles of (a) 50� and (b) 40� are
fluid spreads a finite distance along the wedge. When the contact angle is below the

act angle, hproj, and the front forward angle, x, from the top view. (b) Schematics of



Fig. 13. Plot of the front forward angle, x, as a function of the material contact
angle hmat for fin-tilting angle of 60� (.), 45� (�), and 30� ðjÞ. Solid symbols denote
spontaneous advancing while hollow symbols represent cases where the fluid front
does not propagate. The dashed line corresponds to x = 6�, which is the estimated
division between the propagating and non-propagating meniscus cases..
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this set of simulation results, it is clear that the 2D model captured
most of the qualitative trends and can be used to conservatively
predict wicking to within a few degrees in contact or fin angle.
The full 3D simulation provides improvements for the quantitative
predictions, but at a cost of complexity and time.

4. Conclusions

The ability to passively control the spreading of fluids is of tre-
mendous importance in the development of microfluidic devices
and in the understanding of flow within them. In this paper, we
introduced a new type of open microfluidic channels that are capa-
ble of producing asymmetric wicking for a wide range of wetting
fluids. This ‘‘microfluidic diode’’ behavior is based on direction-
dependent Laplace pressure induced by asymmetric structures.
Specifically, an array of ten parallel micro-channels were fabri-
cated with the addition of periodic tilted fins that extended into
the channels at a specific angle and period. A mixture of IPA and
water introduced from a reservoir was shown to rapidly wick
through the channels only in a predefined direction. Spreading of
the same fluid in the opposite direction was completely prohibited
by the presence of the tilted fins. Detailed examinations of the ba-
sic mechanism which produces this effect were predicted by a sim-
ple 2D theory and investigated in depth by full 3D simulations. We
found that for test fluids of many different IPA–water mixing ra-
tios, the simplified 2D model was adequate to provide qualitative
predictions. For test fluids with low IPA ratios, evaporation effects
that led to changing of composition needed to be included in the
mechanism. For test fluids with high IPA ratios, groove instability
of the 3D fluid system can quantitatively modify the wicking
behavior. Multiple physical, chemical, and geometric parameters
were varied to systematically study their individual effects on
the wicking behaviors. It was found that a lower fin-tilting angle,
a larger fin length or a smaller opening width, and a larger struc-
ture height all resulted in a higher degree of wicking asymmetry.
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