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ABSTRACT

Here, a numerical model for analysis of a capillary valve for use in microfluidic devices was presented. Capillary valves are
preferred especially in passive microfluidic systems, where the capillary forces dominate the liquid motion, to manipulate the flow.
The capillary valve in this work, was formed by the sudden expansion of a rectangular microchannel to an opening, whose depth
and width are larger than the height and the width of the channel respectively. Noting that there was no available analytical model
to determine the pressure capacity of such valves, a numerical model based on energy minimization was utilized. Free software
Surface Evolver was used to solve the model. Dependence of the pressure capacity on the contact angle of the working liquid on
the channel material was investigated. It was found that the pressure capacity of the valves would be maximum if the contact angle
on all surfaces is 90°. Accordingly, the valves could withstand approximately 2.5 kPa for 100 pm % 100 um channels when the
contact angle was 90°. The model was verified by comparing the results with those available in the literature.

Keywords: Microfluidic, Capillary Valve, Pressure Capacity, Contact Angle.
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Burada, mikroakigkan cihazlarda kullanilan kilcal valflerin analizi i¢in bir numerik model sunulmustur. Kilcal valfler, 6zellikle
kilcal kuvvetlerin baskin oldugu pasif mikroakigkan sistemlerde, akisi yonlendirmek igin tercih edilirler. Bu ¢aligmadaki kilcal
valf, dikdortgen kesitli bir mikrokanalin, derinligi ve genisligi kanalin yiiksekligi ve genisliginden daha fazla olan bir acikliga
dogru aniden genislemesi ile olusmaktadir. Bu sekildeki valflerin basing kapasitesini belirlemek i¢in herhangi bir analitik modelin
bulunmamasi g6z 6niinde bulundurularak, enerji enazlamaya dayali bir numerik model kullanilmistir. Modelin ¢6ziimii i¢in {icretsiz
bir yazilim olan Surface Evolver kullanilmstir. Basing kapasitesinin, ¢alisma sivisinin kanal malzemesi {izerindeki temas agisi ile
iligkisi incelenmistir. Tiim yiizeylerde temas agisinin 90° olmasi durumunda basing kapasitesinin en yliksek olacagi belirlenmistir.
Buna bagli olarak, 100 pum x 100 pm kesitli kanallar i¢in temas agis1 90° oldugunda valfler yaklagik 2.5kPa’ya ¢ikabilmektedir.
Model, sonuglarm literatiirdeki sonuglarla karsilagtirilmasi ile dogrulanmustir.

Anahtar Kelimeler: Mikroakiskan, Kilcal Valf, Basin¢ Kapasitesi, Temas Acisi.

1. INTRODUCTION In ref. [2, 3] hydrophobic coatings were patterned at the

Microfluidics relates to handling minute amounts of ~bottom of microchannels, where the liquid advancing
liquids (microliters to nanoliters) within channels of ~ Was blocked due to decreased tension at the solid coating-
characteristics dimensions in the order of 10%-102 um.  liquid interface. On the other hand, in ref. [4-6],
Due to the fabrication methods, the channels in diverging channels were utilized as capillary valves.
microfluidic devices often have rectangular cross section. ~ Here, sudden expansion of the channel at diverging
Microfluidics is commonly perceived as an enabling ~ Section causes the liquid meniscus to be pinned at the
technology especially for chemical and biological ~Peginning of the expansion. In these studies, the
applications. In these applications, it is often required to ~ €Xpansions were implemented by simply widening the
manipulate the flow of different reagents and/or samples ~ Microchannel while keeping the channel height constant.
on the microfluidic device, commonly called as the lab- ~ Sudden expansion by increasing the height of the channel
on-a-chip. For this purpose, researchers have developed ~ Was also_ reported in the literature [7]._An interesting and
various active or passive microvalves [1]. Among these, ~ €asy-to-implement example of capillary valves was
especially the capillary valves are of interest since they ~ Presented in ref. [8], where the side wall of the
are typically passive and hence easy to operate, and they microchannel were patterned to define an acute change in

to implement. patterned at the bottom of the microchannel, which acted

. . . as pressure barriers.
Capillary valves function as pressure barriers, where an

advancing meniscus stops due to an acute change in the In this paper, capillary valves utilizing an abrupt increase

hydrophilicity of the surface or in the channel geometry.  in the cross-sectional area were considered (Figure 1a-b).
Basically, when a meniscus advancing in a microchannel

*CorﬁeSPOSding@ Autf:(Of it faces an opening (capillary valve) with a cross sectional
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Digital Object Identifier (DOI) : 10.2339/2017.20.2 487-494 area greater than that of the channel, the_sharp be_nd on
the channel boundary causes a sudden increase in the
apparent contact angle (90° + 6; as illustrated on Figure
1c, considering the meniscus shape at the onset of
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overflow). For the meniscus to advance through the
opening, pressure must develop within the liquid, which
in turn stretches the meniscus. After a certain pressure
(henceforth it will be called the pressure capacity), the
meniscus overflows the capillary valve. This explanation
of the capillary valve overflow is often called as capillary
burst. However, since the breaching of the capillary valve
is a transient process involving the stretching of the
meniscus rather than a sudden bursting, overflow term
will be used instead of bursting in this paper. Figure 1c
illustrates this overflow process.

Examining the literature yields that there is still no
analytical model to accurately determine the pressure
capacity of these particular capillary valves [10].
Besides, available numerical models describing the
behavior of these capillary valves do not consider the
overflow process. Thus, a model describing the meniscus
geometry during overflow of the capillary valve and
corresponding pressure capacity is highly needed. In this
paper, a numerical method, which models the meniscus
geometry during overflow was presented. The model also
relates the geometry of the meniscus to the pressure
capacity of the capillary valve.

Considering that these capillary valves could be
fabricated by using different techniques and materials,
the model was first utilized to investigate the effect of
wetting properties of the channel material (hence the
contact angle) on the pressure capacity of the valves.
After determining the proper contact angle for the best
performing valves (corresponding to the highest pressure
capacity), effect of channel dimensions was examined by
simulating a range of channels with varying depth and
width. Finally, the results were compared to experimental
and theoretical values reported previously in the
literature to verify the method presented here.

2. MODEL

For the capillary valve of interest to be functional,
Concus-Finn criterion [11, 12] (Equation 1), which
relates the bend angle and the contact angle of the liquid
on the channel material and on the cover material (5, 61,
and 6, respectively on Figure 1c¢), must be met.

B>180°—(6,-6,) (1)

Concus-Finn criterion in Equation 1 was originally
developed for describing behavior of meniscus in wedge.
However, it was shown in ref. [12] that this relation can
as well be used to describe meniscus stretching on
pressure barriers similar to the one illustrated in Figure
1a owing to the wedge-like shape formed by the channel
cover and the front wall on the opening (Figure 1a).

Although, 2D illustration in Figure 1c describes the
basics of the operation, it does not provide an information
about the pressure capacity of the capillary valve. The
pressure developed at any capillary interface is given by
Young-Laplace law (Equation 2), which states that the
pressure across a capillary interface is proportional to
mean curvature of the interface and the proportionality
constant is the surface tension.

ngﬂl+iﬂ )
R R

Here, P is the pressure across the capillary interface, o is
the surface tension, R; and R: are the principle radii
describing the curvature of the meniscus. It should be
noted that, principle radii of curvature can only be
determined through examining the 3D shape of the
meniscus. Therefore, a 3D analysis must be carried out to
fully understand the overflow behavior of the capillary
valves and their respective pressure capacities.

Various analytical approaches to estimate the pressure
capacity in similar capillary valves, where diverging
channels with uniform height, have been presented in the
literature [4-6]. However, there is no analytical model
available for the wvalves considered in this paper.
Moreover, some of the existing models for the other
capillary valves do not consider the corner filling effect
during overflow, which was first described by Concus
and Finn in ref. [11]. Depending on the contact angle of
the liquid on the channel material and cover material (61
and @, respectively in Figure 1c), the liquid tends to
advance along the corner formed by the front wall and
the top wall (stated as corner filling in Figure 1d) [13,
14]. Depending on the contact angles 6 and 6, corner
filling effect may result in very intricate meniscus shapes
during overflow, which is illustrated in Figure 1d.

The author had previously developed an analytical model
to describe the 3D shape of a meniscus overflowing a
particular type of capillary valve; phaseguide [9], which
is in the form of a shallow ridge located at the bottom of
a microchannel. In case of phaseguide overflow,
meniscus advancing is only in the direction of the
channel axis. On the other hand, since meniscus
advancing during overflow is not unidirectional in case
of the capillary valves considered in this paper (as
illustrated in Figure 1d), this model cannot be used here.
Instead, a numerical approach was utilized in this paper
to determine the meniscus shape during overflow of the
capillary valve and respective pressure capacity.
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Channel cover (®)

Microchannel

Channel base
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Figure 1. Capillary valve considered in this paper. (a) Profile view and (b) isometric view of the valve. Intersection of a
rectangular microchannel and an opening, whose depth and width are larger than the height and the width of the
channel respectively, forms the microchannel. A meniscus advancing in the microchannel gets pinned at the edges
of this intersection. (c) Profile view illustrating the 2D understanding of the mensicus pinning and the overflow.
(d) Isometric view of the meniscus pinned at the capillary valve, showing the corner filling effect and the meniscus

advancing directions in 3D explanation of overflow.

Here, a freely available software — the Surface Evolver
— was used to determine the meniscus shape. The
Surface Evolver developed by K.A. Brakke, computes
the shapes of the surfaces under surface tension, gravity,
or other forms by minimizing the surface energy [15].
For this purpose, the Surface Evolver utilizes a finite-
element approach, where the surface is divided into
triangular facets. Surface energy (E) of a facet under
surface tension, gravity, and a pressure difference across
the facet can be stated as [15]:

E:jak~dS+gpIZ—22k-dS—PIzk~dS 3)
S S S

where ¢ is the surface tension, g is the gravitational
acceleration, p is the density of the liquid, P is the
pressure across the facet, k is the surface normal vector
defining the facet, z is the nodal position defining the
facet, dS is the differential facet area, and S is the surface
area of the interface. Here, it should be noted that
although the gravity acts on the body instead of the
surface, gravitational energy can be calculated through
surface integral by utilizing divergence theorem [15]. On
the other hand, considering that gravity often has a
negligible effect due to the scale of the microfluidics, the
second term on the right-hand side of Equation 3 was
neglected in computation. Hence the surface energy
becomes

E:Iak-dS—PIzk-dS 4)
S S

The Surface Evolver minimizes this energy given in
Equation 4 by incrementally moving the vertices of the
facets until the change in the surface energy is less than a
specified error. Thus, the pressure across the meniscus
(P) can be computed in relation to the meniscus shape.

For this purpose, an initial approximate geometry
describing the shape of the meniscus pinned at the
capillary valve was modeled (Figure 2a). Here it should
be noted that the surface of the liquid in the microchannel
was not included in the model since its boundaries were
fixed (walls of the microchannel), thus it had no
contribution in variation of the surface energy. Boundary
conditions of the model and faceted boundaries are
shown in Figure 2a.

To determine the pressure capacity of the capillary valve
and the shape of the meniscus during overflow, initially
the pressure across the meniscus (P in Equation 4) was
set to zero. Then, the meniscus was evolved to minimize
the surface energy until the relative change in the energy
is less than 1x10*. Resulting shape was determined as
the meniscus shape at zero pressure. After then, the
pressure was sequentially increased at small increments
and respective meniscus shapes were determined. This
procedure was carried out until the meniscus totally
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* Surface tension imposed
by the contact angle on
the top wall (6,): ycos 6,

* Restricted to move on the
top wall

Pressure in the channel
(= Pressure across the meniscus): P ' <
o " Microchannel
* Surface tension imposed by ‘
the contact angle on the |
K front wall (6,): ycos 6,
* Restricted to move on the
front wall

~— Triangular facets on the ~
meniscus surface

(a)

®) channel

front wall

Pinning edges

Increasing P

Figure 2. (a) Surface Evolver model of the meniscus and respective boundary conditions. The meniscus was modeled as a
wedge leaning slightly out from the capillary valve. Surface of the meniscus was meshed by using triangular facets.
Boundary conditions on the surfaces were explained on the figure. Top wall and the front wall were shaded in blue
to improve visualization. (b)-(d) Meniscus shape during overflow of a specific valve (channel width: 400 pm,
channel height: 100 pm, 61 = 62 = 60°). As the pressure in the channel (P) increases, the mensicus first tends to
advance along the corner formed by the top wall and the front wall, while being trapped at the pinning edges.
Overflow occurs when the meniscus breaches points A and A'.

breaches the capillary valve. The pressure at this point
was identified as the pressure capacity of the capillary
valve. Figure 2b illustrates the procedure by showing the
shape of the meniscus during overflow of a specific
capillary valve.

3. RESULTS

Numerical method described in the previous section was
carried out for combinations of top wall and channel wall
contact angles (61 and 6, respectively). The motivation
behind doing so was based on the common microfluidic
fabrication techniques. Although there are a number of
methods for fabricating microfluidic devices [16],
especially one of these methods - PDMS
(polydimethylsiloxane) molding [17] — is common
because of its robustness and fairly rapid processing. In
this method, PDMS resin is poured on a mold, which
defines the channel geometry, and then cured under
elevated temperature. After then, PDMS channel is
sealed with a glass substrate by plasma assisted bonding
process. Despite the advantages offered by the process,
undesired properties of the material such as vapor
permeability and uncontrolled wettability in long term
use, limits the use of PDMS molded microfluidic devices
to rapid prototyping only. For fabrication of commercial
microfluidic devices, channels are often patterned on
thermoplastic substrates such as polymethylmethacrylate
(PMMA) or cyclic olefin copolymer (COC) by injection
molding or hot embossing [18]. Patterned channels are
then sealed with a blank thermoplastic substrate by
thermo-compressive bonding. Figure 3a illustrates these
fabrication techniques. Noting that different materials
(commonly glass or thermoplastics) can be used to seal
the channels fabricated on different materials (commonly

PDMS or thermoplastics), combination of top wall and
channel wall contact angles were considered in the
analysis of the capillary valves.

Contact angle of water on these substrates (glass, PDMS,
and PMMA as a representative thermoplastic material)
were measured to illustrate the parameter range (Figure
3b). Accordingly, contact angles on top wall and channel
wall were selected as ranging between 30° and 90°. On
the other hand, channel width and height were kept
constant at 400 um and 100 pm respectively, which are
representative values for a typical microfluidic channel.
Water was assumed as the working liquid in all the
simulations. List of parameters is shown in Table 1.

(a) (b)

Thermoplastic
substrate

© Pressure
Heated

platens

PDMS resin«

Heated
thermoplastic

Pressure

Themmoplasic cover

Figure 3. (a)-(c) Illustration of common microfluidic
fabrication techniques: (a) PDMS molding, (b) hot
embossing, and (c) injection molding. (d)-(f) Contact
angle of water measured on (a) PDMS, (b) PMMA,
and (c) glass.
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Table 1. Parameters and variables tested in the simulations, and
their corresponding values.

Parameter/variable name Value
Contact angle on channel wall, 6, 30°, 60°, 90°
Contact angle on top wall, 6, 30°, 60°, 90°
Channel depth, d 100 pm
Channel width, w 400 pm
Surface tension of water, o 0.073 J/m?

The simulations were run on a workstation with 2.60
GHz dual processor and 16 GB RAM. Before running
the simulations, mesh dependency was checked to ensure
the convergence and accuracy of the results.
Accordingly, it was decided to run the simulations on the
models with approximately 3500 triangular facets.
Figure 4a shows the simulated shapes of menisci at the
onset of overflow for different contact angles and Figure
4b plots the corresponding pressure capacities.

Investigating the results reveals that the pressure capacity
increases with increasing contact angle (both on top wall
and channel wall) as implied by the Concus-Finn
condition in equation 1. On the other hand, Figure 4b

shows that the effect of the contact angle on the top wall
dominates the effect of that on the channel wall. Indeed,
this results is obvious since the meniscus pinned at the
capillary valve can advance freely on the top wall only.
Another conclusion that can be drawn from the
simulation results is related to the corner filling effect. It
can be seen from Figure 4a that especially for relatively
low contact angle combinations, the meniscus tends to
advance along the corner formed by the top and the front
walls before the meniscus breaches the capillary valve.
Thus, although Concus-Finn condition in Equation 1
states that the sum of the contact angles on top wall and
the channel wall should be greater than 90° for this
particular valve to be operational, non-zero pressure
capacity can be obtained even when this condition is not
satisfied. However, since the pressure capacities for these

specific cases (6, +6, <90°) are very low, it will
probably not be feasible to utilize these specific valves.

The results show that the highest pressure capacity can
be obtained when the contact angle on all surfaces is 90°,
which is possible if the capillary valve is fabricated by
PDMS molding (Figure 3a) and sealed by another PDMS
slab. Therefore, to investigate the effect of the channel
dimensions on the valve performance, a number of
simulations were carried out by changing the channel

(a) Contact Angle on Channel Wall (6,)
300 60° 9(°
P=297Pa P=1559Pa

300

60°

Contact Angle on Top Wall (&)

90°

P=1075Pa

P=1428Pa

b) 1600

1400
1200
1000
800
600 =
400
200

Pressure capacity, P (Pa)

6, =90°
-0

"0, = 60°

20 30 40 50

60 70 80 90 100

Contact angle on top wall, &, (degrees)

Figure 4. (a) Meniscus shapes computed by the Surface Evolver at the onset of overflow for different contact angle
combinations. (b) Corresponding pressure capacities. Dashed lines on the plot indicates the trendlines fitted to

the experimental data.
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width and depth between 100 um and 500 um while
keeping the contact angle constant at 90°. Figure 5 shows
the change of the pressure capacity with respect to
channel width and depth. Examining the results shows
that decreasing the width and height improves the
pressure capacity. It can be stated that either decreasing
the width or the depth does not make a significant change
in the increase of the pressure capacity. However, a
careful investigation shows that increasing the channel
width is slightly more effective than increasing the depth.
This result is quite reasonable, since increasing the width
does not only increase the surface on which the liquid can
advance on the front wall (Figure 2a), but also the top
surface, where the meniscus can stretch.

0-1000

e

100

300
400

channel depth (um)

500

£ 1000-2000

meniscus is not only pinned on the bottom edge of the
channel but also on the side edges was not addressed.
Therefore, indeed the apparent contact angle is also
continuously changing on the side edges as well. To
overcome this ambiguity, it was stated in this paper that
the capillary valve was overflown when the meniscus
breached the vertices formed by the channel bottom,
channel side walls, and the front wall (points A and A'
shown in Figure 2b). Beyond this point, the meniscus
would be freely moving on the front wall and the
capillary valve would no longer be useful.

Another difference between the method presented here
and that in ref. [10] is the corner filling effect. In ref. [10],
the meniscus was assumed to be fixed at the pinning

2000-3000

- 3000

ty (Pa)

1

T

—

=

=

=
Pressure capac

300
400

channel width (um)

Figure 5. Pressure capacity of the capillary valve with respect to the channel depth and the channel width. Contact angle on

all surfaces is

To verify the analysis method presented above, the
results were compared to those presented in ref. [10],
where another numerical approach, which utilized free
surface equilibrium analysis [19] instead of energy
minimization, was presented. For this purpose, 61 and 6,
were kept constant at 60° and 80° respectively and the
channel height was set to 15 um, while varying the
channel width between 30 pm and 115 pm. The results
were plotted in Figure 6. It can be seen that the pressure
capacities computed by using the method presented here
are slightly larger than those presented in ref. [10]. This
difference was attributed to one main reason, which is
related to the definition of the overflow. In ref. [10], the
authors define bursting as the state, when the contact
angle measured at the mid-point of the pinning edge
formed by the intersection of the channel bottom and the
front wall, becomes equal to the contact angle on the
channel wall. This definition is reasonable since the
apparent contact angle changes during overflow (as
illustrated in Figure 1c). However, the fact that the

edges. However, it was permitted to move on the front
wall in this work, which allowed observation of the
corner filling effect. Consequently, as the meniscus was
pressurized, firstly it would tend to fill the corner formed
by the top wall and the front wall instead of breaching the
pinning edges and vertices A and A' (Figure 2b), which
in turn would increase the apparent pressure capacity.
However, this effect was not observed in the test case
since the contact angles on the channel wall and the top
wall were relatively large, which prevented corner filling.

The results obtained by the model presented here agrees
well with the experimental results presented in ref. [10]
for relatively low channel widths, which also verifies the
model and the assumptions in this paper. On the other
hand, the simulations carried out for comparison
purposes revealed that the pressure capacity of the
capillary valves can be significantly improved by
decreasing the width and the height of the microchannel
further.
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Table 2. Comparison of the performance of the capillary valve presented in this paper with those of the similar passive

valves available in the literature.

Reference Characteristic Contact angle Pressure Experimental
dimensions capacity /Theoretical

Yildirim (This paper) width: 100 pm 90° on all surfaces ~2.5 kPa Theoretical
height: 100 um

Chen et. al. [5] width: 300 um 68° on all surfaces ~0.4 kPa Theoretical
height: 60 um

Leu and Chang [6] width: 300 um 75° on all surfaces ~30 kPa Experimental and
height: 60 pm theoretical

Yildirim et. al. [9] width: 200 um 20° on channel top, 70°  ~0.6 kPa Experimental and
height: 120 um on channel walls theoretical

Gliere and Delattre [10] width: 15 pm 60° on channel top, 80°  ~7 kPa Experimental and

height: 15 pm

10000
OYildirmm
= 8000 O
£ OGliere and Delattre, 2006
‘; 6000 o—+10
S [}
2 o = )
g 4000 0 o o
©
Z 2000
O
a
0
20 40 60 80 100 120

Channel width, w (um)

Figure 6. Pressure capacities computed by the model presented
in this work (indicated by o) and the model in ref. [10]
(indicated by o). Channel height (h) is 15 pm. Contact
angle on the channel wall (61) is 60° and that on the
top wall (62) is 80°. Liquid is water with surface
tension ¢ = 0.073 J/m?.

As a result, it was shown that the capillary valve
presented here would perform best if the contact angle on
channel boundaries are 90°. It was also shown that the
pressure capacity of such capillary valves could be as
high as 2.5 kPa when the channel width and depth were
both set to 100 um (Figure 5). On the other hand,
decreasing the channel width and depth further would
significantly improve the pressure capacity (Figure 6).
Comparing the values computed in this study with the
ones available in the literature (Table 2) shows that the
capillary valve presented here could be a promising
alternative in passive microfluidic systems.

on channel walls

theoretical

4. CONCLUSION AND DISCUSSION

In this paper, a numerical approach to determine the
pressure capacity of a capillary valve was presented.
Considering that the wetting properties of the
microchannel material was the predominant effect in
operation of the capillary valves, the method was tested
for various contact angle combinations (ranging between
30°and 90°). Depending on the contact angle of the liquid
on the channel material and the cover material, the shape
of the menisci at the onset of the overflow and
corresponding pressure capacities were determined. It
was found that the valve performs best when the contact
angle is 90° on all surfaces. For this contact angle value,
capillary valves with different widths and depths ranging
between 100 um and 500 pm were simulated. The results
showed that the pressure capacity could reach to
approximately 2.5 kPa when both the channel width and
the depth were 100 um. The results were compared to
those presented in the literature and the model was
verified accordingly. It was shown that the pressure
capacity could go up to approximately 8 kPa especially
when the channel width and the channel height were
significantly small (35 pm and 15 pm respectively).

The capillary valves presented here are quite useful
especially in pipette operated lab-on-a-chip devices [20—
22]. It is believed that the method presented here would
provide a guideline for the design of such capillary valves
for use in microfluidic systems.
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