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a b s t r a c t
A passive through hole microvalve is proposed to stop the capillary-driven ﬂow in microchannels with
small static contact angle ( s < 45◦ ). Its gating condition on regulating ﬂow is derived based on contact line
theory. Using numerical simulations in certain limits and some experiments, we investigated the valve
performance of a few different valve designs. A kind of converging through hole microvalve is found
which can stop the relative faster capillary ﬂow and is easier to fabricate and integrate. It is shown that
allowable ﬂow velocity for DI water could reach 0.5 m/s, and the height of microvalve could be as short
as to 20 m.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The centrifugal “lab-on-a-disk” platform has been proposed as a
kind of important microﬂuidic system because its artiﬁcial gravity
ﬁeld intrinsically implements a pumping force [1–3]. The platform
can be widely used in the ﬁeld of clinical diagnostics and drug discovery. Flow control on rotating disks is mainly achieved by passive
capillary burst microvalve (CBV) because there are no requirements
of moving parts, external power devices and electrical control. The
ﬁrst kind of such valves relies on the variation of static contact
angle realized by depositing hydrophobic patches on the surface
of an otherwise hydrophilic microchannel to block a ﬂow until
a speciﬁc rotational frequency is reached [4,5]. The second kind
of CBVs is especially attractive, as it needs only a sudden expansion of the microchannel cross-section where the liquid meniscus
is trapped at the beginning of the expansion [6,7]. It is insensitive to physicochemical properties of the liquid sample and easy to
fabricate.
In planar microﬂuidic systems, it is quite common that the channel cross-section is rectangular or trapezoidal or limited by a ﬂat
cover [6–9]. Thus, it is often that not all of walls of a CBV are expansion and the ﬂat cover makes the CBV work only when the static
contact angle  s is greater than 45◦ [10–12]. In the case of  s < 45◦ ,
the liquid ﬂows along the edges formed by the intersection of
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expansion section walls and the ﬂat cover, and the CBV works only
in a period of time and burst ﬁnally. Because the gravity effects can
be safely neglected in horizontal microdevices [9], the microﬂow is
similar to the capillary ﬂow along an interior corner of a container
under low gravity if the Concus–Finn condition is fulﬁlled [13].
For the successful commercialization of a microﬂuidic system,
the designs of microvalves and other function parts of the system
(i.e., the sample injection) need a comprehensive consideration.
Because the injection will be easier for liquid sample with the
smaller contact angle on the channel walls, the study of the CBV that
can work with small static contact angle ( s < 45◦ ) is very important.
A possible solution is a through hole on a ﬂat surface. It provides an expansion at 360◦ . In current bulk micromaching process,
the through hole is usually diverging due to micro-loading effect
[14]. In this work, the gating condition of through hole CBV with
an expansion angle is presented based on the contact line theory.
The ability of stopping a capillary-driven ﬂow is investigated by
the numerical simulations of the capillary ﬁlling in microchannels
with a dynamic contact angle [15,16]. Recently, 3-D CFD simulations have been successful by the volume of ﬂuid (VOF) or level set
method [17,18]. However, as the accuracy of the result is strongly
dependent on the capture of liquid/gas interface, the 3-D model is
still time costing and difﬁcult to get the solution accurately. Here,
a 1-D simpliﬁed model with the constant corner pressure assumption is used to get rapid design of the CBV. Some experiments are
presented to help to obtain a valid range of the model. Finally, a kind
of converging through hole CBV that could decrease the accuracy
requirement of fabrication is presented.
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Fig. 1. Schematic representation of CBV. (a) Schematic representation of a CBV; (b) schematic representation of a diverging through hole CBV.

2. Analysis of the capillary burst valve
The static (equilibrium) contact angle shows the wettability of
the solid surface. Because practically a hysteresis often arises, the
static contact angle is not same when a meniscus over a substrate
goes forward or backward. When the contact angle is between the
advancing contact angle  A and receding contact angle  R , the wetting line stops [19].
For a hydrophilic circular tube with a sudden enlargement, as
shown in Fig. 1a, the liquid will spontaneously advance in the
straight tube with dynamic contact angle . When the liquid reaches
the diverging section, the contact angle with the new wall (wall A
in Fig. 1a) reduces to  − ˛, where ˛ is the tube expansion angle.
If  − ˛ is smaller than  A , the contact line will be stopped and be
restarted until the contact angle with the new wall increases to the
advancing contact angle  A . The valve then fails and the liquid burst
through the valve.
Fig. 1b shows the scheme of a through hole CBV with an expansion angle ˇ. When the liquid reaches the outlet of CBV, its contact
angle with the chamber wall reduces from  to  + ˇ − 90◦ , where
 is the dynamic contact angle with the wall of the through hole.
When the contact angle with the chamber wall increases to the
advancing angle  A , the CBV bursts and the meniscus proceeds on
the chamber wall. Therefore, the gating condition for the diverging
through hole CBV is
 + ˇ − A − 90◦ < 0

entry ﬂow microchannel without any additional external forces,
and then goes forward to the through hole until it reaches the
outlet of CBV where the valve’s status is observed with a stereoscopic microscope. Fig. 2 shows the schematic diagram of the
experimental device. The variation range of the through holes
we obtained were from 90 m to 235 m for both their diameters and heights, their expansion angles were from −4◦ to 19◦ .
The entry ﬂow channels had a rectangular cross-section with
ﬁxed height (100 m) and varied width (100–200 m). The channel length was 3 mm, 4 mm, 5 mm, 10 mm, 15 mm, 25 mm, and
40 mm.
The liquid used in all experiments was de-ionized water. The
advancing contact angle on the silicon surface cleaned by the mixtures of H2 SO4 /H2 O2 (3:1) was 8◦ . The DI water was stained red
with ink for convenient observation.

(1)

The burst pressure is
p =

2 cos(A + 90◦ )
r

(2)

where  is the surface tension, r is the radius of the outlet of the
through hole.
3. Microchip design and experiments set-up
Several capillary-driven microﬂuidic systems were designed to
study the CBV. The ﬂuid penetrates from the inlet port into the

Fig. 2. Schematic diagram of the experimental device for observing the status of
CBV. The microscope is focused on the outlet of CBV. The ﬁgure at the top-right
is the section view of the device, a – inlet port; b – entry ﬂow microchannel; c –
through hole; d – reservoir chamber.
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4. Method
4.1. Numerical simulation of the capillary ﬁlling
The Washburn equation applied in this section is for the computation of the average ﬂow velocity. The capillary force pulls the
ﬂuid into the entry ﬂow channel. Balancing the capillary forces
against the viscous drag gives an expression for the position of the
advancing ﬂuid in the horizontal channel x as a function of time t
[16],
32
2
DH

xẋ =

4
cos 
DH

(3)

where ẋ is the ﬂow speed, DH is the hydraulic diameter and  is
liquid viscosity.
Considering the effect of the contact line velocity on the dynamic
contact angle, the correlation by Jiang et al. [20], based on Hoffman’s
data [21], was
cos  = cos A + (1 + cos A ) tan h(4.96Ca0.702 )

(4)

where Ca = (ẋ)/ is the capillary number.
After passing the corner with a right angle, the liquid penetrates
into the vertical through hole. The pressures at the both ends of the
liquid ﬂow in the through hole are the corner pressure pc and the
atmospheric pressure p0 , respectively. The control equation is



4
32
yẏ = pc − p0 −
cos 
D(y)
D2 (y)



(5)

where y is the length of the liquid sample in the vertical through
hole, D(y) = Dinlet ·(1 + y tan ˇ) is the hole diameter at the meniscus,
Dinlet is the diameter of the inlet of the through hole.
When the liquid just arrived at the corner, the variation of
moment of the liquid ﬂow in the horizontal entry ﬂow channel
could be considered in the following way. After a small time increment t, a ﬂuid microelement at the corner stopped rapidly in the
horizontal direction from the ﬂow velocity ẋL and the equal mass
ﬂuid microelement was supplemented into the entry ﬂow channel
from inlet port because of the liquid’s incompressibility. As the ﬂow
speed of the rest of the liquid ﬂow changed slightly, the variation
was ignored. By the moment theorem in the horizontal direction,
(pc − p0 )A +

32
2
xẋL −
cos  = ẋL A(0 − (−ẋL ))
DH
DH

(6)

where  is the liquid density, A is the area of the channel crosssection, ẋL is the entry ﬂow speed at the end of entry ﬂow channel.
As the viscosity force is counteracted by the capillary force based
on Eq. (3), the corner pressure at the moment when the liquid just
arrived at the corner can be obtained as
pc = p0 + ẋL2

(7)

The variation of corner pressure is difﬁcult to determine (due to
the complex ﬂow ﬁeld) and therefore a simple zero order model of
corner pressure is adopted.
pc (t) = pc (0) = p0 + ẋL2

(8)

The initial condition is
x or y = 0,

at t = 0

(9)

Using this condition would yield a singularity. Instead, the
numerical integration is started at x = 10−11 m. The simulation was
carried out by mathematical software package (Matlab R14)
4.2. Fabrication method
The fabrication processes were composed of ICP etch, electroforming, evaporation and anodic bonding. As shown in Fig. 3,

Fig. 3. Process diagram of through hole CBV (the through hole obtained is diverging).

in a silicon wafer, the entry ﬂow microchannels on the back of
the microchip were generated ﬁrstly by standard process of photolithography and ICP etch (Alcatel 601E ICP reactor). Then a 1 m
Cu layer was covered the channels for protection by the electroforming process. Next, the through holes and the reservoir
chambers linking the outlet of CBVs on the front of the microchip
were obtained by a two-level technology of silicon etching as
described by Ajmera etc [9,22]. The through hole obtained is usually diverging due to the micro-loading effect. Finally, the silicon
wafer was bonded with a Pyrex glass wafer by the anodic bonding
process (SUSS SB6 bonder).
But if we change the process order of the fabrication that the
reservoir chambers on the front of the microchip was etched ﬁrstly,
thus the entry ﬂow channels on the back of microchip and the
through holes were fabricated synchronously, and the converging
through hole CBVs will be obtained. A scanning electron microscopy
image in Fig. 4 shows an example of a converging through hole CBV
fabricated by this process.
5. Results and discussion
5.1. 1-D model validation
To vary the length of the entry ﬂow channel can provide different entry ﬂow velocity ẋL and capillary number Ca when the liquid
just reaches the corner. Table 1 shows the experimental results of
the status of CBVs with different expansion angles when the length
of entry ﬂow channel L or capillary numbers Ca = ẋL / is taken
as the control parameter. The obtained expansion angles for the
same group in Table 1 have ±1◦ ﬂuctuation. The results conﬁrmed
the analysis based on the inequality (1). When a CBV is given, the
allowable capillary number of entry ﬂow is limited. The CBVs with
relative smaller expansion angle have better valve abilities of stopping a ﬂow. Except of the expansion angle, the inﬂuences of the
height and inlet diameter of CBVs on the valve status also need to
be included when the length of entry ﬂow channels is smaller than
4 mm.
The values of the expression  + ˇ −  A − 90◦ at the outlet of
CBVs are shown in Fig. 5 as a function of the length of a entry
ﬂow channel based on the Eqs. (3)–(8). The valve will burst when
 + ˇ −  A − 90◦ > 0. The sizes of CBVs and microchannels from
Table 1 are used. The expansion angle used in simulation was set
as the average value ˇ (black line), the ﬂuctuation range ˇ + 1◦ (red
line) and ˇ − 1◦ (blue line), respectively, for each group in Table 1.
The simulations show that the variation of expression
 + ˇ −  A − 90◦ is very small when the allowable channel length
is rather long, for example longer than 4 mm. At this condition,
the inﬂuence of entry ﬂow channel on the status of CBV is small
and the simulations of the allowable channel length are consistent
with the experimental data. When the channel length is smaller
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Fig. 4. Scanning electron microscopy pictures of a converging CBV sample: (a) the bottom view; (b) the top view; (c) the section view. The pictures are corresponding to the
part of the circle in Fig. 2. a – through hole; b – chamber wall; c – entry ﬂow channel.

than 4 mm, some results from simulation are different from our
experiments. It may be attributed to the constant corner pressure assumption that the pressure variation at the inlet of CBV is
ignored. The approach is reasonable when the valve’s performance
is affected more by the features of the through hole (expansion
angle, height and inlet diameter) than the characters of the entry
ﬂow. When the entry ﬂow speed increases and the height of the
through hole decreases, the effect of entry ﬂow becomes a dominant factor. For more accurate model, the effect of inertia item
should be included.

5.2. The operating characteristics of CBV
For a better insight on the operating characteristics of CBV, calculations were carried out by changing the sizes of through holes
and entry ﬂow channels. Here, we consider the valves whose diameters are larger than 100 m. For the applications of interest, the
burst pressure of the valves is more than 100 Pa, thus the inlet diameters of CBVs are smaller than 400 m based on Eq. (2). Considering
the thickness of the silicon wafer, the heights of CBVs are chosen
to be less than 200 m.

Table 1
The status of CBVs with different entry ﬂow channels.
Test group

CBV

Microchannel

Ca

CBV status

5
10
15
25

3.7 × 10−3
1.8 × 10−3
1.2 × 10−3
0.9 × 10−3

Burst
Burst
Work
Work

115
115
115

10
15
25

1.4 × 10−3
0.9 × 10−3
0.5 × 10−3

Burst
Work
Work

195
195

100
100

3
4

4.3 × 10−3
3.3 × 10−3

Work
Work

205
205

100
100

3
4

4.0 × 10−3
3.4 × 10−3

Burst
Work

Divergent angle ˇ/◦ (±1◦ )

Inlet diameter D/m

Hole depth/m

Width/m

Height/m

Length/m

1

15(−1)
15(+0)
15(+1)
15(+1)

215
215
215
215

120
120
120
120

210
210
210
210

115
115
115
115

2

18(+1)
18(−1)
18(+0)

90
90
90

110
110
110

105
105
105

3

2(+0)
2(+0)

205
205

183
183

4

−3(+0)
−3(+1)

215
215

90
90

Notes: Fluctuation range: ˇ ≤ 1◦ , w, D ≤ 5 m, h ≤ 1 m.
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Fig. 5. Inﬂuence of the length of entry ﬂow channel for different expansion angle
(the test liquid was DI water,  A = 8◦ ). a – experiment data for groups 1,2; b – experiment data for group 3.

Fig. 7. Inﬂuence of the height of the meniscus in a through hole ( A = 8◦ ; L = 2, 4 mm,
w = 200 m, h = 100 m for the entry ﬂow channel; Dinlet = 200 m for the through
hole).

5.3. The converging through hole CBV
For the entry ﬂow channels, the sizes are chosen with the height
from 50 m to 200 m, the width from 100 m to 800 m, and the
length from 1 mm to 20 mm. Based on Eqs. (3)–(4), the probable
ﬂow velocity ẋL at the end of channel is from 0.03 m/s to1.26 m/s,
thus the corresponding dynamic pressure item ẋL2 is in 0–1.6 KPa.
When the expansion angle is given, the maximum of allowable dynamic contact angle at the outlet of CBV is determined
by inequality (1). Based on Eqs. (4)–(8), the probable maximum
dynamic pressure item can be obtained when the others sizes (the
inlet diameter Dinlet and hole height h) of through hole are given,
as shown in Fig. 6. The allowable entry ﬂow speed is a continuous
decreasing function of the expansion angle. When the ﬂow speed
decreases to zero, which means the allowable channel length is far
out of the size limit of microﬂuidic devices, the cut-off expansion
angle ˇmax is obtained. In this condition, the allowable expansion
angle reaches its maximum when the ratio of Dinlet /h is smallest.
The value of ˇmax is about 20◦ (for the case of Dinlet = 100 m,
h = 200 m). As the simulation has a large deviation when the
length of channel is smaller than 4 mm, the corresponding dynamic
pressure item ẋL2 is smaller than 0.25 KPa. The qualitative description is shown in Fig. 6 that the valve with small ratio of Dinlet /h and
small expansion angle is good for a better performance of stopping
a ﬂow.

The variation of expression  + ˇ −  A − 90◦ at the liquid meniscus with the increasing of the height of the meniscus in the vertical
through hole is shown in Fig. 7. For a given entry ﬂow channel,
the allowable height of the through hole reduced rapidly when
the expansion angle decreased. In the case of that the entry ﬂow
channel is 4 mm × 200 m × 100 m (length × width × height), the
allowable height of through hole is smaller than 30 m when the
expansion angle is smaller than  A . When the length of channel
decreased to 2 mm, the CBV with the same expansion angle and
inlet diameter requires the larger height of through hole than the
case of 4 mm. Let us notice that the height and expansion angle of
through hole will not inﬂuence the status of CBV when the valves
have a converging through hole, ˇ < 0.
Based on the above analysis, a converging through hole CBV
is presented. Table 2 gives the experimental results for the valve
ability of converging CBVs. The valves with only 20 m height
worked effectively when the channel length is more than 4 mm
(correspondingly, ẋL = 0.5 m/s). There is a great agreement with the
simulation results obtained by constant corner pressure approach.
However, when the channel length is smaller than 3 mm, most of
the CBVs burst and the height from computation has a large deviation from the experimental results.
In fact, when the effect of entry ﬂow channel is ignorable, the
dynamic contact angle for a capillary ﬂow in a through hole is
usually smaller than 90◦ because the capillary is a driving force.
When ˇ <  A , the gating condition of CBV is fulﬁlled and the valve
does always work. When the channel length is short, the effect
of dynamic pressure becomes signiﬁcant and the dynamic contact
angle of liquid in a through hole can be larger than 90◦ . Thus, the
smaller expansion angle and the greater height of through hole are
required. Because the constant corner pressure assumption is no

Table 2
The status of converging through hole CBV with different entry ﬂow channels.
Dinlet (m)
W (m)

Fig. 6. Inﬂuence of the expansion angle (the unit of through holes is m).

100
100

200

200
100

200

400

400
200

400

800

L (mm)
√
√
√
√
√
√
√
√
5
√
√
√
√
√
√
√
√
4
√
√
√
3
×
×
×
×
×
2
×
×
×
×
×
×
×
×
√
Notes:
– CBV works; × – CBV burst. The height of the through hole is 20 m,
expansion angle ˇ = −60◦ to 0◦ ; the height of the entry ﬂow channel is 90 m.
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longer valid when the length of entry ﬂow channel is smaller than
4 mm, the predictions in these cases had poor agreements with the
experiment data.
6. Conclusion
In this study, the gating condition of through hole CBV with
an expansion angle is presented based on the contact line theory,
which is  + ˇ −  A − 90◦ < 0. The microﬂuidic devices are designed
to operate with the capillary-driven DI water ﬂow. A 1-D model
with constant corner pressure assumption is used to study the
valve performance of CBVs. When the characteristic size of the CBVs
and microchannels are a few of hundred micrometers, the simulations agreed well with the experimental results with a long entry
ﬂow channel that is longer than 4 mm which means the inﬂuence
of entry ﬂow is a small factor for CBV at this condition. Based on
the simulate results, the CBVs with smaller expansion angles have
better ability of stopping a ﬂow and the allowable maximum expansion angle should be less than 20◦ when the inlet diameter of the
through hole is larger than 100 m and the height is smaller than
200 m. A kind of converging through hole CBV is presented. The
valve can work efﬁciently when the entry ﬂow velocity is smaller
than 0.5 m/s and the height of through hole could be decreased to
20 m. Because the value of the expansion angle is not limited, the
converging CBV decreases greatly the difﬁculties of the fabrication
process.
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