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Abstract

In this paper we present two different methods for a passive flow switching valve on a centrifugal microfluidic platform, which controls the
direction of a flowing liquid at a junction where a common inlet and two outlet channels meet. Switching of the flow can be performed either
by relying on the Coriolis force that changes its pointing direction, perpendicular to the flow direction, with the rotational direction of a disk in
a double layered arrangement at a symmetrical junction, or by means of the fluidic capacitance of an air pocket trapped between two fluids at a
non-symmetric junction. This flow-switching valve, when combined with affinity-based separation techniques (e.g., adsorption of DNA on a silica
matrix, followed by elution), has great potential in rapid bioassays and biomedical diagnostic applications that require the extraction of specific

target biomoleclues.
© 2007 Published by Elsevier B.V.
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1. Introduction

There is a wide interest in micron-scale integrated chemi-
cal/biochemical analysis or synthesis systems, also referred to
as lab-on-a-chip [1] systems. Essential tasks required in these
devices are sample transport [2—4] and separation [5,6] as lig-
uids need to move through fluidic paths for reaction (i.e., mixing
of sample and reagent) and detection. Those tasks are carried
out through carefully controlled pumping and valving events.
Extensive efforts have been made to develop simple and reliable
micro pumping/valving schemes [7-9] that can be employed in
microfluidic systems for chemical and biological analysis. Most
integrated microfluidic systems rely on valves that are capable
of accurately controlling fluid flows within the fluidic networks.
In general, microvalves are categorized into two types: active
valves [10-12] and passive valves [13,14]. Active valves are
often robust and reliable but typically require moving parts and
external actuation mechanisms that make the system inherently
more complex and difficult to integrate. Alternatively, passive
valves are simpler in operation and more convenient to use in
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integrated systems in that the operating principle of those valves
is based on liquid—surface interactions (i.e., hydrophobic and
hydrophilic) and specific geometric designs. This type of valves
has been widely used for controlling the release and flow of
liquids on a centrifugal fluidic platform [15,16]. A large num-
ber of the microvalves that have been developed, however, only
feature a stop/release function while there has been an increas-
ing demand for more sophisticated and versatile microfluidic
functions to perform more complicated tasks.

In this paper, we introduce a centrifuge-based microfluidic
valve that controls the direction of liquid flow at a junction com-
prising a common inlet and two outlet channels. The switching
valve is intended not only to keep a liquid in a reservoir on a
microfluidic disk at rest but also to move it only into a selected
chamber during rotation of the disk. Here, we present two differ-
ent methods of flow valving: Coriolis force in a double-layered
structure having wider and thicker outlet chambers (Fig. 1) and
fluidic capacitance of an enclosed gas pocket in a channel struc-
ture in which two outlet channels are non-symmetric and have
different entrance widths (Fig. 5).

These centrifuge-based switching valves have great poten-
tial in the fields of clinical diagnostics and biological analysis
where specific biomoleclues must be separated from a complex
mixture.
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Fig. 1. Illustrative view of two types of forces (centrifugal and Coriolis) acting
on aliquid flowing through a microchannel on arotating disk and a SEM image of
adouble-layered junction coupled at one end to an inlet channel (and a reservoir)
and coupled at another end to two symmetric outlet chambers.

2. Materials and methods
2.1. Fabrication

Polydimethylsiloxane (PDMS) has attracted enormous inter-
est for prototyping of microfluidic devices as various structures
such as microchambers and microchannels can be easily molded
using PDMS replicating techniques [17]. SU-8, a negative tone
photoresist, has been widely used as a master mold for the PDMS
replication due to its excellent ultraviolet (UV) transparency
facilitating the fabrication of high aspect ratio structures [18]
using standard UV lithography.

In our current application, an SU-8 mold having double layer
was fabricated using SU-8 100 (Microchem Inc.) on a 6in. Si
wafer (Addison Engineering, CA). The first layer (160 pm thick)
comprising reservoirs, inlet channels, and alignment marks, was
processed up to the UV exposure step immediately followed
by spin-coating of the second layer (270 wm thick). This pro-
cedure was adapted after our observation that spin-coating of
SU-8 resist for the second layer over the first layer that was
already developed, causes severe topology problems such as
non-uniform thickness and uncovered regions around the exist-
ing structures. Note that the prebake step of the second layer
substitutes for the post exposure bake of the first layer. Since
cross-linked SU-8 has a lower optical transparency than the
unexposed surroundings, the alignment marks buried in the
unexposed second layer of SU-8 can be readily observed. The
two layers were then exposed to UV light to form outlet cham-
bers (430 pm thick) and were developed after the post exposure
bake.

The PDMS precursor and curing agent (Dow Corning) were
mixed thoroughly in a weight ratio of 10:1. After degassing the
mixture in vacuum, it was poured and cured on the SU-8 master
mold with a rim fashioned around the substrate to contain the
liquid PDMS. A microfluidic disk was completed by sandwich-
ing the micromachined PDMS sheet between two polycarbonate
disks with an adhesive film.

2.2. Flow valving: Coriolis force

Until recently [19-21], the Coriolis force has not been exten-
sively explored for microfluidic functions, as opposed to the
centrifugal force which has been dominantly cited as a fluid
propulsion mechanism in a centrifuge platform. In fact, a rotat-
ing microfluidic disk generates two types of inertial forces acting
on the moving liquid in its fluidic path: a centrifugal force in a
radially outward direction and a Coriolis force perpendicular to
flow direction as shown in Fig. 1. The transversal Coriolis force
is exploited to switch the flow direction of the liquid in what we
call “passive flow switching valve”, by changing the rotational
direction of the disk. Fig. 1 also shows a double layer arrange-
ment of a junction coupled at one end to a common inlet channel
and at the other end to two outlet chambers. In this section,
we present a 3-dimensional analysis of the flow rate of liquid
(2-dimensional analysis was performed in the previous works
[19-21], i.e., by taking an infinity for the channel depth) arriv-
ing at the junction and experimentally find a minimum angular
frequency at which the flow valving is always ensured.

2.2.1. Navier-Stokes equations in a rotating frame of
reference

For a rotating system, it is often convenient to observe the
system from a center of the rotation (i.e., an origin of the rect-
angular coordinates revolving on an axis of the rotation). The
result of being in such a non-inertial frame is the appearance of
two fictitious forces—centrifugal and Coriolis forces.

The position and velocity vectors in a rectangular coordinate
system are defined as:

F=2(k) +x(0) + () M
it = u(k) + v(i) + wij) )

where k, ;, and ; are the unit vectors with each parallel to channel
length, width, and depth, respectively, and have their origins at a
point where the axis of the rotation and the center of the channel
cross-section meet (see Fig. 2). Suppose our disk is rotating at
a constant angular velocity of @. Then, accelerations measured
from the two different frames are related by:

EZFZZIR+(I)X(LT)X?)+267)XQR 3)

where @ X (@ x r) is the centrifugal acceleration, 2w X ug is
the Coriolis acceleration, and the subscripts F' and R denote the
“fixed” and “rotating” reference frame from which quantities
are measured, respectively.

The two non-inertial accelerations can be converted to:
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The Navier—Stokes equations in a rotating frame of reference
are then written as:
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2.2.2. Scaling analysis
In dimensionless forms of the governing equations, one can
identify a group of dimensionless parameters that play an impor-
tant role in determining a flow field and thus obtain a reduced
form of the equations by casting relatively unimportant terms.
This can be achieved by non-dimensionalizing the equations.
The characteristic quantities are listed as:

- Characteristic dimensions: L (radial distance of channel out-
let), Wy (channel width), and Dy (channel depth). Note that
Ly is much greater than Wy or Dy (i.e., Lo > Wy, Do).

- Characteristic velocities: U, (velocity in z-direction, i.e.,
downchannel velocity), V. (velocity in x-direction), and W,
(velocity in y-direction).

- Characteristic pressure: P, = pa)zL%.

The dimensionless variables are defined as:
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Fig. 2. Schematic diagram of a liquid being pumped through a rectangular chan-
nel embedded in a disk spinning at an angular frequency of w. The dimensional
parameters associated with finding the maximum velocity of the moving liquid
are as follows: z; and z; are the inner and outer radii of the liquid extent, respec-
tively; the rectangular channel has the width of 2W and the height of 2D, and H
is the “head” of liquid in the reservoir. Note that the head loss due to the liquid
fed up to the junction is ignored for convenient analysis.
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The dimensionless continuity equation is written as:
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Conservation of mass requires that all coefficients in Eq. (8)

be of the same order of magnitude.
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The dimensionless form of Navier—Stokes equations in the
rotating reference frame can be written as:

2
( Ue ) {Conv.*}—Z( Ue ) (WO>U —z*
wLg wLg Lo
P Ue \> (Lo (1
= o *(m) (m) (Re)
Qs
2 U, Wo\ . [(Wo\?.,
(555) (22 wemeo () (72) - (1)
3 ap*+< )( ) 82v*+<W0)282v*
T oxt wLo ) \wLy? Ox*2 Do) 9y

(11)
Us \*( Do\*
¢ 20 (Conv.¥)
wLg Lo
oP* U Dy v
ay* wLg Lo wLy
Dy 292w N 2w* (12)
x - 7
Wo 9x*2 ay*Z

where Uc/wLy is the ratio of downchannel velocity to cir-
cumferential velocity of liquid at channel outlet, Comv.” is
the non-dimensionalized convection term of the Navier—Stokes
equations, and Re is the Reynolds number (=U.Dy/v). In Table 1,
we compare the coefficients in Eq. (10) and point out that the
convective and Coriolis acceleration terms are approximately 1
or 2 orders of magnitude smaller than that of the viscous term
which is approximately of order 10~!. All coefficients in Eqs.
(11) and (12) also are at least 3 orders of magnitude smaller than
those of the pressure gradients. Therefore, the dimensionless
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Table 1
Comparison of coefficients in Eq. (10) with respect to angular frequencies

*

2
Angular frequency, o (rads~!) Convective term: ( Ue )

Coriolis term: 2 (wl]L"o) (VLV—(‘]’) Viscous term: (wUL“O)Z (ZLT(;) (é)

wLq
40 3.00E—-03
50 4.68E—03
60 6.74E—03
70 9.18E—-03
80 1.20E—-02
90 1.52E—-02
100 1.87E—02
110 2.27E—-02
120 2.70E—02

1.11E-03 0.11
1.38E—-03 0.11
1.66E—03 0.11
1.94E-03 0.11
2.22E-03 0.11
2.49E-03 0.11
2.77E—-03 0.11
3.05E-03 0.11
3.32E-03 0.11

*Uy is a mean velocity and is calculated based on Eq. (19).

Navier—Stokes equation can be reduced to:

0P (U Lo\ (1 Bzu*+82u*
©= dz* wLg Do Re x*2  gy*2
oP*
ax*t
oP*

=0
ay*

13)

As seenin Eq. (13), the relative contribution of the convective
and Coriolis forces is so small in the range of our test frequen-
cies (i.e., 40-120 rad s~ !) that those terms can be ignored during
the scaling analysis. However, Eq. (13) is only valid for mod-
erately low angular frequencies of the disk because the size of
the convective and Coriolis terms will rapidly grow similar to
that of the viscous term (i.e., order of 10~!) at elevated angular
frequencies. Note that U, and Re depend on w.

2.2.3. Computation of liquid velocity

In computing the velocity of the liquid flowing though a
rectangular microchannel on a rotating disk as seen in Fig. 2,
the followings are assumed that the channel entrance effect is
negligible and that the disk is accelerated rapidly enough to a
constant angular velocity so that transient effects can be ignored.
The Navier—Stokes equation in the non-inertial system is then
reduced to:

5 P Fu N Fu 14
oz = —— R W
pez dz M\ a2 9y?

where z is the radial distance from the center of rotation, p the
density, and u is the viscosity of the liquid. Eq. (13) indicates that
the velocity (u) is independent of z (i.e., u = u(x, y)). Integration
of Eq. (14) over z from z; to 72 gives:

82u+82u _1apP w2__C a5)
2 9y u Az p =0

where Az is the radial extent of the liquid (Az=2z, — z1), Z is the
average distance of the liquid extent from the center of rotation

w2z, 4 &
Umax = u(0,0) = ja) (1 — Z

(z = (z1 +22)/2), and Cy is a constant. To get a solution, we
let:

u(x, y) = up(x, y) + up(x) (16)

thereby decomposing Eq. (15) into two separate equations:

R2up  0%uy
a2 Tz 0
Y (17)
Bzup
= CO
ax2

By applying the following no-slip and symmetry boundary
conditions:

u(x,D)y=20

u(W,y) =0

*0,3)=0 (18)
0x

ou

87})()67 0) =0

The velocity distribution of the liquid flowing through the
microchannel is then obtained as:

mw=%w—w>

2CH & (="
W= A3 - cosh (A, D)

A +1 il
= n —_ —_—
" 2/ W

Here, we further assume there is no net pressure drop across
the liquid extent (i.e., Pj=P,=P, where P, is ambient
pressure) although a local pressure gradient does exit. The
maximum velocity occurs at the center of the channel cross-
section:

- cos(A,x) - cosh(X, ),
(19)

O > (20)
(n+1/2)° - cosh((n + 1/2)xD/ W)

3
T
n=0

F(D/W)
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where F(D/W) represents a geometrical factor depending on the
aspect ratio D/W of the channel cross-section. We now compute
the Coriolis force (feor = —2p@ x ut) of the liquid reaching the
junction using the maximum velocity in Eq. (20), and centrifu-
gal force (feen = — pw?7) based on its radial distance from the
center. The ratio of the Coriolis to the centrifugal force is found
as a linear function of angular frequency of the disk:

}cor D 25
e _p(2y Wz, @1
Jeen W/ ven

In Fig. 3, Coriolis-to-centrifugal force ratios calcu-
lated using channel dimensions (D=80pum, W=215um,
71 =29 mm, zp=42.5mm) and kinematic viscosity of water
(1.0 x 107°m? s 1) are listed in parenthesis below the corre-
sponding angular frequencies. Fig. 3 also shows that the flow
switching valve starts performing at an angular frequency of
80rads~!. At this frequency, the entire flow past the junction
bends to an intended outlet chamber with about 50% success
rate. This is a significantly reduced frequency compared to the
threshold frequency (i.e., 350 rad s~ ') measured in the previous
work [19], which is made possible due to our unique junction
geometry.

Above 90 rad s~ ! (the force ratio of 0.47), the switching valve
allows the liquid in a common reservoir to flow only to an outlet
chamber located to the left of the junction for a disk spinning in
a counter-clockwise direction. The flow would be to an outlet
chamber located to the right of the junction for a disk spinning
in the clockwise direction as shown in Fig. 4.

2.3. Flow valving: fluidic capacitance

Often, working with hydrophobic surfaces in microflow is not
very convenient, especially when the objective is the mixing of
two liquids. The reason is that an air pocket [22] may be created
around the junction where the two liquids meet, thereby prevent-
ing the mixing unless they reach the junction simultaneously.
We can, however, take advantage of the air pocket trapped in the
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Fig. 3. Ratio of the liquid level filling a selected reservoir to the sum of fill-
ing levels in both reservoirs versus angular frequency. The ratio is chosen as
hy/(hy, + hg) for counter-clock wise rotation of a disk, where A, and hg are the
liquid levels measured in the reservoir located to the left/right of the junction,
respectively. The Coriolis-to-centrifugal force ratio for corresponding frequency
is shown in parenthesis. Three different shapes of marks (i.e., ¢, H, @) indicate
“non-working”, “intermediate”, and “working” states, respectively. At the non-
working state, a liquid hits the tip of separation wall and splits into two streams
due to insufficient Coriolis force impact. The intermediate status is a transition
point where Coriolis force becomes influential to make a liquid flow bend but
is not large enough for complete flow switching. Thus, both non-working and
working statuses co-exist in this regime. Entering the working state, liquid flows
are directed into an intended outlet chamber without showing any liquid split,
which is referred to as 100% liquid switching in the context. The angular dis-
tance between liquid flow and separation wall increases with increased angular
frequencies.

channel as another means for switching the direction of flow.
Fluidic capacitance mediated by an air plug can be generated
between two liquids sequentially fed into a common channel.
This capacitance is maintained through a channel-chamber cou-
pling that allows the centripetal pressure exerted on the first
liquid to hold up the capacitance.

As shown in Fig. 5, the junction has a non-symmetric configu-
ration: a main channel (wide and straight) and a branch channel
(narrow and tilted). Due to the larger capillary barrier devel-
oped at the entrance of the branch channel, a disk spinning at

3

Fig. 4. Still images of disks performing flow switching: (a) disk spinning in counter-clockwise direction at 180rads~!; (b) disk spinning in clockwise direction at

200rads~!.
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Fig. 5. Illustrative view of the second liquid being pumped into a non-symmetric junction on a rotating disk, following the first liquid filling the first (right) chamber.
The monometer model on the right depicts a static pressure balance for the liquid—air-liquid arrangement under centrifugation. P is the centrifugal pressure, P is

the capillary pressure, Py is the gas pressure, and P, is the atmospheric pressure.

52rads™! drives the first liquid only through the main channel
without crosstalk with the branch channel shown in Fig. 6(a). A
small amount of excess liquid occupies a short portion (i.e., the
same level as 73 in Fig. 5) of the main channel coupled to the first
chamber at this stage. Afterwards, during the introduction of the
second liquid, the excess amount of the first liquid is pushed
down to a lower level (i.e., r4 below r3 as shown in Fig. 5).

In the conventional analysis of centrifuge-based fluid propul-
sion [16], the balance of centrifugal pressure (P.) induced by a
spinning disk and the capillary pressure (Ps) that arises at the
junction due to interfacial tension has been considered. How-
ever, the gas pressure (Pg) has not played a part in the pressure
balance due to the existence of air vent holes connected to the
participating chambers. In our case, when the second fluid is
pumped in, the gas pressure at the radial distance r, (see Fig. 5)
is expressed as:

Py =Py = pw’ - Arjy-Fia + Py — P (22)

with Arjp=ry —r1, 712 = (r1 +r2)/2, and Ps=4y cos 6/Dy
where y is the surface tension, 0 the liquid contact angle, and
Dy the hydraulic diameter (Dy =4A/P, A is the cross-sectional
area and P is the perimeter of the rectangular channel). Py is the
pressure in the air pocket trapped in the channel and is assumed to

be uniform. P, is the atmospheric pressure. From the monometer
model describing the liquid—air-liquid arrangement in Fig. 5, the
Pg at the radial distance r4 is given by

Py = Py = pw’ - Arss-Faa+ Py — Py (23)

with Arszg =rq4 — r3 and 734 = (3 4+ r4)/2. Note that there is no
net effect of the negative capillary pressures on the gas pressure
as the dimensions (cross-section) are constant along the main
channel.

Equating Eqgs. (22) and (23) gives a critical condition for pre-
venting the second liquid from flowing through the main channel
that is obtained as:

Aryp - P12 = Arsg - T34 (24)

As mentioned earlier, the level of the excess liquid in the main
channel moves down until Eq. (24) is satisfied. Upon satisfying
this condition, the second fluid will not proceed further into the
main channel and thus will be redirected to an alternate path,
the branch channel—resulting in flow switching. The air pocket
becomes compressed during this process but its compression
rate is negligible at the operational frequencies required for the
flow switching. Fig. 6(b) shows the instant of flow switching of
the second liquid by the fluidic capacitance of a trapped air plug.

Fig. 6. Fluidic capacitance method for flow switching (a) the first liquid is pumped through the main channel without interacting with the branch channel (b) the
second liquid flows into the branch channel due to the fluidic capacitance of a trapped air pocket.
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(a)

(b)

Unwanted liquid

Fig. 7. Flow switching in a planar junction of symmetry for a disk spinning in counter-clockwise direction at 310 rad s~!. Dimensions of channel, chamber, and their

radial locations are identical to those of the double-layered disk.

3. Results and discussion

We investigated two different schemes of valves for switch-
ing of liquid flow in a centrifugal platform that enable a fluid
being pumped to flow solely into a selected path in a junction
where acommon inlet and two outlet channels meet. The key fea-
ture of Coriolis force-induced method lies in the double-layered
junction structure that consists of a common inlet channel (i.e.,
narrow and thin) and two symmetric outlet chambers (i.e., wide
and thick). Such an arrangement plays an important role in per-
forming the flow valving with the following advantages: (1)
a flow past the junction arises only at the surface of sealing
material, thereby making the flow more easily bend to a desired
chamber due to reduced contact area of the fluid, (2) Coriolis
force can also be maximized with the significantly increased flow
rate at a given angular frequency of the disk, and (3) any intro-
duction of liquid into an unintended channel that often occurs
in a planar junction structure (see Fig. 7) can be prevented. This
is an essential requirement for the flow-switching valve to be
used in bioassays where specific target materials need to be sep-
arated since any unwanted liquid remaining serves as a source
of potentially serious contamination. As shown in Fig. 8, the
comparison of two disks with different junction structures (say,
2D versus 3D) for flow switching performance shows that unbal-
anced liquid splits were observed in the planar junction disk that
rotated even at a highly elevated frequency of 310rads~!. This
result is in disagreement with the previous work [19], which can
be attributed to difference in channel geometries and surface
energy of the substrates. But, it appears to be extremely diffi-
cult to divert all the liquid into only a designated outlet of the
planar junction on a PDMS substrate. On the other hand, in a
double-layered junction, an entire flow can be switched simply
by changing a rotational direction of a disk which spins above
the threshold frequency.

But, a disk spinning just above the threshold frequency inher-
ently exhibits a residual liquid plug at the end of inlet channel
due to a capillary pressure developed at the junction. In order
to remove the residual liquid problem, the disk is required
to spin at higher frequencies and our empirical observation

showed that no liquid plug remained beyond a frequency of
180rads™!.

The fluidic capacitance method depends little on the angu-
lar frequency but requires careful geometrical consideration
to determine a flow path in a planar junction structure. Its
performance entirely relies on the following conditions: (1) non-
symmetric channel geometry (i.e., different width and tilting
angle), (2) sequence of liquid pumped to its designated cham-
ber, and (3) pressure balance in liquid—air-liquid arrangement.
Also, the volume of the first liquid should be carefully controlled
in conjunction with the first chamber (e.g., shape and radial posi-
tion) such that an excess liquid can occupy a short portion of the
main channel coupled to the first chamber when the first liquid
is completely pumped down. This is to set up liquid—air-liquid
arrangement during the introduction of the second liquid. As
soon as the arrangement is formed, the excess liquid is pushed
down until a critical condition (i.e., Eq. (24)) is met, which
results in switching of the second liquid into a branch channel.

This method inherently leaves a tiny liquid plug in the main
channel (i.e., a part of the second liquid extending from the
branch channel entrance to the top of air pocket, see Fig. 6 (b))
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Fig. 8. Comparison of planar (2D) and double-layered (3D) junction structures
for the ratio, iy /(h1, + hr). Both disks spin in a counter-clockwise direction at
310rads~!.
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at the end of the switching event. Its volume roughly amounts
to 6% of the second liquid’s volume. Note that this remaining
liquid would not be regarded as a source of contamination for
subsequent applications but represent a slight loss of anticipated
material (e.g., eluted DNA in solid phase DNA extraction). Our
experimental observation shows that flow-switching tests (n =4)
were all successful.

4. Conclusion

A valve for switching the flow of a liquid was demonstrated
on a centrifugal microfluidic platform. Two different approaches
were introduced: Coriolis force and fluidic capacitance. The
Coriolis force-based method relies on the frequency and direc-
tion of a rotating disk with a double-layered symmetric junction
while the fluidic capacitance method takes advantage of the
centripetal pressure acting on the first fluid filling the main chan-
nel and the connecting chamber in a non-symmetric junction
arrangement.

We anticipate that the combined use of these flow switching
valves and affinity-based separation techniques (e.g., adsorp-
tion of DNA on a silica matrix, followed by elution) will
have great potential in rapid bioassays and biomedical diag-
nostic applications that require the extraction of specific target
biomoleclues.
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