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ABSTRACT

This paper presents the fabrication, analysis and op-
timization of a novel monolithically fabricated diaphragm
micropump, referred to as an in-plane micropump. Com-
pared to previous technology, the micropump in this pa-
per is fabricated to have all necessary components in
a single silicon layer. The actuation principle is elec-
trothermal expansion of a silicon V-beam, and its ex-
pansion is amplified through a lever structure to create
a greater diaphragm stroke. Either a check valve or a
diffuser is incorporated with a diaphragm to direct fluid
flow. The Deep RIE (Reactive Ton Etching) process is
used to fabricate the pump structure on a SOI (Silicon
On Insulator) wafer, and the electromechanical property
of the pump structure is characterized to estimate the
pump’s performance. Considering that minimization of
energy consumption is one of the critical design objec-
tives in micropumps, the design parameters of the pump
structure are optimized for minimal driving power.
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optimization

1 INTRODUCTION

Micropumps play a key role in microfluidic circuits
where nano or pico-liter volumes of fluid are delivered
and controlled. Low cost and low driving power are
important characteristics in addition to precision and
miniaturization in hand-held applications on biotech-
nology, drug discovery and drug delivery. In general,
diaphragm driven pumps have self-priming advantages
compared to electrically driven pumps, and a variety of
actuation principles, valve mechanisms and fabrication

processes have been used to build diaphragm pumps [1]-[4].

Most existing pump designs consist of multiple layers,
where each layer has a unique function, such as a di-
aphragm, a valve, or an actuator. However, multiple
layer structures require expensive wafer alignment and
bonding as well as externally assembled actuators, for
example, piezoelectric disks.

Monolithic design reduces fabrication complexity, and
also allows a small diaphragm and a pump chamber
therefore precision control of flow rate can be possible.
In the silicon micropump presented here, electrothermal

actuators are embedded. Electrothermal expansion pro-
vides higher force compared to electrostatic methods,
but in practice the stroke is not sufficient to achieve
the desired compression ratio. A high power source can
generate larger stroke but the trade off is higher energy
consumption. For this reason, we adopt a stroke amplifi-
cation mechanism to design pump actuation structures.
An important goal is to minimize the driving power,
and design variables are geometrical parameters of the
mechanism.

In this paper, we first describe a monolithic design
of the micropump, then modeling and optimization pro-
cesses are described.
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Figure 1: Hlustration of an In-Plane Micropump.

2 In-Plane Micropump

2.1 Fabrication of Micropump

A monolithic silicon micropump is illustrated in Fig-
ure 1. The pump die is composed of electrothermal actu-
ators, lever mechanisms, a pump diaphragm, and check
valves. The actuator consists the ribs of thin silicon,
so called V-beam, expands by means of Joule electrical
resistance heating. When electrical voltage is applied
to the actuator, the force caused by the rib’s expan-
sion pulls (or pushes) a rigid bar that is pivoted by a
thin flexible bar. The bars act as a lever mechanism to
amplify the motion of the actuator. Single or multiple
actuators can be used to add force, and this figure shows
the case of two thermal actuators for a diaphragm. The
magnitude of the diaphragm deflection affects the intake
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volume and the compression ratio, therefore a flexible
diaphragm is necessary in addition to a large stroke.

The pump die is covered with a glass plate to enclose
fluidic flow. A few micron step structure is engraved on
the cover plate to allow small gaps between the plates
and moving parts of the pump layer. Through-holes in
a cover plate are used for the electrical interconnections
of the pump, and backside through-holes are used for
fluidic interconnection between the pump chamber and
the outside.

Either a check valve mechanism or a diffuser can be
applied to this pump. Figure 2(a) shows a diffuser
at an outlet side (outlet port is not shown). The flow
path of an inlet port gradually increases, whereas, the
one of outlet port decreases. The inlet flow path is de-
signed to have a lower flow resistance when fluid flows
into the pump chamber during the diaphragm expan-
sion, but has higher flow resistance when fluid flows out
of the chamber during the diaphragm compression. On
the other hand, the output flow path has an opposite
characteristic. Accordingly, fluid can be controlled to
flow from an inlet port to an outlet port via the pump
chamber with repeated diaphragm motions.
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Figure 2: Fabircated diffuser and check valves. (a) Dif-
fuser at an outlet port. (b) A cantilever check valve. (c)
Active check valve (actuator is not shown).

Figure 2(b) shows a cantilever check valve mech-
anism that is passively operated by the pressure dif-
ference between the chamber and the ports. With a
slender cantilever, each check valve opens and closes the
inlet and outlet ports when the diaphragm expands and
compresses. As an alternative, an active check valve was
also considered as shown in Figure 2(c). It uses the same
design of electrothermal actuation. The check valve of
an inlet port is powered to open when the diaphragm
expands to increase the volume of the pump chamber.
The pressure drop due to the increased volume gener-
ates flow from the opened inlet port, which is located
under the moving part of a valve. The check valve for
the outlet port has the same configuration as the in-
let check valve, but it opens the port when the pump
chamber is compressed.

Figure 3 shows a fabricated micropump structure.
In this fabrication, two diaphragms with four actuators

are used in symmetry to maximize the compression ratio
(only one actuator and two diaphragms are shown).
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Figure 3: A fabricated micropump structure.

2.2 Structure Characterization

A preliminary experiment was performed to charac-
terize the actuation mechanism of the pump as shown
in Figure 4. Actuator dimensions are 12(W') x 100(H) x
1200(L)pum?, and the rib angle is 5.7 . The power con-
sumption is 2W for a serial connection of two actuators,
and the deflection of the diaphragm is 30um at 12V.
Figure 4(a) shows that the deflection of a diaphragm
increases until 16 volts, and decreases afterward as sil-
icon starts to melt at high temperature. In an effort
to reduce the driving power, modeling and optimization
are used to design the pump actuation structure in the
following sections.
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Figure 4: Characterization of pump actuation mecha-

nism. (a) Energy consumption. (b) Displacement of
diaphragm.

3 MODELING OF PUMP
STRUCTURE

The electrothermal actuator of silicon U and V shape
beams have been investigated in [5]-[7]. These models
use a one-dimensional heat conduction equation (1),

0*T (z,t) T(x,t) — T, 10T (x,t)
ky———= + J%p — Sk, : === :
Ox? e gh a Ot (1)
where, J, p, S, ks, ks, g, and h are current density,

resistivity, shape conduction factor, thermal conductiv-
ity of silicon, thermal conductivity of air, air gap, and
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structure thickness respectively. The radiation and con-
vection effects are ignored. Maloney [7] applied the flex-
ibility method [8] to solve the thermal expansion of the
one-dimensional V-beam structure of Figure 5. Based
upon his result, the thermal expansion § 4 of the V-beam
actuator is the function of flexibility coefficient matrices
fij and fo;, where f;; represents the displacement of a
point ¢ when a virtual force X; = 1 is applied, and fo;
represents the displacement of a point ¢ when all virtual
forces are zero except the applied thermal load. Repro-
duction of this result [7] is summarized as

6 = sipr (F4F - 3Xs)

1X:] = = [fis] ™ [foil

Fi = T [ S+ L]
fod=[ L — L o]"

where, [X;] is a 3 x 1, and f;; is a 3 x 3 matrix.

.

Figure 5: Silicon V-beam actuator with virtual force X;.

The flexibility method [8] is applied to obtain the
stiffness of a V-beam structure. When an external force
P is applied to a V beam structure, the displacement
due to this force is

T
fP- _ 5L3 + Lo? L%9 R (3)
0: 48ET EA EI EA 8ET

and the spring coefficient K 4 of the V-beam is,

L2 [XFL -t
Kq= L= _3xFP 4
4 [24EI( 3 O 3)} @

where, XF = [ [f37]-

Figure 6 illustrates the simplified beam model of
a pump, and equations (5,6,7,8) describe corresponding
spring constants of the mechanism. K; and K3 relate
the displacement of L5 and L; respectively when force
is applied at L;. Ky and K, relate the displacement
of Ls and L; respectively, when force is applied at Ls.
When the beams L, and L3 are designed to have a high
moment of inertia, i.e. I3, I3 > I, deflection is mainly
created by the bending of the beam L,4.
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Figure 6: Illustration of pump mechanism as beam
structures.
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When 0,,; defines the displacement of output beam Ls
without the diaphragm having any effect, diaphragm
deflection dp changes the output displacement §,¢ =

-1
Oout — Op = %6[)7 where Kp = [ i ] . By sub-

stitution of dy¢ = 2—?7 the diaphragm displacement due
to the applied force P4 becomes

LD
1-48E1

K,

(K2+KD)K1PA. ©

Sp =

Also, the force from the deflection of the diaphragm re-
act against the actuation force P4. When §;, defines
the displacement of the input beam L; without the di-
aphragm deflection, the actual displacement with the
diaphragm deflection 5;»” i8S 0jp — 04y = 34 — II((—Z(;D.
Substitution of ép using equation (9) gives

T KiKi(K2+KDp)

From the force equilibrium condition at the input
beam L1, i.e. Keqégn = K4 0;n, and the actuator dis-
placement condition § 4 = 5;n+ din, the actuation force
is determined as

—1
where, K¢, = [KLS KpK, ]

Ke4ba

Pa=Ky bip=Ky—0"
A A AKeq"‘Ka

(11)

4 OPTIMIZATION

The optimization goal of this study is to minimize
driving power, while achieving a desired pumping stroke
and force. As shown in equation (13), the cost function
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f(x) is driving power, V = woltage, I = current and
the optimization variables are,

x=[La, a,na,Va, Lo, L3, Lp] (12)

where, n 4, and V4 are number of the V-beams and ap-
plied voltage respectively.

Minimize f(x)

fx) = VI (13)
subject to

6Diaphragm 5desired

>
PDiaphragm > Pdesired
<

TActuator Tlimit-

In this optimization, two parameters, thickness = 100um
and width = 10um are fixed as fabrication constraints.
Also, the Ly is fixed to 100um, because ideally, a longer
beam allows greater deflection in the boundary of yield
strength. Desired displacement §g4esireq = 30um, force
Fiesirea = DmN and limit of temperature T};,,;: = 800K
are given as inequality conditions. The optimization was
performed by Matlab’s constrained optimization tool,
and its result was shown in Figure 4.
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Figure 7: Optimization result of pump actuation struc-
ture. (a) Angle, number of ribs and applied voltage. (b)
Length of beams. (c¢) Power, desired displacement and
force.

Compared to typical V-beam actuators that use very
small angle ( 4 =2 ~ 5 ), the optimization result gives
a larger angle 4 = 15 . The larger angle makes the
actuator stiffer so that the actuator can withstand the
reaction force of the lever mechanism. However, as the
angle becomes larger, the actuator displacement d4 be-
comes smaller. This problem can be solved by making
Lo smaller, while desired displacement is maintained.
The driving power is optimized to 1W from an initial
value 2W, and it is regarded that multiple solutions ex-
ist since the power remained almost constant after 120
iterations.

5 CONCLUSION

A novel, monolithic micropump design was intro-
duced. This approach offers the advantages of embedded
actuation and reduced fabrication complexity. We for-
mulated the design of pump actuation structure as an
optimization problem by the use of the electrothermal
V-beam actuator and lever amplifying mechanism. The
result of this work shows that pump driving power can
be reduced with optimized micropump structure design.
Further study on optimization including fluid flow in the
pump is on going, in addition to prototyping.
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