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Abstract

A novel electrostatic micromachined pump for medical applications is designed and simulated. The proposed structure for the micropumg
consists of an input and an output port, three membranes, three active membrane valves, microchannels, and three electrostatic actuati
systems. Pumping mechanism of the proposed micropump is based on the peristaltic motion that has some advantages, such as high cont
lability and precision, over the other mechanism that makes it suitable to be used for the medical applications. Electrostatic actuation ha
been employed for the deflection of the membranes because of its benefits, such as the smaller size of the device in comparison with the oth
types, especially piezoelectric counterpart and so on. Employing active membrane valves instead of passive check valves resolves some
the problems, such as valve clogging and leakage. The designed micropump satisfies all medical drug delivery requirements, such as drt
compatibility, flow rate controllability, self-priming, small chip size, and low power consumption. The flow rate of the designed micropump
is 9.1pl/min which is quite suitable for drug delivery applications, such as chemotherapy. Total size of the designed micropumpxis 7 mm
4mm x 1 mm, which is smaller than the other peristaltic counterpart micropumps. Assuming zero residual stress, low actuation voltage, anc
small size are the main advantages of our design. The designed micropump is simulated by the finite element method, using the ANSYS 5.
software.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction A number of medical devices and systems, such as blood
pressure sensors, microneedles, glucose sensor, DNA ana-
Micromachining technology is the miniaturization lyzing system, etc., are designed and fabricateq.
technique for manufacturing devices and systems, using Micropump is one of the MEMS devices, which can be
integrated circuit (IC) fabrication process, such as etching, used for drug delivery applications. This device as the main
bonding and so on. Micro electro mechanical system part of a drug delivery system transfers the fluid (drug) from
(MEMS) has been opened new thrusts into the world and the drug reservoir to the body (tissue or blood vessel) with
make it possible to fabricate small size devices and systemshigh performance, accuracy, and reliability. Small size and
with high functionality, precision, and performance. Based high precision of micropumps have made them useful for
on these characteristics, MEMS devices and systems havechemotherapy, insulin delivery for diabetic patient, and drug
found some applications, such as automobile, aerospacegdosing for cancer patient and so [&}.
communication, medical, etc. Inthis paper, the theory of the pumping mechanism and ac-
tuation method for drug delivery micropumps are discussed.
* Corresponding author. Tel.: +98 441 3457455; fax: +98 441 3454842, | € NOVel structure of our design and its simulation results
E-mail addresseans0062@mail.urmia.ac.ir (M.M. Teymoori), are also presented, which show good compatibility with the
e.abbaspour@mail.urmia.ac.ir (E. Abbaspour-Sani). drug delivery requirements.
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2. Drug delivery micropumps 3. A novel micropump: design

Micropumps, like the advanced micromachined devices, Based on the medical parameters mentioned in the previ-
are the best candidates for drug delivery application. A num- ous section, we propose a novel structure for the microma-
ber of medical micropumps based on different actuations chined pump. The three-dimentional structure of the microp-
and pumping mechanisms have been designed and fabricatedmp is shown irFig. 1a.

[4-6]. As shown in theFig. 1b, our structure consists of three

Drug delivery micropumps must satisfy seven important layers: glass, Si substrate, and membrane part. Membrane
requirements, which arfy]: drug compatibility, actuation  part includes three active valves on top of the membranes,
safety, flow rate, self-priming, chip size, controllability of microchannels, three electrostatic chamber (air gap), input,

flow rate at all times, and power consumption. and output ports, which are schematically shownFig.
A drug delivery device (micropump) must not introduce 1c. Working principle of the proposed micropump is based
any toxic particles into the drug and vice ve{8a Further- on the peristaltic motion which is schematically shown in

more, the actuation mechanism of micropump must not dam-Fig. 2 and has some advantages over the other pumping
age and electrolyze the drug. Since, the magnetic field andmechanism, such as individual actuation of each membrane.
thermopneumatic actuation can affect the drug qufgitQ], The scalability, fast mechanical response, bi-directional flow
mechanical micropumps, such as piezoelectric and electro-capability, and low power consumption of the electro-
static types are suitable for this purpose. static actuation enforce us to employ it for our designed
The flow rate of the drug delivery micropump must be micropump.
in the range 10-10Ql/min. However, the general flow rate Active membrane valve is used for flow—stop capability
of the medical micropumps is consideredulimin [11]. It of our micropump, which is depicted iRig. 3. This type
should be noted that the flow rate of medical micropumps of valve is firstly used by Cao et gl12] and do not have
must be controlled at all times. the problems of the two-passive check valves, such as valve
Self-priming characteristic, which describes the ability of clogging, breaking, and leakage. As shown infiig 3, ac-
a micropump to fill itself completely with liquid without any ~ tive membrane valve consists of two parts: membrane and
additional measures, can be achieved by large stroke andsealing part, which is attached to the membrane. This part

small dead volume. is normally fixed on the input and output ports and provides
For the medical applications, the chip size and power con- normally closed conditions for micropump. The active part
sumption of the micropump should be reduced. deflects as soon as membrane is deflected.
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Fig. 1. (a) Three dimentional schematic of the proposed micropump (@hssSi substratel); gold pads[1); membrane parill)). (b) Three layers of
proposed structure (gladllj; Si substratel1); gold pads[1); membraneld); microchannell1)). (c) Cross-section of the proposed micropump (A-B view)
(glass @); Si substrate[]); gold pads[1); dielctric (l); membranel)).
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Fig. 2. Working principle of proposed micropump (glal)( Si substrate[]); gold pads[1); dielctric (l); membranel)).

Since Cao eta]12] had used piezoelectric discs forthe ac- whereAis the effective plate are¥, is the threshold voltage,
tuation, total size of the micropump was very large. However, gg is the gap between two electrodesis the permittivity
our designed micropump employs the electrostatic actuation,andK is the mechanical spring constant. For our desfgn,
so we can decrease the size of membranes to desired valué.5 mmx 1.5 mm;go =4 um, ands = 8.854E-12. To reduce
and achieve small size micropump. the threshold voltage, which is one of our aims, the best way
Our designed micropump satisfies all medical parametersis to reduce the spring constant of the membra@e (
mentioned in the previous section. The suggested materials To determiné/y,, the mechanical spring constant must be
for fabrication are: polysilicon, glass, SiOAuU and SgNgy, calculated. The governing mechanical equation for a com-
which have chemical stability and drug compatibility char- pletely all sides-fixed rectangular membrane with uniform
acteristics. It also employs the active membrane valves for thickness i§14,15}
flow handling and controlling. Since, the electrostatic field is
applied outside the microchannels, the hydrolysis problems Doh3Ag(x, y) — Toh Ag(x, y) = p(x, y) (2)
are prevented. Dead volume of our proposed structure is very
small and the compression ratio (stroke volume/dead volume)where:
is almost 0.8 which guarantees the self-priming capability of
the designed micropump. Total size of our designed microp- p, — =
umpis 7 mmx 4 mmx 1 mm, which is smaller than the other 12(1-v?)
peristaltic micropumps.

3)

Active valve on top
of the membrane

4. Analytical considerations
4.1. Static analysis

Suppose that an external voltagé {s applied between
two electrodes, the first one is fixed and the other is a thin and | >
flexible film. The relationship between the applied voltage
and the mechanical spring constant is express¢ti3s

Membrane

Vih = 0 (1) Fig. 3. Active membrane valve (membrai%)).
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PO Three membrane
P()C, y) = (1 _ (LU()C, y)/go))2 (4) (back view of membrane part figl-b)
gV?
Po=— (5)
2g5

and A = (3%/0x2) + (9/9y?), whereDy is the mechanical &
rigidity, E the Young’s modulus of the membranghe Pois- ~
son’s ratio,Tp the residual stress on the membramé, y)

the deflection of the membrarethe air permittivitygo is the

gap between two electrodes, gi#, y) the electrostatic pres-

' S
sure. Solvingeq. (2) the spring constant can be calculated ;. hrane supports iy . /

as below:

6 ER® )
a2(1 — v2) Fig. 5. Degrees of freedom of three membranes (membEyeembrane

. . . support[1)).
As shown in theEg. (6) the mechanical spring constant of

the membrane depends on:

K=6

() Material property of the membrarte (Young'smodulus, 4.2, pynamic (frequency) analysis
v: Poisson’s ratio)

(b) Membrane dimensiora(length,h: thickness) To evaluate the dynamic response of the membranes, tran-
(c) Membrane’s side degrees of movement sient analysis is necessary. The governing dynamic equation
(d) Load position for a completely fixed membrane with voltagé) (applied

Due to good mechanical and electrical characteristics of Petween the membrane and the fixed electrode is:
the polysilicon, such as high yield strength, itis selected asthe 42 97 80AV$2
membrane materidlL6]. Since, we prefer to design a small mﬁ + bg KZ = 285 (7

size micropump, therefore, it is not a good idea to increase
the dimensions of the membrane for decreasing/the-ur- with the initial conditions ofZ(t = 0) =0, @Z(t = 0)/dr) =
thermore, reduction in the thickness of the membrane will de- Qwheremis the effective mass of the membrah¢he damp-
crease its lifetime. Therefore, the only remaining possibility ing coefficient and/s is the applied voltage. Assumittig= 0
is to increase the membrane degrees of freedom to decreasgho damping)Z(t) is calculated as:
the threshold voltage. So, we proposed the “Two sides com- 5
pletely flxed and the other two sides semi-free” structure for Z() = €OAVZs (1 — cosgor)) @8)
our design as shown irigs. 4 and 5 2Kgg
Classic solution oEg. (2)with our initial movement con-
ditions is almost impossible. However, there are numerical Wherewo = /k/m
and finite element methods (FEM) to calculate its mechani-  APPIlying the conditions oZ(t = ts) = go gives the switch-
cal spring constant. Since, the degrees of freedom of our pro-ing speed as:
posed structure is increased, therefore, the spring constant Vin
of it has decreased, which is our main goal. Therefore, the s = 3.65
threshold voltage of our structure is smaller than the similar
structure with all sides fixed. whereVy, is the threshold voltage andy the resonant fre-
Active valve on top of the membrane quency of the structure.
/ Sometimes it is necessary that the flow rate of micropump
must be greater than our designed flow rate. To achieve a
higher flow rate, the best way is increase the pumping fre-
quency. Generally, two factors affect the high frequency ap-
plications of electrostatic actuators:

9)

sw0o

(1) Natural frequency of the structure,
(2) Damping force of the electrostatic chamber.

Each structure has natural frequency, which limits its ac-
tuation frequency. Air damping force can also affect the actu-
Fig. 4. Membrane edges degrees of freedom (membillje hembrane ation frequency of the electrostatic actuators. To resolve this
support @)). problem, usually some holes are created on the membrane

Free edges
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[17]. The air is passed through these holes during the mem-[z ———— ANSYS
brane deflection and the resistant energy is reduced agains| s e

the actuated energy. Because of the medical application of| Z&" e
our designed micropump, creating holes on the membrane| & =i
is not possible. However, we can use the bottom electrode

and the sacrificial layer removal holes for this purpose. This
method reduces the air damping force considerably and our
micropump can be used frequencies as high as 100-150 H:
(based on simulation results).

Based orEgs. (8) and (9)to achieve low switching time
(pumping time in our case) and consider low actuation volt-
age,wp must be increased. However, a trade-off between
low actuation voltage and high pumping frequency must be
achieved. Somer

To increase both the switching speed (pumping frequency
here) and decrease the threshold voltagds selected be- Fig. 7. Stress distribution of our structure induced by electrostatic force
tween 1.2 and 1.5 times greater thap. (18.5V).

Eq. (9)is true, only for electrostatic structures, which act
in the vacuum ambienb(= 0). Since the output port of our 5. Simulation
micropump is connected to the body (tissue or blood vessel),
normally to keep the valve closed condition, the pressure of ~ To evaluate the threshold voltage and dynamic response of
the electrostatic chambers must be greater than the bloodhe proposed micropump, the structure is simulated employ-
pressure and the vacuum conditions cannot be true for ouring finite element method with ANSYS software. The voltage
proposed micropump. So, we must consider the damping ef-is applied between the membrane and the fixed electrode, and
fect on the flow rate of our micropump. then its behavior is investigated. Two types of membranes are

It should be noted that the applied voltage is usually larger considered in this simulation: One, with all edges clamped
than the calculated analysis. The main reason is the residuafnd the other with two edges clamped while the other two
stress on the movable structure (membrane). This stress cagdges are semi-fre¢ig. 4). The main aim of this simula-
even increase the applied voltage three times larger than thdion is to compare the two structures with varying stiffness
calculated one. There are two main factors for creation of (different spring constants). The membrane size for both
residual stress in our structure: structures is 150Qm x 1500um x 2 um, with sealing part,

1000pm x 1000um x 3um, and the electrostatic gap is
(a) Temperature cycling of the process, especially in the taken 4um. To simplify, in all simulations it is assumed that
membrane part, the residual stress on the membrane is zero. It is evident that
(b) Bonding process. residual stress will increase the threshold voltage.
The pull-in (threshold) voltage for our designed structure
(Fig. 4) is 18.5V, which is achieved from the ESSOLV sim-
ulation results. The displacement and stress distribution of

. T14E+07 - L4SE+08 - 212E+08 LZT9EH08
- 438E+07 -111E408 «178E408 + 245E+08 = 317E+08

"yooaL soLuTToN ANSYS this simulation are shown iRigs. 6 and 7respectively. As
i ™ s it is evident inFig. 6, the maximum stress on the membrane
TINE=)

uz (AVG)

DI =, 402E-05
5MN =-.402E-05
SKX =, 447E-10

*sos26 ANSYS|

NOV 18 2002
11318:20

(x107*-2)
iz T 1" T 1

— E——
=.4021-08 =.314E-05 =.226K-05 = 1381-05 -.5031-06
-.3582-05 -.2708-05 -.1628-05 =. 9435-06 . 4478-10

Fig. 8. Frequency response of the first membraaax{s: time (pumping
Fig. 6. Displacementof our structure induced by electrostatic force (18.5 V). cycle) (s);y-axis: membrane displacement (m)).
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ANSYS

NOV 18 2002
13:32:04

le—3 ple—3 [de—6
= / / / U(x, y)dxdydz (20)

0 0 0
whereU(x, y) gives the deflection of the membraae; 1E—-3
is the membrane length aihtE= 4E—6 is height of the air gap.
Since,U(x, y) is analytically unknown for our structure, the
only way to have an idea about stroke volume is to solve this
equation employing finite element method. This method had
been employed and the stroke volume is determined to be
3.0326 nl. Therefore, the flow rate is:

Flow rate : 30326 nlx 50 Hz x 60 s= 9.1 pl/min

o B ¥ This flow rate is true for the applied threshold voltage of
18.5 V. In practice to reach the desired volume flow rate, usu-
ally a calibration based on the variation of the pumping fre-
quency or applied voltage is necessary.

To evaluate dynamic (frequency) response of the mem-
branes, a pulsed voltage with frequency of 50 Hz is applied

and its deflection behavior is considered. These simulations
is 31.7 MPa, which is much smaller than the critical stress of are shown |rF|gS 8 and Yor first and middle membranes,

the polysilicon. respectively.
To calculate the flow rate of the designed micropump,
we must consider the stroke volume of the first membrane.
Therefore, we need the exact shape of the membrane deflecg. proposed fabrication process
tion. Since, we do not have any analytical equation for our
designed membrane deflection; finite element simulation is  Faprication process of the designed micropump includes
necessary. two substrates: Si substrate on which membrane part is con-
~ The general equation for calculating the stroke volume is structed and glass substrate which includes input and output
given by: ports. These substrates are finally bonded together to form

W a H full structure. The process starts with a double side polished
av= [ [ [ vt yaye:
o/ o0Jo

Fig. 9. Frequency response of the middle membrarsx(s: time (pumping
cycle) (s);y-axis: membrane displacement (m)).

(110 oriented Si substrate. The step by step fabrication pro-

i o e fmser 22,

(a) ’ ’
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Fig. 10. Step by step proposed fabrication process of designed micropumid(ApHotoresistill ); polysilicon (1); SisN4 (7 ); p+ doped polysiliconll );
glass substratdl{); Si substrate(()); SiO, (W )).
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cess for our structure is proposed as below and is shown inods by the ANSYS software and the results are in a good
Fig. 10 agreement with the drug delivery requirements.
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