Electrostatically driven micropump with peristaltically moving membrane
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An electrostatically driven valveless micropump with a peristaltically moving membrane for gas chromatography is presented. The one-
chamber micropump has a peristaltically moving membrane formed by polyimide with four electrodes used to separate the single chamber
into four pump chambers. For a peristaltically moving membrane, several dielectrics were tested for their ability to endure high-voltage
breakdown, and the PI-2545 polyimide was finally chosen to reduce the operating voltage. After testing a single-sided micropump (SSM),
a double-sided micropump (DSM) was fabricated to enhance pump efficiency. Theoretically, the flow rate of the DSM is quadruple that of
the SSM, and the electrodes in the membrane can recover from the motion of pulling down and pulling up with ease. To verify the
peristaltic motion of the micropump, a transparent indium tin oxide (ITO) electrode was used. An ITO-ITO micropump was fabricated,
and to measure flow rate, an ITO-Si micropump was fabricated as well. The micropump was fabricated on a glass substrate with ITO and
on a silicon substrate with a polyimide membrane. A maximum flow rate of 27.19 ul/min was measured at 4 Hz and 100 V DC. The

micropump was operated by four electrodes with a four-phase sequencing actuation.

1. Introduction: =~ Gas  chromatography is a common
chromatography method used in analytical chemistry for
separating and analysing compounds that can be vaporised
without decomposition. To analyse gases, a microfluidic system
in which fluid flows in miniature devices is essential. The
common target applications of microfluidic systems include
chemical/biological sensing and analyses, drug delivery,
molecular separation, amplification, sequencing and synthesis for
environmental monitoring [1]. Most microfluidic systems require
pumps and valves that are reliable, consume less power, have a
moderate actuation voltage and can be fabricated easily and cost
effectively [1, 2].

Micropumps play an important role in applications such as micro-
fluidic devices, labs-on-a-chip and micrototal analysis systems
(UTAS). There have been several designs for micropumps [3]
based on different working principles, such as valve-based and valve-
less designs [3, 4]. The micropump driving forces are categorised as
follows: piezoelectric [3], electrostatic [3], thermo-pneumatic [3] and
pneumatic [4]. Among these types of micropumps, valveless and
electrostatic micropumps are more compatible with respect to
scaling compared with piezoelectric micropumps [4], have faster re-
sponse times (several milliseconds) compared with other actuators
(several seconds) [5] and require fewer fabrication steps during
manufacture compared with valve-based micropumps. Therefore
electrostatically driven valveless peristaltic pumps are a good can-
didate for micropumps in gas chromatography owing to their reli-
ability, low-power consumption, moderate actuation voltage and
ease and cost of fabrication.

Unlike conventional peristaltic micropumps, in this study, only a
single chamber was required because the electrodes of the mem-
brane can divide a single chamber according to the number of elec-
trodes. In addition, a double-sided micropump (DSM) was used to
enhance the flow rate and reduce the recovery time of the membrane
after pull-up and pull-down motion. Fig. 1 shows the top view and
cross-sectional view of the proposed micropump as well as the four-
phase sequencing actuation of peristaltic motions and its switching
circuit. In some cases, the chamber can have more than four elec-
trodes, for example 4, 8 or 12 electrodes [6]. In general, the flow
rate of a double-sided chamber is four times that of a single-sided
chamber [6—8]. To operate the micropump peristaltically, a four-
phase sequencing circuit was designed and customised [6—8]. The
basic concept is to operate the micropump with several electrodes,
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to apply the four-phase signal to the membrane electrodes, with the
top electrodes supplying positive voltage, whereas the bottom elec-
trodes are grounded. The membrane electrodes can move up and
down to contact the top and bottom electrodes, respectively. An
ITO electrode was used to observe the membrane while the pump
was operated. The switching circuit consists of high-voltage switch-
ing transistors and a logic circuit for switching signals [6—8].

In peristaltic motion with a one-pump chamber, the peristaltically
moving membrane plays a very important role. Electrostatic micro-
pumps should consume less energy. In this study, several dielectric
materials were tested for the moving membrane, and their break-
down voltage was investigated.

2. Experimental: In this Letter, we propose a new membrane
design, see Fig. 1, to reduce the energy required to stretch the
membrane (i.e. to make it more compliant to tensile loads),
whilst increasing the energy required to bend the membrane (i.e.
to make it stiffer to bending loads). Decreasing the energy
required for stretching is essential because if the membrane is too
stiff under tension, all the energy supplied electrostatically is used
up in stretching the membrane rather than in pressure/volume
work that is intended for a pump [8]. Increasing the stiffness
during bending is essential because when the membrane pulls in
to compress gas, a bubble can form [8]. When a bubble forms,
no amount of energy can compress the gas. If the membrane is
stiff during bending, it is harder for a bubble to form. Finally,
with the old membrane design, as the dielectric is made thinner
to facilitate the transfer of more electrostatic energy for a given
voltage [electrical energy is proportional to (V/g)*, where g is the
thickness of the dielectrics], the stiffness is reduced during
tension by g and reduced during bending by g°. In other words,
we make it much, much worse. Therefore the idea proposed with
a compliant elastomer of thickness % in the centre layer increases
the stiffness during tension by much less than # if the modulus of
the elastomer is much lower than that of the dielectric, but
increases the stiffness during bending by A°, regardless of the
modulus of the elastomer. In this way, we can gain a huge
amount. Therefore selection of the dielectric material of the
membrane is important.

The proposed peristaltic micropump is driven by an electrostatic
force. The applied force is proportional to the square of the distance
between the two electrodes, and the flow rate is proportional to the
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Figure 1 Schematics of SSM and DSM and four-phase operation sequence

volume of the pump chamber. Therefore the thickness of the mem-
brane and the depth of the pump chamber should be reduced. Since
the flow rate is proportional to the volume of the pump chamber,
reducing the distance between the two electrodes is more effective.
Generally, membrane dielectrics should have large deformation,
fast response, high efficiency and low cost. When subjected to a
voltage, the membrane reduces its thickness and expands its area,
converting electrical energy into mechanical energy. To select a
dielectric material whose breakdown voltage is more than hundreds
of volts, several dielectrics were tested, such as PI-2545 [9],
PI-5848G [9], Avatrel [10, 11], benzocyclobutene (BCB) [12]
and parylene [13].

3. Fabrication: The test sample was formed with a 4-inch Si wafer.
As shown in Fig. 2, circle and square patterns were fabricated on the
wafer. First, silicon dioxide was deposited by using
plasma-enhanced chemical vapour deposition (PECVD) after
initial cleaning of the Si wafer. The Au/Cu metal layer was
sputtered after spin coating or deposition of dielectrics such as
PI-2545, PI-5848G, Avatrel, BCB and parylene. Finally, a Cr/Au/
Cr electrode was patterned to test the breakdown voltage of the
dielectrics.

In this work, we designed and fabricated a double-sided peristal-
tic pump for gas chromatography. The reason for fabricating a
double-sided peristaltic pump is to have only a single chamber
with a membrane that moves up and down by an electrostatic
force to contact an array of electrodes. To verify the concept, ITO
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Figure 2 Process of the breakdown voltage test sample
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Figure 3 Process flow of the ITO—ITO micropump and the double-sided peristaltic pump with ITO electrode

electrodes were used to observe the membrane while the pump was
operated. The micropump with ITO electrodes measures 22 mm
(W)x40mm (L)x0.5mm (H), with the area of the pump
bottom chamber being 8 x40 mm and the area of the top
chamber being 8 x40 mm with a depth of 10 um [6, 8]. The
ITO-ITO double-sided pump was fabricated as follows. The pro-
cesses are divided among the ITO chamber, the polyimide mem-
brane and the ITO-polyimide-IPO bond. For the ITO chamber, a
cover glass was cleaned with solvent and spin-coated with a photo-
resist by using 10 um-thick SU-8. After photolithography, the ITO
chamber was formed. For the metallised flexible membrane, a con-
ducting flexible membrane was fabricated by using a stack of poly-
imide/metal/polyimide/anti-stiction layers on the cover glass. First,
polyimide (PI-2545, HD Microsystems) [7], was spin-coated onto
the cover glass measuring 22 mm (W) x40 mm (L) x 0.5 mm (H)
(Fig. 3(2-a)). Cr/Au/Cr layers were deposited by sputtering
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Figure 4 Fabricated dielectrics and test method
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(Fig. 3(2-b)), and electrodes were patterned by Cr/Au/Cr wet
etching after photolithography with PR AZ 1512 (Fig. 3(2-c-d)).
An anti-stiction layer of C4F8 was deposited after the second
coating of PI-2545 onto the metal layer (Fig. 3(2-e-f)) [6, 8]. The
pump chamber and the metallised membrane were bonded with a
custom-made adhesive [14-16] and then soaked in deionised
water to release the membrane from the cover glass. The membrane
was selectively etched with a shadow mask to fabricate a contact
pad.
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Figure 5 Breakdown voltage of various films
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Figure 6 Fabricated Si single-side micropump and ITO-ITO and ITO-Si
DSM with four electrodes, and test results

a Fabricated Si single-side micropump and ITO-ITO and ITO-Si DSM with
four electrodes

b Average flow rate against frequency

¢ Flow rate against time at 2 Hz

The area of the ITO-Si peristaltic pump is 22 mm (/) x 40 mm
(L) x 350 um (H), with the area and the depth of the pump chamber
being 5 x 32 mm and 15 pm, respectively. Fig. 3 shows the process
flow of the ITO-Si peristaltic pump. The fabrication process can be
divided into three parts. The ITO chamber and polyimide mem-
brane were fabricated using the same ITO-ITO process. A silicon
pump chamber was used for the inlet and the outlet, and polyimide
was used for the membrane. First, the starting material was a 4-inch
(100)-type silicon wafer. For the silicon pump chamber, both sides
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of the silicon wafer were patterned with a photoresist. The pump
chamber was etched with XeF, etcher, potassium hydroxide solu-
tion or deep reactive-ion etching (RIE), and the inlet and outlet
were etched by deep RIE. Secondly, a metallised flexible membrane
was fabricated using a polyimide/metals/polyimide/anti-stiction
layer on a cover glass. The pump chamber and the conducting mem-
brane were bonded using the same method as the ITO-ITO
micropump.

4. Results and discussion: Fig. 4 shows the breakdown voltage test
sample and the test method. As shown in Fig. 5, the breakdown
voltage of the silicon dioxide deposited by using PECVD was the
highest in the test. However, the breakdown voltages were similar
among coatable dielectrics. PI-2545 can moderate viscosity and
mechanically sustain large deformation.

Fig. 6a shows the fabricated Si single-side micropump and
ITO-ITO and ITO-Si DSM with four electrodes. To observe the
micropump motion, ITO-ITO was used. For electrostatic actuation,
four-phase sequence signals were generated by using a custom-
made logic circuit and power transistors [6, 7]. From the visual
test, the up—down actuation of each top and bottom electrode was
verified. To measure the flow rate, a gas flow meter (Omega
FMA 1615A) was connected to the outlet of the ITO-Si DSM,
and a data acquisition board (LabJack U3, LabJack Co., USA)
was used to log the signal from the flowmeter [6, 7]. Figs. 65 and
¢ show the test results for the micropump. It was found that the
flow rate was about 20 pul/min when both electrodes (bottom elec-
trode and Si electrode) were activated simultaneously at a frequency
of 2 Hz. However, the flow rate was only about 4.8—7 ul/min when
the electrodes were activated separately. Therefore the flow rate of
the DSM was about four times that of an SSM.

5. Conclusions: In this work, an electrostatically driven peristaltic
micropump, fabricated on an ITO glass substrate and a silicon
substrate with a polyimide membrane was designed, built and
characterised. A maximum flow rate of 27.19 pul/min was
measured at 4 Hz and 100 V DC, and the pump was operated by
four electrodes with a four-phase sequencing actuation. This
peristaltic motion eliminates the need for valves or a nozzle/
diffuser for flow control, which reduces the dead volume and the
need for valve timing at the expense of increased electrical
driving complexity.
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