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Three types of piezoelectric micropumps following different configurations: single, series, and parallel connection,
are developed and investigated. All the micropumps are fabricated by wet etching technology and sealed by
high temperature glass bonding. They share the same dimension characteristic of diffuser/nozzle microchannels.
Verifying the impact of adding series or parallel connected pump chambers on single chambers, as well as verifying
the performance of the flow rate, pressure and piezoelectric transducer vibration of three micropumps have been
examined. Through the comparisons between three kinds of micropumps, the results show that the flow rate of
the micropumps with parallel connected pump chambers have a higher flow rate than that of micropumps with
single and serial connected pump chambers under the same driving conditions. In addition, both the flow rate and
pressure with the serial micropump are the lowest. The pressure of the micropump with single pump chamber is
larger than other kinds of micropumps at certain driving frequencies. Consequently, increasing the pump chambers
cannot always increase the performance of the micropump. This coincides with the theory analysis. Finally, the
vibration performance of piezoelectric transducers with three micropumps have been carried out. The parallel
transducer has a higher vibration displacement than the other two kinds of micropumps. These results have great

potentials for integration into labs with a chip or microfluidic driven systems.

1. INTRODUCTION

The microfluidic systems play an important role in the in-
dustry along with the fast-growing economy,' especially in
the fields of chemistry, life science, biology and aerospace.”
For instance, these systems have been used to synthesize, sepa-
rate and analyze cells, medicines and DNA,’"!! thus benefiting
the development of new medicine and therapy.

To successfully implement the microfluidic systems in these
applications, the connection between microscale and macro
environments is critical. In most cases, fluids are pumped
through the system, and one of the most commonly used tools
is the micropump.'>'* From the 1990s, A. Olsson put for-
ward the first micropump with a diffuser/nozzle microchan-
nel,’ followed by numerous micropumps being developed and
improved for several decades, including a drug delivery mi-
cropump, an EHD driving micropump, a thermo-pneumatic
micropump and an electroosmotic pump, etc.16-20

Although the micropumps with a single pump chamber have
been widely studied recently,!~2* micropumps with series and
parallel connections of pump chambers have been proposed
due to their favorable pumping performance.?*?> For example,
Li Guo?¢ and Azarbadegan?’ fabricated a micropump with par-
allel connected pump chambers when the measured flow rate is
151.7 ul/min. Hsu?® and Fangsheng Huang?® have tested the
performance of a micropump with a series connected pump
chamber. The results demonstrated that the series and par-
allel micropump possessed better performance compared to

that of micropumps with a single pump chamber. However,
it seemed that these studies did not compare the differences
of working principle between single, series and parallel con-
nected micropumps, which are the crucial points resulting in
these performance differences. In this paper, these differences
are discussed, and more detailed experimental data is given be-
tween three types of micropumps with the same diffuser/nozzle
microchannels.

2. THEORY ANALYSIS

A schematic configuration of the piezoelectric micropumps
with a single chamber, series and parallel connected pump
chambers are shown in Fig. 1(a), (b) and (c), respectively. The
performance of the micropump is based on a unique trait of
the “diffuser-nozzle” microchannels, which has been shown to
have lower flow resistance for diffuser direction flow than noz-
zle direction flow.?? Consequently, a reciprocating piezoelec-
tric transducer motion results in a net flow from the left to right
for the three kinds of micropumps.

The pressure P and flow rate ) of every inlet and outlet are
shown in Fig. 1. The conductivity coefficient C' for every flow
direction have been listed in Fig. 1.

The flow rate in the nozzle direction flow is considered to be
proportional to the pressure difference between the inlet and
the outlet of the nozzles.*

Q= C(AP). (1)
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Figure 1. Schematic of micropump with (a) single, (b) series and (c) parallel
pump chambers.

The analysis for the linear case is as follows.
The flow rate in the left nozzle for all three kinds of con-
nected manners is:

Q1 = C1(Pr2 — P1); ()
while the flow rate in the right one is:
Q2 = Cao(Pr2 — Pa). 3)

Since the fluid is considered to be impressible, therefore the
sum of the flow rate should be equal to the change rate of the
volume of the pump chamber, V72, namely:

Q1+ Q2 = Via. “4)

The change rate of volume of the pump chamber volume is
usually assumed to be equal:*2

2
Vis = vow sin (mt + ¢> ; 5
T

where is the cycle time, w = 27 /7 is the angular frequency,
and ¢ is a phase shift, in this paper the phase shift is assumed to
be equal to 0 (¢ = 0) for every pump chamber, then V34 = Vio.
v 1s the volume amplitude.

Solution of Egs. (2)—(4) for @1, Q2, and P;s:

Co(Py — P1) + Vi

= 6
Ql Cl 02+01 ) ()
Cl(Pl - Pz) + Via
=C ; 7
Q2 2 Gyt O @)
CoPy+ C1 P + VW
P12: 2472 141 12. (8)

Co+C4

According to the same computing method for @3, @4, and
P34Z
Cy(Py — P3) + Vay

a2 = C- : 9

@s=Cs Cy + Cs ©)
C3(P3*P4)+V34

= M 1

Qs =Cy Cit Cs ; (10)
CyPy + C3P3 + V-

Py = 41y 3173 34 (a0

Cy+ Cg

The flow rate ()5 and pressure Pjo for single pump cham-
ber, ()4 and P34 for series connected pump chamber, Q24 and
P15 + Psy for parallel connected pump chamber will be mea-
sured during experiments. Since the diffuser/nozzle are kept
identical for three micropumps, so Cy = C holds for dif-
fuser direction flow, C3 = C; holds for nozzle direction flow.
Hence, at the following:

_ GCi(Ps— Py) = CoCi (P By)

Qs— Q2 Cy 1 C) ;

12)

Q24 = Q2 + Q4.

In addition, because of the simultaneous influence of the dif-

13)

fuser and nozzle direction flow on the central microchannel
within the micropump with the series connected pump cham-
bers, and the fact that at zero pressure head Ps — Py < P} — P
both in “supply” and “pump” mode.

So:

R4 < Q2 < Qau.
That means the highest flow rate comes from the parallel

micropump, followed by a single micropump, whereas the flow
rate of the series micropump is the lowest.

(14)

The pressures between single and series micropumps have
been compared, in “supply” mode when the piezoelectric
transducer vibrates forward upside, leading to a vacuumed
pump chamber. As a result, P3 < Pj, thus Pjo > P34. On
the contrary, for “pump” mode, the result is Pj» < Ps4. Hence
in the whole working process, resulted in:

Py < Py < Piag+P3y or Pig> Py < Pia+Psy; (15)

where, Pjo, P34, and Pyo + P34 represent the measured pres-
sure for single, series and parallel micropumps, respectively.

3. DESIGN AND FABRICATION

Three types of micropumps have been designed to investi-
gate their pumping performance with varying operation con-
ditions. Figure 2(a), (b) and (c) show the schematic diagram
of the micropumps with single, series and parallel connected
pump chambers, respectively. The geometry characteristics of
the pump chambers (the diameters of P1 and P2 are 10 mm),
diffuser/nozzle microchannel (the length is 1.906 mm) and the
inlet/outlet chambers (the diameter is 4 mm) are kept identical
for all micropumps.?? The depth is 0.3 mm for the microchan-
nels and inlet/outlet holes, whereas the depth is 1.7 mm for the
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Figure 2. The structures of the micropump with single pump chamber (a),
serial pump chamber (b), parallel pump chamber (c). The schemes showing
the dimensions of the micropumps (d) and the diffuser/nozzle microchannel
(e) (unit: mm).

Figure 3. Photos of the single (a), series (b) and parallel (c) pump body after
being wet etched on the glass wafer.

pump chambers (P1 and P2) as shown in Fig. 2(d) and (e). The
pump body includes a PZT (Piezoelectric Transducer) driving
layer, a glass layer with a microchannel and pump chamber and
a glass layer for sealing the channel and chamber as shown in
Fig. 2(d). The materials of both glass layers are Pyrex 7740
glass with 1.7 mm thickness. Fig. 2(e) shows the detailed ge-
ometry of the diffuser/nozzle microchannel.

To fabricate the microchannel and inlet/outlet holes for the
micropumps, wet etching is adopted to etch the Pyrex 7740
glass wafer’*3? with 0.3 mm of depth. Afterwards, the pump
chambers (P1 and P2) that are through holes on the other glass
layer are made using a drilling machine. For bonding these
layers together, high temperature bonding method is adopted
after both layers are cleaned and dried with deionized water
and a blow dryer. Fig. 3(a), (b) and (c) show the photos of the
three kinds of pump bodies based on aforementioned method.

Moreover, the micropumps include two layers: the up-
per PDMS (polydimethylsiloxane) layer with inlet/outlet pipe
for sealing the device except the inlet/outlet holes; the lower
PDMS layer for fixing the PZT layer (see Fig. 3(a)). The pho-
tos of the final micropumps with series and parallel connected
chambers are shown in Fig. 4(b) and (c).
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Figure 4. Schematic illustration of different layers in micropump (a) and the
photos of fabricated micropumps with series (b) and parallel (c) connected
chambers.
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Figure 5. The schematic of the testing platform for measuring pressure head
(a) and flow rate (b).

4. EXPERIMENT

4.1. Micropump Performance Measurement

The performance test of three micropumps include the flow
rate and pressure measurement with sine, triangle and square
driving signals combinations. The schematic of testing is
shown in Fig. 5. To simultaneously actuate two PZT driving
transducers P1 and P2 for the series and parallel micropumps,
two set of driving and testing equipment including the signal
generators, oscilloscope, analytical balances and voltage am-
plifiers are applied. The fluid medium is deionized water (DI
water). The flow rates of the three micropumps were measured
by the same procedure in Fig. 5(b). First, the inlet and out-
let pipe were placed on the same plane, then the micropumps
were actuated for At = 2 min without any difference in height
between the inlet and outlet reservoirs (zero pressure head). Fi-
nally, the mass of liquid in the outlet reservoir was determined
using an analytical balance, and the flow rate was calculated

as:
W x 108

pAt
where ¢ is the flow rate, I is the weight of liquid in the outlet
reservoir (in g), and p is the liquid density.

6= (ul/min); (16)

The pressures of three micropumps were measured by plac-
ing the outlet pipe in a vertical position and measuring the lig-
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Figure 6. Phase (a), duty cycle (b), and symmetry (c) of the sine, square, and
triangle driving signals.

uid height, AZ, in Fig. 5(a), from which the pressure was cal-
culated as:

AP = AZpg; a7

where AP is the pressure head at zero flow rate, and g =
9.80 m/s? is the acceleration due to gravity.

The phase for sine signal driving is set to be 0°; the duty
cycle of the square signal and symmetry of the triangle signal
are 50% as shown in Fig. 6 from DC power supply (DG1022,
RIGOL, China). Moreover, the driving signals imposed on P1
and P2 are synchronized. The driving voltage is swept from
90 Vpp to 130 Vpp, in 20 Vpp steps (here, Vpp means peak-
to-peak value of the driving voltage). The driving frequency is
swept from 0 Hz to 600 Hz.

4.2. Vibration Measurement of Piezoelectric
Transducer

The vibrational performance of the piezoelectric transduc-
ers incorporated into three micropumps is tested under forced
vibration conditions with PSV400 scanning vibrometer.’33
Fig. 7 shows the schematic of vibration displacement. The
driving signals on P1 and P2 are similar to the working condi-
tions. The material for the piezoelectric transducer is PZT-5H.
The detailed parameter information is shown in table 1.

5. RESULTS AND DISCUSSION

The performances of three micropumps with different driv-
ing voltages, frequencies and signals are performed on P1 and
P2. For a better visualization, the results have been interpreted
in terms of three aspects: flow rate, pressure and vibration per-
formance. All datum was conducted and processed by Matlab
software.
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Figure 7. Experimental setup for vibrational testing.

5.1. Flow Rate Comparisson

The flow rates of micropump chambers are depicted in Fig. 8
as follows: single, solid and black line, series, dotted and red
line and parallel dash and blue line.The driving signals im-
posed on P1 and P2 are a sine signal as shown in Fig. 8(a),
a triangle signal as shown in Fig. 8(b) and a square signal as
shown in Fig. 8(c). Three driving voltages (90 Vpp, 110 Vpp
and 130 Vpp) are applied as shown in Fig. 8(a), (b) and (c).
The higher flow rates can be obtained through the increase of
the driving voltages regardless of the type of the micropump
and the input signal as shown in Fig. 8. This can be attributed
to the larger displacement resulting from high driving voltage.

But when it comes to the frequency dependence, the flow
rate increased at first, and then decreased along with the fre-
quency that increased under three kinds of voltages and sig-
nals. There is a peak value (maximum flow rate value) on ev-
ery flow rate curve. That is because the resonant frequency is
around 50-400 Hz, at which the volume efficiency reaches the
biggest. Furthermore, the flow rate generated by a parallel mi-
cropump is higher than that of single and series micropumps
under the same driving conditions. The flow rate generated by
a series micropump is the least among the three signals driv-
ing. These results are in accordance with the theory analysis
in Section 2. Consequently, adding parallel connected pump
chambers can increase the flow rate, while adding series con-
nected chambers reduces the flow rate.

5.2. Pressure Comparison

Figure 9 shows the comparison between the pressures gen-
erated by different micropumps under sine, triangle and square
signals driving signals. Similarly, the driving voltages are set
to be 90 Vpp, 110 Vpp and 130 Vpp. A similar change in the
trend of pressures for the three types of micropumps was found
for flow rates. Specifically, the pressure increases at first, and
then decreases as the frequency increases. Moreover, the pres-
sure generated by the parallel micropump is higher than that
of the single in low frequency, whereas when the frequency is
200 Hz higher, the pressure of the single micropump is found
to be larger than that of the parallel micropump, which does not
agree with the trend for flow rates. Here, the reason can be the
fact that vibration performance is weaker at a lower frequency,
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Table 1. Parameters of the piezoelectric transducers.

Parameter Value
Piezoelectric plate diameter 11.3 mm
Piezoelectric plate thickness 0.20 mm
0 0 0 0 17
Piezoelectric coefficient matrix (C/m?) 0 0 0 17
—-6.5 —6.5 233 0

[15 0 0

Permittivity e (F/m) 0 15 0 x 1078
0 0 1.239

[17 0 o

Young’s modulus (Pa) 0 17 0 x 101t
0 0 1.58

Poisson’s ratio A12 = A13 = A23 = 0.3

[0 233 23
Shear modulus (Pa) 0 0 23| x10'°

0 0 0

Density (kg/m?) 7500
Copper substrate diameter 15 mm
Copper substrate thickness 0.37 mm
Copper Young’s modulus (Pa) 0.9 x 1011
Copper Poisson’s ratio 0.32
Copper density (kg/m3) 8500
Resonant frequency 10.0+0.5 kHz
Impedance 300 Q
Capacitance 9 nF£30%

so the pressure of parallel micropump is almost twice of that
of the single micropump according to Eq. (15). When the fre-
quency increases and exceeds the resonant frequency of the
PZT transducer resonant frequency, the vibration performance
will be anabatic, also inlet/outlet holes for measured pressure is
far away from the pump body as shown in Fig. 3(c), therefore
the fluid flow becomes out of order for the parallel microp-
ump. As a result, the pressure decreases. Note: the pressure
generated by the series micropump is still the least among three
micropumps.

5.3. Vibration Deformation Comparison

The vibrational performances are also measured for single,
series and parallel micropumps. The same driving signals
are imposed on P1 and P2 as sine-sine, triangle-triangle and
square-square. The driving voltages are 110 Vpp for P1 and
P2. The phase, duty cycle and symmetry are 0° and 50% for
sine, square and triangle single.

As shown in Fig. 10, the vibrational displacements of the
P1 and P2 piezoelectric transducers on parallel micropumps
are the highest, followed by that from the single micropump
lying in between P1 and P2 The PZT displacement for the se-
ries micropump is the lowest among the three micropumps.
The vibration displacement of PZT responds to micropump ef-
ficiency according to the volume pump theory directly. Due to
the fact that larger vibration displacement induces larger vol-
ume efficiency, this explains why the flow rate and pressure
of the serial micropump are the lowest among the three kinds
of micropumps. This emphasizes that increasing the capacity
in the pump chamber sometimes cannot increase the microp-

ump performance.?*?’ Comparing Figures 8, 9 and 10, it is
seen that there are some differences regarding the resonance
frequency due to the flow rate and head pressure having been
measured in the outlet that is reflected in the total performance
of the micropump as shown in Figs. 8 and 9. However, the
displacement of every PZT transducer with three kinds of mi-
cropumps have been measured as shown in Fig. 10. The dis-
placements reached the maximum values when the frequency
was below 200 Hz. The optimal performance with a low driv-
ing frequency is in accordance with the flow rate and pressure
head.

6. SUMMARY AND CONCLUSIONS

In this paper the micropumps with single, series and paral-
lel connected pump chambers have been designed and fabri-
cated. The flow rate and pressure of three micropumps have
been measured and analyzed. In order to figure out the rea-
son for changing pressure and flow rate between three kinds
of micropumps, the vibration displacement of the PZT trans-
ducer with three kinds of micropumps have been tested and
discussed. The results are as follows:

(1) The change trend of the flow rate and pressure for the sin-
gle, series and parallel micropumps are similar. Specifically, it
increased at first, and then decreased when the frequency in-
creased. There was a maximum flow rate and a pressure value
on each curve.

(2) The flow rate and pressure generated by the parallel mi-
cropump are the largest among three micropumps (except for
200 Hz higher frequency) under the same driving conditions,
with those of series micropump being the least. The experi-
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Figure 8. Flow rate of single, series and parallel micropumps with three kinds
of signal driving.

mental results coincided with the theory analysis.

(3) The vibration displacement of parallel and single mi-
cropumps were larger than that of the series micropump for
both P1 and P2. The displacement of the single micropump
was between the P1 and P2. These results explained changing
trends of the flow rate and pressure with three kinds microp-
umps again.

Overall, these three kinds of micropumps have their own va-
riety of applications. For example, in the situations where the
microinjected is needed in the microfluidic systems, or the use
prohibits the application of electric fields in the microchannel
where the fluid flow and pressure based flow are particularly
desirable.

Figure 9. Pressure of single, series and parallel micropumps with three kinds
of signal driving.
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Figure 10. Vibration displacement of single, series and parallel micropumps
with sine (a), triangle (b) and square (c) driving signals.
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