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Abstract A new kind of piezoelectric pump with triple
vibrators was presented. The pump adopted circular pie-
zoelectric vibrator with a hole in the middle, and a check
valve was adhered to the hole to cut off air. The working
principle of the pump was analyzed. A prototype of piezoe-
lectric pump was fabricated and measured. The experimen-
tal results show: (1) The maximum flow rate of the piezo-
electric pump under the working mode of vibrators 1, and 3
driven synchronously and vibrator 2 driven asynchronously
reached to 1513.2 mL/min when driving frequency was
220 Hz, and the maximum pressure reached to 4.08 kPa
when that was 140 Hz. (2) The output performance of the
piezoelectric pump with triple vibrators was the best under
the working mode of vibrators 1, and 3 driven synchro-
nously and vibrator 2 driven asynchronously. (3) When
only two vibrators participate in working, the best connec-
tion method was vibrator 1 not driven and vibrators 2, and

P4 Chuanliang Shen
shencl@jlu.edu.cn

Jing Shi Dong
dongjs @jlu.edu.cn

Wen Hua Chen

Chenwh14 @mails.jlu.edu.cn
Ping Zeng
zengping321@163.com

Rui Gang Liu

liurg14 @mails.jlu.edu.cn

Wei Shuai Liu
liuws13 @mails.jlu.edu.cn

Quan Qu Chen
chenqq@mails.jlu.edu.cn

Yang Yang
y49024873y@163.com

3 driven asynchronously. (4) When only one vibrator par-
ticipates in working, the best connection method was vibra-
tor 3 driven solely.

1 Introduction

Piezoelectric pump is a kind of fluid-driving devices which
uses inverse piezoelectric effect of piezoelectric ceram-
ics to drive fluid in chamber and complete fluid deliv-
ery (Peng et al. 2009). Because piezoelectric pump has a
series of advantages such as simple structure, small vol-
ume, no noise, no electromagnetic interference, etc., it has
been applied in many aspects of modern society (Ma et al.
2008a, b, c, 2009; Jing-shi et al. 2007; Guo-jun et al. 2007).

Piezoelectric pump can be classified variedly,
and it can be divided into single-chamber pump and
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multi-chamber pump (Kan et al. 2002) from single cham-
ber number this aspect. Many scholars have studied the
output performance of single-chamber pump and multi-
chamber pump. Ma et al. (2008) proposed a diaphragm
micro-pump with piezoelectric device. Its cross-section
dimension is 28 mm x 5 mm. The measured maximum
flow rate is 72 mL/min at zero total pump head in the
range of operation frequency 70-180 Hz. De Lima et al.
(2009) developed a biomimetic piezoelectric pump. By
using an experimental prototype, it shows that the piezo-
electric pump has achieved flow rate of 103 cm*/min for
a frequency of 320 Hz and an applied voltage of 60 V..
Tai-jiang et al. (2009) designed double-chamber serial
pump and parallel pump and tested. The experiment
results indicated that the maximum flow rate of the dou-
ble-chamber serial pump is 1150 mL/min in a sine wave
voltage of 200 V and a frequency of 152 Hz, and that of
double-chamber parallel pump is 640 mL/min in a sine
wave voltage of 140 V and a frequency of 220 Hz. Jang
et al. (2007) proposed a stand-alone peristaltic micro-
pump with the package size of 22 x 12.8 x 9 cm. The
experimental results show that it produces a maximum
back pressure of 520 Pa with deionized water at 100 V,,,
and 700 Hz. Zhang et al. (2013, 2015) developed a dou-
ble-actuator piezoelectric pump with flow rate self-sens-
ing capability. A prototype pump is fabricated with the
size of 65 mm x 40 mm x 12 mm and tested. When the
flow rate reaches the maximum value of 45.98 mL/min at
15 Hz, outlet/inlet sensing voltages also reach maximum
values of 6.8 and 19.4 V. The amplitude of piezoelectric
pump is micron level, so the pressure difference formed

in pump chamber is low and the delivery performance of
single-chamber pump is limited. Therefore, it is necessary
to study on the performance of multi-chamber piezoelec-
tric pump. This article presents a piezoelectric pump with
triple vibrators.

2 Structure design and working principle
of piezoelectric pump with triple vibrators

2.1 Structure design

Figure 1 shows the structure of piezoelectric pump with
triple vibrators which are composed of upper and lower
cover, middle cover, rubber seals, piezoelectric vibrators,
check valves, inlet and outlet. The pump chamber is sealed
by rubber seals. The material of cover is polymethyl meth-
acrylate. The corner is tightened by bolts. The piezoelectric
vibrator used in this work is shown in Fig. 2 and is mainly
comprised of piezoelectric ceramics bonded on a metal
substrate with a hole in the middle. The valve is adhered to
the through hole. The type of valve is a wheel cut-off valve,
the corresponding physical map is shown in Fig. 3a, while
the installation is shown in Fig. 3b. The wheel cut-off valve
has three parts: the valve, spring beams, and retaining ring.
After the wheel cut-off valve is installed, the valve controls
the opening and closing of the valve hole. The presence of
the spring beam ensures that the valve can translate as a
whole without rotation when the valve opens. The spring
can be directly bonded to retaining ring or sealed using
rubber O-ring.

Fig. 1 Configuration of the 23 24 26 27 28 1
piezoelectric pump with triple

vibrators. I wire A, 2 wire B, a2

3 wire C, 4 wire D, 5 wire E,

6 wire F, 7 wire G, 8 wire H, 9 1 )( /B{ll N / / I 1

[
wire I, 10 lower cover, 11 the 4
first chamber, 72 inlet, /3 nut, 21
14 inlet chamber, 15 rubber x\
seal, /6 the first piezoelectric 20
vibrator (vibrator 1), 77 check _\\\
valve I, /8 middle cover I, 19 19 _\\Z
the second piezoelectric vibra-
tor (vibrator 2), 20 the second 18
chamber, 27 check valve 11, K/
22 middle cover II, 23 bolt, 24 17 BN
upper cover, 25 check valve III, 16— N\
26 outlet, 27 outlet chamber, 28 15—————— N\,
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metal substrate

valve hole

piezoelectric ceramics

Fig. 2 Configuration of the piezoelectric vibrator. a The structure
diagram and b installation

2.2 Working principle

According to the different connection methods, the work-
ing principle of a piezoelectric pump with triple vibrators is
also different. To be driven synchronously is to apply alter-
nating voltage with the same phase to three piezoelectric
vibrators at the same time; to be driven asynchronously is
to apply alternating anti-phase voltage to the three piezo-
electric vibrators. As shown in Fig. 1, the electrical connec-
tions of the vibrators under the working mode of vibrators
1, 2, and 3 driven synchronously are wires A, C, D, F, G,
and I connected to the positive end and wires B, E, and H
connected to the negative end. The electrical connections of
the vibrators under the working mode of vibrators 1, and 2
driven synchronously and vibrator 3 driven asynchronously
are wires A, C, D, F, and H connected to the positive end
and wires G, I, B, and E connected to the negative end.
The electrical connections of several other cases are not
described in detail here.

Fig. 3 Wheel cut-off valve

(a)The structure diagram

The working principle of piezoelectric pump with triple
vibrators driven synchronously is the same as that of piezo-
electric pump with single-vibrator. It is no longer detailed.

Figure 4 shows working principle of piezoelectric pump
with triple vibrators driven asynchronously (with the work-
ing mode of vibrators 1, and 3 driven synchronously and
vibrator 2 driven asynchronously as an example). During
suction mode, the first and third vibrator move down and
check valves on them open due to inertia force and pressure
difference. The second vibrator moves up and check valve
II is closed. As a result, fluid flows from inlet chamber into
the first chamber and fluid in the second chamber flows into
outlet chamber; during pumping mode, the first and third
vibrator move up and check valves on them are closed. The
second vibrator moves down and check valve II opens due
to inertia force and pressure difference. Fluid flows from
the first chamber to the second chamber and fluid in the
outlet chamber flows out of the pump. At the same time,
fluid outside the pump flows into inlet chamber. Repeating
the above process, fluid can form a directional flow.

Driven asynchronously of piezoelectric pump with tri-
ple vibrators also include vibrators 1, and 2 driven syn-
chronously and vibrator 3 driven asynchronously as well as
vibrators 2, and 3 driven synchronously and vibrator 1 driven
asynchronously. The working principle is no longer detailed.

3 The simulation analysis of piezoelectric vibrator

The structural parameters of piezoelectric vibrator deter-
mine its inherent vibration mode. Modal analysis was taken
to see inherent frequency and vibration modes of piezoe-
lectric vibrator. It provides a reference for choosing appro-
priate driven frequency. Relative dimensions and material
properties of piezoelectric vibrators are shown in Table 1.

(b) installation
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Fig. 4 Working principle of

piezoelectric pump with triple

vibrators under the working
mode of vibrator 1, 3 driven
synchronously and vibrator 2

driven asynchronously

Entity model of piezoelectric vibrator is established, and
fixed constraints are applied to outer edge of the annu-
lar beryllium substrate, and electric field constraints are
applied to upper and lower surfaces of the piezoelectric
ceramic. Figure 5 shows the vibration modes of piezoelec-
tric vibrator. Table 2 lists the values of driven frequencies
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Table 1 Material properties of piezoelectric vibrators

Material Diameter Thick- Density  Elastic Poisson’s

(mm) ness (kg m~>) modulus ratio
(mm) (GPa)
PZT 35 0.2 7600 63 0.32
Beryl- 42 0.2 8920 118 0.35
lium

corresponding to the different modes.

The first mode is pure bending vibration and its defor-
mation is arch. Deformation increases gradually from
periphery to the center and it is symmetric. So it is suitable
as a driven mode, and the piezoelectric vibrators should
work at a frequency lower than that of the first mode.

4 Performance test of piezoelectric pump
with triple vibrators

4.1 Experimental test

As shown in Fig. 6, performance test devices include power
strip 1, soap film meter 2, signal generator 3, U type pres-
sure gauge 4, piezoelectric pump 5, bracket 6 and rubber
hose 7. The test medium is air.

4.2 Experimental results

As shown in Fig. 7, the output flow rate under the work-
ing mode of vibrators 1, and 2 driven synchronously and
vibrator 3 driven asynchronously has a slight increase and
being stable with the increasing frequency, and the output
flow rate of the other three working modes increase pro-
gressively at first and then decrease substantially. The opti-
mal working frequency and the maximum flow rate of the
piezoelectric pump under working mode of vibrators 1,
and 3 actuated synchronously and vibrator 2 driven asyn-
chronously are 220 Hz and 1513.2 mL/min, respectively.
This working mode is better than the other three modes.
The flow rate under this working mode is close to that
under the working mode of vibrators 2, and 3 driven syn-
chronously and vibrator 1 driven asynchronously. The flow
rate under the working mode of vibrators 1, and 2 driven

@ Springer

synchronously and vibrator 3 driven asynchronously is the
least. As shown in Fig. 8, the optimal working frequency
and the maximum pressure under the working mode of
vibrators 1, and 3 driven synchronously and vibrator 2
driven asynchronously are 140 Hz and 4.08 kPa, respec-
tively. This working mode is better than the other three
working modes and the pressure under the working mode
of vibrators 1, and 2 driven synchronously and vibrator 3
driven asynchronously, and vibrators 1, 2, and 3 driven syn-
chronously are lower.

As shown in Figs. 9 and 10, the output flow rates and
pressures of six working modes increase progressively at
first and then decrease substantially. As shown in Fig. 9,
the output flow rate of the modes driven asynchronously
are better than those driven synchronously, and the flow
rate under the working mode of vibrator 1 not working
and vibrators 2, and 3 driven asynchronously is higher, the
optimal working frequency and the maximum flow rate
under this working mode are 240 Hz and 1735.7 mL/min,
respectively. The flow rate under the working mode of
vibrator 3 not working and vibrators 1, and 2 driven syn-
chronously is reduced. As shown in Fig. 10, the maximum
pressure occurs under the working mode of vibrator 1 not
working and vibrators 2, and 3 driven asynchronously, the
optimal frequency and pressure are 160 Hz and 3.14 kPa
respectively. The output pressure under the working mode
of vibrators 2, and 3 driven asynchronously and vibrators
1, and 2 driven asynchronously are higher than those of
the modes of them being driven synchronously, the pres-
sure under the working mode of vibrator 1 not working and
vibrators 2, and 3 driven asynchronously is the highest;
the output pressure is the lowest under the working mode
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NODAL SOLUTION ANSYS NODAL SOLUTION ANSYS
STEP=1 R15.0 srep-1 R15.0
SUB =1 APR 27 2016  SUB =2 APR 27 2016
FREQ=1386.46 10:42:19 FREQ=3556.43 10:43:30
USIH  (AVE) usme (AVE)

RSYS=0 RSYS=0
DMX =26.9281 DMX =25.8649
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[ R —— |
o 5.98403 11.9681 17.9521 23.9361 0 5.74776 11.4955 17.2433 22.9911
2.99202 8.97605 14.9601 20.9441 26.9281 2.87388 8.62165 14.3694 20.1172 25.8649
(a) the first mode (b) the second mode
NODAL SOLUTION AN§1YSSC
A YS stee-1 .
NODAL SOLUTION N%].SSO SUB =4 APR 27 2016
STEP=1 "" FREQ=5936.78 10:45:05
SUB =3 APR 27 2016 USTM (AVG)
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§Zg§=o (AVG) DMX =25.1648
DMK =26.2252 SMX =25.1648
SMX =26.2258
0 5.82796 11.6559 17.4839 23.3118 0 5.59219 11.1844 16.7766 22.3687
2.91398 8.74194 14.5699 20.3978 26.2258 2.79609 8.38828 13.9805 19.5727 25.1648
(¢) the third mode (d) the fourth mode
Fig. 5 The first four vibration mode of piezoelectric vibrator
Table 2 Driven frequencies of piezoelectric vibrators 1 2 3 4

Mode First Second Third Fourth

Driven frequencies/Hz 1386.5 3556.4 3556.4 5936.8

of vibrator 1 not working and vibrators 2, and 3 driven
synchronously.

As shown in Fig. 11, the output flow rate of vibrator 3
working alone is the highest and the maximum flow rate is
1542.2 mL/min and it occurs at the frequency of 220 Hz.
The output flow rate of vibrator 1 working alone is the
least. As shown in Fig. 12, the output pressure of all the
three working modes increase progressively at first and
then decrease substantially with the frequency increasing.

Fig. 6 Experimental devices of performance test
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Fig. 7 Frequency-flow rate
curve under the working mode
of all three vibrators working

Fig. 8 Frequency—pressure
curve under the working mode
of all three vibrators working

Fig. 9 Frequency-flow rate
curve under the working mode
of only two vibrators working

Fig. 10 Frequency—pressure
curve under the working mode
of only two vibrators working
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Fig. 11 Frequency-flow rate
curve under the working mode
of only one vibrator working
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—&— vibrator 1 working,2 3 not working
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Fig. 12 Frequency—pressure
curve under the working mode
of only one vibrator working
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The output pressures of vibrator 2 working solely and
vibrator 3 working solely are higher than that of vibrator 1
working solely.

5 Conclusions

We presented a novel piezoelectric pump with triple vibra-
tors. The pump adopted circular piezoelectric vibrator
which had a hole in the middle, and a check valve was
adhered to the hole to cut off air. It is composed of upper
and lower cover, middle cover, rubber seals, piezoelectric
vibrators, check valves, inlet and outlet. Modal analysis
was taken to see inherent frequency and vibration modes
of piezoelectric vibrator. The results show the first mode
is suitable as a driven mode and the piezoelectric vibra-
tors should work at a frequency lower than that of the first
mode. We produced a prototype and experimental tests of
output performance were performed. The experimental
results show: The maximum flow rate of the piezoelec-
tric pump under the working mode of vibrators 1, and
3 driven synchronously and vibrator 2 driven asynchro-
nously reached to 1513.2 mL/min when the driving fre-
quency was 220 Hz, and the maximum pressure reached to

120 160 200 240 280 320 360 400 440

Frequency(Hz)

4.08 kPa when that was 140 Hz; The output performance
of the piezoelectric pump with triple vibrators was the best
under the working mode of vibrators 1, and 3 driven syn-
chronously and vibrator 2 driven asynchronously; When
only two vibrators participate in working, the best connec-
tion method was vibrator 1 not driven and vibrators 2, and
3 driven asynchronously; when only one vibrator partici-
pates in working, the best connection method was vibrator
3 driven solely. Compared with reference 1 and reference
2, the output flow rate of the piezoelectric pump has been
improved.
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