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Abstract: Based on the multi-chamber series structure, a piezoelectric micropump with high out-
put performance is proposed in this paper. The proposed micropump is composed of the circular
unimorph piezoelectric vibrator, the cantilever check valve, and the pump body. First, the working
process of the piezoelectric micropump was analyzed in detail. Then, the effect of the key dimen-
sion parameters on the output performance of the micropump was explored. The key dimension
parameters mainly refer to the height of the pump chamber and valve opening (the deformation
size of the valve). Finally, experimental prototypes with different parameters were fabricated for
the evaluation of the output performance of the micropump. The experimental results show that
when the pump chamber height is 0.1 mm and the valve opening is 0.4 mm, the piezoelectric mi-
cropump has a good comprehensive output performance. In particular, at 170 V and 120 Hz, the
maximum flow rate of the dual-chamber series pump is 65.5 mL/min, and at 100 Hz, the max-
imum output pressure reaches 59.1 kPa. Moreover, at a certain voltage of 170 V, when the drive
frequency is 450 Hz and 550 Hz, the output flow rate and pressure of the four-chamber series
pump reach a maximum of 110 mL/min and exceed 140 kPa, respectively. In addition, the volumes
of the proposed single-chamber, dual-chamber series, and four-chamber series micropumps are
22 mm x 22 mm X 5mm, 32.6 mm X 22 mm x 5 mm, and 53.8 mm x 22 mm X 5 mm, respectively.
The proposed piezoelectric micropump has the advantages of simple structure, low cost, miniaturiza-
tion, and high output performance, thus gaining potential practicality for biomedical applications,
cooling systems, fuel supply, chemical applications, etc.

Keywords: piezoelectric micropump; multi-chamber; series connection; cantilever valve; high

performance

1. Introduction

With the increasing development of MEMS technology, microfluidic technology has
also been continuously improving. Micropumps are called the heart of microfluidics. They
enable micro and precise fluid delivery and, thus, have vital application prospects in
various fields, such as biomedicine [1-3], cooling systems [4-6], fuel supply [7-9], and
chemical fields [10-12].

Most micropumps can be categorized into two groups: mechanical micropumps (with
moving parts) and non-mechanical micropumps (without moving parts) [13]. Micro di-
aphragm pumps and peristaltic micropumps are the main representatives of the mechanical
micropumps. The common principle employs a pump chamber that is closed with a flexi-
ble diaphragm on at least one side. Oscillatory movement of the diaphragm generates a
two-phase pump cycle with periodic volume changes. The valves act as “fluidic rectifiers”
that direct the bidirectional fluid movement generated inside the pump chamber into a
desired unidirectional flow [14].

Piezoelectric driving is the drive mechanism used for different micro pumps, including
peristaltic pumps, and it uses the piezoelectric vibrator (piezo-vibrator) as the power
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source. The inverse piezoelectric effect of piezoelectric ceramics [15] promotes the periodic
deformation of the piezo-vibrator (which manifests as piezo-vibrator vibration on the
macroscopic scale) and then changes the volume of the pump chamber to realize fluid
pumping. In recent years, the piezoelectric micropump has received increasingly more
attention and has become one of the hot spots and focuses of research at home and abroad.

High output performance has always been an important goal of piezoelectric mi-
cropump development, which can be achieved through a variety of approaches, such
as increasing the number of pump chambers and exploring a variety of pump chamber
connection forms (series, parallel, and parallel-series). Zhang [16] designed a five-chamber
series PZT pump with dimensions of 170 mm x 50 mm x 20 mm. The experimental
results show that the output pressures of three-chamber, four-chamber, and five-chamber
piezoelectric pumps are 39%, 83%, and 128% higher than that of single chamber pump, and
the maximum flow rates are 25.9%, 49.2%, and 67.8% higher than that of single chamber
pumps. The maximum output flow rate can reach 469.2 mL/min, and the maximum output
pressure can reach 16.1 kPa. Vatanabe [17] proposed a parallel-series configuration for
bimorph piezoelectric actuator micropumps. The results show that under the excitation
of 60 V, the maximum flow rate of the parallel piezoelectric micropump is 422 mL/min
and the maximum pressure is 0.12 kPa, while the maximum flow rate of the series form
is 98 mL/min and the maximum pressure is 0.34 kPa. John Valdovinos [18] reported a
low-voltage piezoelectric pump for small hydraulic systems. The pump uses laser-cut
spring steel to create a passive globe valve in the shape of four leaves, which has a total
volume of 45 cm®. The test results show that the maximum output flow and pressure reach
186 mL/min and 125 kPa, respectively.

It is evident that these micropumps are basically unable to meet the requirements
for high output flow rate, high output pressure, and small size all at the same time. In
order to solve the above problems to the maximum extent, based on the series structure,
a high-output piezoelectric micropump using the circular unimorph piezo-vibrator and
the cantilever check valve is presented in this work. It aims to achieve breakthrough
high-output performance of miniaturized piezoelectric pumps with adjustable output flow
and output pressure, thus gaining strong practicality in biomedicine, cooling systems, fuel
supply, chemical applications, etc.

2. Structure and Working Principle

Single-chamber, double-chamber series, and four-chamber series piezoelectric microp-
umps are designed in this paper. The multi-chamber series piezoelectric micropump is
fabricated on the basis of the structure of the single-chamber micropump. Figure 1a,b
provide exploded views of the single and four-chamber series piezoelectric micropumps,
respectively. Specifically, they include the piezo-vibrator, pump body, cantilever valves,
inlet, and outlet. There is a limit support at the water outlet of the pump body to change
the opening of the valve, and it can also prevent the cantilever valve from deforming too
much and losing its performance when it is subjected to large pressure.

(a) (b) Piezo-vibrator
Piezo-vibrator P > (O / Pump body
Chamber (4 . i (?/ Limit suppor
Cantilever ‘ ' Limit support \f‘\‘ . . . \., ) Outlet
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Pump body ‘[—f i S Cantilever
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Figure 1. Exploded diagram of single-chamber and four-chamber series piezoelectric micropump.
(a) Exploded diagram of single-chamber micropump. (b) Exploded diagram of four-chamber micropump.
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Figure 2 is the working principle diagram of the piezoelectric micropump. When
working, the piezoelectric vibrator will generate periodic bending vibration under voltage
excitation, together with the valve action, thus forming a unidirectional flow of fluid.
Due to the rigidity of the valve, it is necessary to generate negative pressure in the pump
chamber to open the valve; the greater the negative pressure, the greater the opening angle
of the valve. The critical pressure that makes the valve open is called the valve opening
pressure. Generally, the pressure in the pump chamber is set to 0 at the moment of the
initial working state.

Piezo-vibrator

[ | [ |
Initial state Pump body The fourth state
: - - e
; f 11 I . 1 L I—~ ‘_—j r [Tl ] l— -
[ ] [ ]
The first state K valve The fifth state Fluid
= e B discharge
Fluid | T — e =
intake | 1 l ]
The second state

The third state The seventh state

Figure 2. Schematic diagram of working state.

In detail, at the first stage and the second stage, the piezo-vibrator is bent upward.
When the negative pressure in the pump chamber exceeds the opening pressure of the
inlet valve, the inlet valve is opened, the outlet valve is closed, and the fluid enters the
pump chamber. At this time, the negative pressure in the pump chamber is greater than
the opening pressure of the inlet valve to keep it open. At the third and the fourth stage,
the piezo-vibrator first bends upward until the limit state and then bends downward until
the back pressure is zero. During this time, more and more fluid flows into the pump
chamber because the flow in the pump chamber will offset part of the volume. The pump
chamber back pressure is less than the valve opening pressure; the inlet valve is completely
closed. At this point, the outlet valve is still in the closed state; in the fifth stage and
the sixth stage, the piezo-vibrator is bent down to the limit from the position of zero back
pressure, and the outlet valve is opened until the end of drainage work; in the seventh stage,
the piezo-vibrator is restored to a flat position and the piezoelectric micropump returns to
its initial state. From a macro perspective, the fluid forms a continuous unidirectional flow
in the pump chamber.

3. The Limit Output Performance of Piezoelectric Micropump

The limit output performance of the piezoelectric micropump refers to the output flow
and the corresponding output pressure of the piezoelectric micropump during the ideal
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vibration process of the piezo-vibrator. The limit output performance can be theoretically
estimated based on a formula [19]. The output flow Q of the piezoelectric micropump is

Q =vnx Cy x AV x f )

Here, n is the number of piezoelectric micropump chambers, Cy is the delay response
coefficient of the valve to the piezo-vibrator, AV is the volume change of the piezoelectric
micropump, and f is the operating frequency of the piezoelectric micropump.

It is evident from Formula (1) that when the delay response coefficient of the valve to
the vibration of piezo-vibrator is constant, the pump chamber number, working frequency,
and volume change of the piezoelectric micropump affect the output flow rate of the
piezoelectric micropump.

Then, the output pressure P of the piezoelectric micropump is

P=nxpx(Q=Cqx A)? )

where p is the fluid density, Cq is the flow coefficient, and A is the minimum cross-sectional
area of the fluid channel.

It is evident from Formula (2) that when the flow coefficient of the piezoelectric
micropump is constant, the output flow rate of the piezoelectric micropump, the fluid
density, and the minimum cross-sectional area of the fluid channel of the piezoelectric
micropump all have an impact on the pressure of the piezoelectric micropump.

4. Fabrication of Prototype and Experimental Scheme

To evaluate the effect of various parameters on the performance of the piezoelectric
micropump, the output flow rate and output pressure of the prototype with different
parameters were compared. Three sets of test prototypes were used in our experiments,
and the average of the three sets of data was used as the experimental data. Table 1 lists the
main structural parameters of the piezoelectric micropump.

Table 1. Main structural parameters of piezoelectric micropump.

Structural Parameters Values/(mm)
Height of pump chamber 0.02,0.05,0.1,0.15, 0.2, 0.25
Size of valve opening and closing 0.3,04,05,0.6,0.7
Support width of Piezo-vibrators 0.6
Diameter of water inlet and outlet 24
The length of the valve 8.8
The width of the valve 3.6
The thickness of the valve 0.05
Thickness of copper substrate 0.2
Diameter of copper substrate 20
Thickness of piezoelectric ceramics 0.2
Diameter of piezoelectric ceramics 14

PMMA sheets and beryllium bronze are used as raw materials for the pump body
and valves, respectively. They are both processed by a precision engraving machine and
assembled via a bonding process. Figure 3a shows the processing sequence of the valve;
in order, the valves are cut with a carving machine and then are polished, cleaned, heat
treatment, washed, and dried. Figure 3b is the processing sequence of the pump body,
which includes carving, cleaning, drilling, cleaning again, and drying. Figure 4a—c are the
prototype photos of the single-chamber, double-chamber series, and four-strong series of
micropumps, with volumes of 22 mm X 22 mm X 5 mm, 32.6 mm X 22 mm X 5 mm, and
53.8 mm X 22 mm X 5 mm, respectively.
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Figure 3. Processing sequence of the pump body and valve. (a) Processing sequence of the valve.
(b) Processing sequence of the pump body.

(@) (b) (c)

Figure 4. Photos of the piezoelectric micropump prototype. (a) Single-chamber. (b) Double-chamber.
(c) Four-chamber.

Figure 5 is the experimental platform. The instruments used in the experiment include
a signal generator, a power amplifier, and a lifting platform, measuring cylinders of different
specifications, beakers, timers, etc.

Prototype

& i
e
I/IIIIIIIIIIIIIIIHH”Hl|I!IIIEI

power amplifier

measuring
.. cylinders

signal generator

Figure 5. Photograph of the experimental device.

5. Results and Analysis

According to Table 2, piezoelectric micropumps with different parameters are fabricated.
The following are the test results of piezoelectric micropumps with different parameters:
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Table 2. The output performance of single-, dual-, and four-chamber micropumps.

The Output Flow Rate

Micropump (mL/min) The Output Presser (kPa)
single-chamber micropumps 21 23.1
dual-chamber series micropump 37 43.5
four-chamber series micropump 62.5 104

5.1. Output Performance Test of Single-Chamber Micropumps with Different Valve Openings

The limit support of the outlet of the piezoelectric micropump can change the opening
of the valve, thus affecting the performance of the micropump. The piezoelectric microp-
ump without limit support and the single chamber piezoelectric micropump with valve
openings of 0.3 mm, 0.4 mm, 0.5 mm, 0.6 mm, and 0.7 mm were fabricated. Figure 6 shows
their maximum output flow rate and output pressure at 100 V. It is evident that when the
valve opening is 0.4 mm, the maximum output pressure of the piezoelectric micropump
can reach 23.1 kPa, and the corresponding output flow rate is up to 21 mL/min; when
the valve opening is 0.5 mm, the maximum output flow of the piezoelectric micropump is
25.2 mL/min, and the corresponding maximum output pressure is 16.1 kPa; and the maxi-
mum output flow of the piezoelectric micropump without limit support is 17.6 mL/min,
and the maximum output pressure is 15.4 kPa. It is evident from the comparison that
adding limit support at the outlet can improve the output performance of the piezoelectric
micropump, especially for the output pressure. This is because the limit support can help
the valve to rebound quickly, reducing the leakage of fluid. However, it is evident from
Figure 6 that when the valve opening is 0.3 mm, 0.6 mm, or 0.7 mm, the output performance
of the valve is less than that of 0.4 mm and 0.5 mm. This is because too small of a valve
opening will hinder the movement of the valve and affect the flow efficiency of the fluid and
too large of a valve opening has a negative impact on the rebound speed of the valve, which
will cause fluid leakage and affect the output performance of the piezoelectric micropump.
Compare the output flow rate and output pressure of the piezoelectric micropump with
valve openings of 0.4 mm and 0.5 mm: when the valve opening is 0.4 mm, the output flow
rate and output pressure are 83% and 140% of the 0.5 mm one, respectively. When the valve
opening is 0.4 mm, the output flow rate of the micropump is slightly smaller, but it has an
excellent output pressure. Therefore, we set the valve opening to 0.4 mm.

(0.4 mm, 23.1kPa) T 24
261 ]
/4\ (0.5 mm, 25.2mL/min)
ah 422
— 244 —&—Flow rate
£ 22 ! —#—Pressure 120 _
£ ; ©
3 | 5
= 20 ! 118 &
3 18 ' \ g
v 181 ! ]
w : A 416 é
S 16 : : ~— o
% | 1 100V T— 14 &
I -
@ 144 i ! chamber hight = 0.1 mm
1 1 standrad deviation = 0.91
12 - : | candrad deviation - 036 ] 12
| | Number of tested device =3 ]
10 . ; 1 10

03 04 05 06 07
Valve opening (mm)

Figure 6. Output performance of different valve opening.



Appl. Sci. 2022,12, 4483

7 of 11

5.2. Output Performance Test of Single-Chamber Micropumps with Different Pump Chamber Heights

Piezoelectric micropumps with pump chamber heights of 0.02 mm, 0.05 mm, 0.1 mm,
0.15 mm, 0.2 mm, and 0.25 mm were tested. Figure 7 is the maximum output performance
of the piezoelectric micropump with different chamber heights under a certain voltage. It is
evident that the output flow rate and output pressure of the piezoelectric micropump both
increase first and then decrease with the increase in the chamber height. This is because
if the height of the pump chamber is too small, the valve will touch the piezo-vibrator
during the movement, which will hinder the movement of the valve and affects the fluid
outflow efficiency. However, when the height of the pump chamber is too great, the
dead volume will be significantly increased, which will reduce the output performance
of the piezoelectric micropump. In this paper, when the height of the pump chamber
is 0.1 mm, the maximum output flow of the micropump is 21 mL/min, and its output
pressure is 23.1 kPa; when the height of the pump chamber is 0.15 mm, its maximum output
pressure is 24.3 kPa, and the output flow rate is 14.5 mL/min. When the chamber height is
0.1 mm, the output flow rate and output pressures are 145% and 95% of the 0.15 mm one,
respectively. The output flow rate of the piezoelectric micropump with a pump chamber
height of 0.1 mm is much larger than that of 0.15 mm, and its output pressure is almost the
same as the 0.15 mm one. Therefore, we set the pump chamber height of the piezoelectric
micropump to 0.1 mm.

22 (01 mm, 21 mL/min) 126
T~~~ C A (015mm, 243kPa) 1
20 1 I\ P 124
1 ” — —
~  Jormm o maeh T T ]
c F T S 3
o= /1 | N\ —
E 18 1 /h | Na 120 =
s / | >
E 16 1 I —&— Flow rate 'i‘,
- 1
~ I | —M— Pressure 20 &
% ______ ¢/ i .. ;<o.15 mm, 14.5mL/min) | 7
—~ 14 - / ! ——— s
g ] '/ ! ' 100V \. 118 &
= 124 ' ' | valve opening = 0.4 mm
4 ' | standrad deviation=0.87 | 16
10 | : : standrad deviation = 0.81 |
T ' I Number of tested device =3
1 ]
i i 14

000 005 010 015 020 025 030
The pump chanmber height (mm)

Figure 7. Output performance of micropump with different chamber heights.

5.3. Output Performance Test of Multi-Chamber Series Piezoelectric Micropump

Figure 8 shows the relationship between the limit output performance and frequency
of the multi-chamber series piezoelectric micropump under 100 V. It is evident that the limit
output performance of the dual-chamber micropump and the four-chamber micropump
show a trend of first increasing and then decreasing with the increase of frequency, while
the optimal operating frequency of the dual-chamber micropump is lower than that of
the four-chamber micropump. This is because the response characteristics of the piezo-
electric micropump under working conditions have changed, thus affecting the outflow
efficiency of the inlet and outlet of the micropump. For a dual-chamber series piezoelectric
micropump, when the frequency is 120 Hz, the limit output flow is 37 mL/min; when
the frequency is 100 Hz, the limit output pressure is 43.7 kPa. For a four-chamber series
piezoelectric micropump, when the frequency is 450 Hz, the limit output flow rate reaches
62.5 mL/min; when the frequency is 550 Hz, the optimal output pressure exceeds 100 kPa.
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Figure 8. The relationship between the output performance of the multi-chamber series micropump
vs. the frequency and voltage. (a) The relationship between flow rate and frequency at 100 V. (b) The
relationship between pressure and frequency at 100 V.

Figure 9 provides the relationship between the limit output performance of the multi-
chamber series piezoelectric micropump and the voltage. It is evident that when the
frequency is constant, the limit output performance of the multi-chamber series piezoelec-
tric micropump increases with the increase in the voltage and has a good linear relationship.
For the dual-chamber series piezoelectric micropump, when the voltage is constant at 170 V,
the output flow rate is 65.5 mL/min at 120 Hz, and the output pressure can reach 59.1 kPa at
100 Hz. For the four-chamber series piezoelectric micropump, when the voltage is constant
at 170 V, the output flow reaches 110 mL/min at 450 Hz, and the output pressure can
reach 142 kPa at 550 Hz. Under the same voltage, the output flow rate of the four-chamber
series micropump is about 1.6 times that of the double-chamber series micropump, and the
output pressure is about 2.4 times that of double-chamber series one.

170V, 142kPa}
170V, 110 mL/min) [t Attt

valve opening = 0.4 mm
chamber hight = 0.1 mm

standrad deviation = 1.58

1204

standrad deviation = ( #— four-chamber

Number of tested device =3 o— dual chamber

s

f=550Hz

(170 V. 59.1kPa

Pressure (kPa)
z

z

valve opening = 0.4 mm
chamber hight =0.1 mm
slandrad deviation = (.34 f=100Hz
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204

Number of tested device =3

20

60

T T T T T T T 1
80 101200 10 160 180 20 40 80 80 100 120 140 160 180

Voltage (V) Voltage (V)
(a) (b)

Figure 9. The relationship between the output performance of the multi-chamber series microp-

ump and the frequency and voltage. (a) The relationship between flow rate and voltage. (b) The
relationship between pressure and voltage.

Next, Table 2 provides the output performance of single-, dual-, and four-chamber
micropumps under 100 V. The output flow rate of the four-chamber micropump is about
1.69 times that of the double-chamber micropump and 2.97 times that of the single-chamber
micropump; its output pressure is about 2.39 times of double-chamber micropump and
4.5 times of the single-chamber micropump. The output flow rate of the double-chamber
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micropump is about 1.73 times that of the single-chamber micropump, and the output
pressure is about 1.88 times that of the single-chamber micropump.

Furthermore, Table 3 shows a comparison of the technical reports of piezoelectric
micropumps. It is evident that the piezoelectric micropumps reported in these studies
are lacking in output performance or overall size. The piezoelectric micropump proposed
in this work makes up for the deficiency to the maximum extent, i.e., both high output
performance and miniaturization. Therefore, this work promotes the development of
piezoelectric micropumps with high output performance.

Table 3. Current situation of piezoelectric micropumps at home and abroad.

Authors Q (mL/min) P (kPa) Voltage Footprint
Zhang [16] 469.2 16.1 150 V 170 x 50 x 20 mm?>
Dong [20] 1678.2 2.18 240V 50 x 50 x 16 mm?

Ping Zeng [21] 318 4.05 130V 54 x 49 x 15 mm?>
Jian Chen [22] 1660 85 300 V 30 x 37 x 72.5 mm?3

Valdovinos [18] 186 125 2MVm~! 45 x 103 mm3
Present study 110 142 170V 53.8 x 22 x 5 mm?>

6. Conclusions

Based on the single-chamber micropump, a series of multi-chamber series piezoelec-
tric micropumps is proposed. After analyzing the working principle, the piezoelectric
micropump prototypes with different parameters were fabricated for testing, and finally,
the experimental conclusions were drawn. The specific conclusions are as follows:

1. We conclude that the valve opening and pump chamber height will affect the output
performance of piezoelectric micropump. Too small of a valve opening is detrimental
to the opening of the valve, affecting the flow efficiency of the fluid, and too of a large
valve opening is not conducive to the rebound of the valve, which will cause fluid
leakage and affect the output performance of the micropump. Proper valve opening
will improve the rebound speed of the valve and prevent the valve from failing due
to over-opening. Too small of a pump chamber height will hinder the movement
of the valve and too large of a pump chamber height will increase dead volume,
thus affecting the performance of the piezoelectric micropump. After a great deal of
experimental research, this paper found that when the valve opening is 0.4 mm and
the pump chamber height is 0.1 mm, the comprehensive output performance of the
piezoelectric micropump is the best.

2. The piezoelectric micropump in this study can achieve high output performance un-
der the condition of small size, and the performance of the multi-chamber micropump
is better than that of the single-chamber micropump. The double-chamber series mi-
cropump has a maximum output flow rate at 120 Hz and a maximum output pressure
at 100 Hz, while the four-chamber series micropump has a maximum output flow
rate at 450 Hz and a maximum output pressure at 550 Hz. It is evident that the best
frequency for the output flow rate and output pressure is different, so the frequency
with the best comprehensive performance can be selected to drive the piezoelectric
micropump. The frequency of the output flow rate and pressure of the four-chamber
series micropump is higher than that of the double-chamber series piezoelectric mi-
cropump. This is because the response characteristics of the piezoelectric micropump
in resonance state change, which affects the outflow efficiency of the micropump inlet
and outlet.

3. Under the same voltage, the output flow rate of the four-chamber micropump is
about 1.69 times that of the double-chamber micropump and 2.97 times that of the
single-chamber micropump, and its output pressure is about 2.39 times that of the
double-chamber micropump and 4.5 times the single-chamber micropump. The
output flow rate of the double-chamber micropump is about 1.73 times that of the
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single-chamber micropump, and the output pressure is about 1.88 times that of the
single-chamber micropump. This shows that the multi-chamber series piezoelectric
micropump can effectively improve the output performance of the piezoelectric
micropump, especially for the output pressure of the piezoelectric micropump. That
is, the multi-chamber series micropump can obtain higher output performance under
lower operating conditions, which is more conducive to practical applications.
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