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A resonant type piezoelectric pump driven by a tuning fork vibrator (TFV) is developed in this study. The resonant
frequency of the TFV is designed to be the power frequency, thus the pump can directly work in a resonant state
under a power frequency power supply. Three factors affecting the performance of the piezoelectric pump are
investigated in this paper, including the thickness of the TFV, the material of the pump chamber diaphragm and
the quantity of inlet valve. The Taguchi method is adopted to obtain the best combination among the three factors.
In accordance with the optimized results of the Taguchi method, a final prototype piezoelectric pump is fabricated
via 3D printing technology. When driven by the power frequency power supply, the maximum flow rate of the
prototype piezoelectric pump can reach 441.77 ml/min.

1. INTRODUCTION

As a new type of fluid driver that exhibits superior per-
formance, piezoelectric pumps have received considerable at-
tention because of their small size, low power consumption
and anti-electromagnetic interference.1–3 The demand for the
application of simple micropumps with a high flow rate and
strong pumping pressure that are lightweight and economical
has increased in recent years in the fields of chemical analysis,
medical devices, fuel cells and microelectronic devices.3, 4

From the perspective of energy conversion, a piezoelectric
pump is composed of an excitation source, a vibrator and a
chamber. The excitation source provides electrical energy and
the piezoelectric element attached to the vibrator converts the
electrical energy into mechanical energy. The vibrator pro-
duces the deformation and transmits it to the pump chamber
diaphragm, causing a volume change in the pump chamber.
Finally, the pump chamber performs work on the water to com-
plete the pumping process. In this manner, the vibrator plays
a crucial role in the entire system. The optimization and im-
provement of the vibrator can significantly improve the per-
formance of the pump. Scholars have conducted considerable
research on vibrators for decades. The original vibrator struc-
ture consisted of a piezoelectric sheet attached to the pump
chamber diaphragm.5 This type of vibrator has a low operating
frequency and experiences difficulty in exerting the advantage
of high power density of piezoelectric materials.6, 7 A long-
beam vibrator operating in a resonant state was proposed by
Wang et al.8 Under an excitation of 490 Hz and an AC volt-
age of 400 V, the flow rate of the piezoelectric pump reached
105 ml/min. Subsequently, a multilayer folded vibrator was
produced. Under an excitation of 361 Hz and an AC voltage of

120 V, the flow rate of the piezoelectric pump was 118 ml/min.
A U-shaped vibrator that simultaneously drives two pumps
was proposed by Chen et al.9 in 2015. However, this pump
requires a specialized power supply, which makes the entire
structure complicated, increasing its cost and causing incon-
venience in the operation process. Pumps that work under a
common power supply emerged in the market to simplify the
drive power supply and make the whole structure simpler.

This study develops a new resonant-type piezoelectric pump
driven at the power frequency. It also designs a vibrator within
the tuning fork structure. The resonant frequency of the TFV
is set to 50 Hz (Power frequency in China) by adjusting its
structure and size. Therefore, the resonant state of the TFV
can be excited when driven by a power frequency power sup-
ply. The Taguchi method has been adopted to optimise and
improve the performance of the piezoelectric pump. In ac-
cordance with the optimised results of the Taguchi method,
a final prototype piezoelectric pump is fabricated and tested.
Experimental results show that the performance of the pump
has been improved. Section 2 describes the working principle
of the piezoelectric pump. Section 3 presents the design and
fabrication processes of the TFV and the entire pump. Section
4 presents the detailed process of the Taguchi method and the
performance of the final prototype piezoelectric pump.

2. WORKING PRINCIPLE

The working principle of the proposed piezoelectric pump is
illustrated in Figs. 1(a) and 1(b). The piezoelectric pump con-
sists of four parts: a piezoelectric actuator (tuning fork vibrator
and piezoelectric sheet), a pump chamber, check valves (in-
let valve and outlet valve), and flow channels. The piezoelec-
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Figure 1. Working principle of the proposed piezoelectric pump: (a)
Schematic diagram of absorbing mode (b) Schematic diagram of dispensing
mode.

tric actuator generates vibration controlled by the excitation of
the power source. Vibrations are passed from the piezoelec-
tric actuator to the diaphragm through a cylinder. As shown
in Fig. 1(a), when the piezoelectric actuator moves outward,
the volume of the chamber increases and internal pressure de-
creases. The inlet valve is opened and the outlet valve is closed,
the fluid is driven into the pump chamber by the differential
pressure. This process is referred as water intake (absorbing
mode). As shown in Fig. 1(b), when the piezoelectric actuator
moves inward, the volume of the chamber decreases and inter-
nal pressure increases. The inlet valve is closed and the outlet
valve is opened. The fluid is driven outside the pump cham-
ber by differential pressure. This process is referred as water
outflow (dispensing mode). A steady stream of water can be
achieved with this cycle.

In accordance with theory of vibration, a single-prong tun-
ing fork vibrator (TFV) can be regarded as a Euler–Bernoulli
beam with one end fixed and one end free. The vibration am-
plitude generated at the resonant frequency of the anti-phase
mode is the largest.10 On the basis of the force balance and
moment equations, the resonant frequency of the anti-phase
mode of the TFV is:11

f1 =
1.8752

2πL2
0

√
E1I1
ρ1S

; (1)

where E1 is the elastic modulus of the tuning fork material, I1
is the moment of inertia of the section to the centre, ρ1 is the
density of the tuning fork material, S is the cross-sectional area
of the Euler–Bernoulli beam, L0 is the length of the tuning fork
prong. An arbitrary resonant frequency TFV can be designed
by adjusting these parameters (E1, I1, ρ1, S, L0). Equation (1)
has a qualitative guiding significance for modifying geometric
dimensions of TFV to achieve the target frequency design of
50 Hz.

Figure 2. Two vibration modes of the tuning fork vibrator.

Table 1. Properties of the materials.

Material Density Young’s Poisson’s
(Kg m−3) Modulus (GPa) ratio

PZT- 4 7500 79 0.31
65 Manganese steel 7800 (ρ1) 200 (E1) 0.30

3. DESIGN AND FABRICATION

3.1. Design and Fabrication of the TFV
This study designed a vibrator within the structure of a tun-

ing fork. The TFV has two vibration modes, namely, in-phase
and anti-phase modes, as shown in Fig. 2. In its anti-phase
mode,12, 13 the bending stress of the tuning fork prong cancels
out at the junction (Fig. 2) of the two tuning fork prongs. The
energy of the vibration can be maintained between the two tun-
ing fork prongs and is not easily transmitted to the tuning fork
handle and the outside area. Therefore, the anti-phase mode
can maintain a high energy conversion efficiency.14–16 The
anti-phase mode of the TFV was utilized in our design.

To develop a TFV with a compact structure, a mass block
(Fig. 3(a)) at the end of the tuning fork prong is designed. This
new structure can increase the output force of the TFV, which
is beneficial for the force matching between the TFV and the
pump chamber.

The finite element analysis software ANSYS was used to re-
alize the frequency design of the TFV. The process of modal
analysis includes 3D modelling, definition of material param-
eters, meshing and calculation of resonant frequency. Under
the guidance of Eq. (1), three types of TFV with typical di-
mensions were designed, as shown in Figs. 3(a), 3(b) and 3(c).
In simulation, the length (L) and width (W ) of the mass block
were constantly adjusted to achieve the design of the target
frequency (50 Hz). The TFV was made of 65 manganese steel
and the piezoelectric sheet was made of PZT-4S (Hunan Ji-
ayeda Electronics Co., Ltd.).17 The material parameters of 65
manganese steel and PZT-4S are listed in Table 1. The den-
sity and Young’s modulus of 65 manganese steel in Table 1
correspond to E1 and ρ1 in Eq. (1), respectively.

The frequency–length and frequency–width curve shown in
Figs. 3(d) and 3(e) were obtained via simulation. The results
show that an inverse correlation exists between the resonant
frequency and the length (L) and the width (W ). Three TFVs
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Figure 3. Simulation results: (a) dimensions of TFV 1; (b) dimensions of TFV
2; (c) dimensions of TFV 3; (d) relationship between the thickness of the mass
block (W ) and the resonant frequency; (e) relationship between the width of
the mass block (L) and the resonant frequency.

that satisfy the conditions were obtained via simulation. TFV 1
(L = 13 mm,W = 5 mm), TFV 2 (L = 15 mm,W = 10 mm)
and TFV 3 (L = 16 mm, W = 14 mm) were designed and
manufactured using a wire-cutting process (with an accuracy
of 0.1 mm).

As illustrated in Fig. 4, the resonant frequency of the TFV
was adjusted to 50.2 Hz which is the key parameter in ANSYS
simulation. The TFV exhibits good vibration symmetry, thus
ensuring that the two prongs reach maximum deformation si-
multaneously to achieve excellent performance of the tuning
fork.

The well-fixed TFV was connected to the LCR metre. The
test voltage was set at 1 V and the range of excitation frequency
was set from 30 Hz to 80 Hz. Deviations were detected be-
tween the simulation and measured results of the resonant fre-
quency in the process of testing due to the deviation between
the actual and theoretical parameters of the selected materials
and the objective existence of machining error. Deviations will
affect pump performance. The magnets were adjusted to dif-
ferent sizes and attached at different positions of the TFV to
fine tune the deviation. Finally, the resonant frequency of the
tuning fork vibration was adjusted to 50 Hz as shown in Fig. 5.

3.2. Pump Fabrication
Figure. 6(a) shows the exploded view of the entire piezo-

electric pump. The entire pump is primarily made of high
temperature-resistant nylon, which is processed via 3D print-
ing technology. The manufacturing process of the entire device

Figure 4. Simulation results of TFV resonant frequency.
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Figure 5. Test result of LCR meter.

is discussed in detail in the following steps.

(1) The pump chamber was fabricated. The inlet and outlet
seat plate (Fig. 6(a), part 7, with a dimension of 40 mm
× 20 mm × 6 mm) sandwiched between two diaphragms
(Fig. 6(a), part 5) comprises the pump chamber. Through-
out the experiment, the pump chamber diaphragms were
sequentially made of three materials: rubber, PDMS and
polyimide, which achieved a different experimental pur-
pose.

(2) The inlet and outlet valves were fabricated. As shown
in Fig. 7, the check valve with a shape similar to a ‘dou-
ble H’ was cut from a 0.3 mm-thick polydimethylsiloxane
(PDMS) film. The valve is slightly larger than the valve
hole. The narrow sides of the entire valve were designed
to make rushing through easier for water. The check valve
was attached on the inlet and outlet valve seat plate using
cyanoacrylate adhesive.

(3) The pump was fabricated as follows:

1.) two pump chamber diaphragms were glued to the
inlet and outlet valve seat plate using cyanoacrylate
adhesive,

2.) the cover plate pressed the diaphragm firmly onto
the inlet and outlet valve seat plate,
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Figure 6. (a) Exploded view of the designed piezoelectric pump (b) Rendering
of the piezoelectric pump.

Figure 7. Relative position of check valve and valve hole.

3.) the centre of the inlet and outlet pipes was aligned
with the valve hole,

4.) glue (DP460) was applied evenly to the contact area
of the aforementioned primary parts (Fig. 6(a); parts
4, 7, 8 and 11) and,

5.) the glued pump was placed in a 60 ◦C incubator for
2 h to achieve a good sealing effect.

(4) The connection plate was glued to the centre of the di-
aphragm using cyanoacrylate adhesive. A slit was made
on the TFV to transfer the deformation generated by the
TFV to the pump chamber diaphragm. Subsequently, the
two parts (TFV and pump) were fixed together with bolts

Figure 8. Three primary factors affecting the performance of the piezoelectric
pump.

and nuts. Figure 6(b) presents the rendering of the en-
tire device. It should be noted that the working princi-
ple of the proposed piezoelectric pump shown in Fig. 1 is
viewed from the right view direction of Fig. 6(b).

4. EXPERIMENTAL RESULTS AND
DISCUSSION

4.1. Experimental Design: The Taguchi
Method

This study examined three factors affecting the performance
of the piezoelectric pump, including the thickness of the TFV
(Factor 1), the material composition of the pump chamber di-
aphragm (Factor 2) and the quantity of the inlet valve (Factor
3) as illustrated in Fig. 8. Piezoelectric pumps are driven by
energy. These three factors play important roles in the gen-
eration, transmission and action of energy. For Factor 1, the-
oretically, the thickness of the TFV can be an arbitrary value
to achieve the target frequency design of 50 Hz. However, a
TFV whose thickness is greater than 1.0 mm while maintain-
ing the resonance frequency at 50 Hz will make the whole vol-
ume of the TFV larger. In addition, the matching effect of the
TFV and pump chamber may become difficult when the thick-
ness of TFV is greater than 1.0 mm. Three typical thickness
values that can realize the target frequency design of 50 Hz
while maintaining a small volume of the TFV are 1.0, 0.8, and
0.6 mm. Therefore, the thickness of TFV is determined to be
0.6, 0.8 and 1.0 mm in current study.

The Taguchi method18, 19 was used for experimental research
and optimization to obtain the best combination among the
aforementioned three factors. The steps of the Taguchi method
include designing a three-factor orthogonal array (Table 2),
conducting nine groups of experiments and drawing a primary
effect diagram according to the experimental results. Flow rate
was selected as the characteristic parameter for judging the per-
formance of the piezoelectric pump. Designing Taguchi’s or-
thogonal array and analyzing the primary effect diagram can
obtain the best combination among multiple factors with the
least number of experiments. The primary effect diagram is
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Table 2. Three-factor orthogonal array of the Taguchi method.

Number of H Material Quantity of
experiments (mm) inlet valve
1 1.0 Polyimide 1
2 1.0 Rubber 2
3 1.0 PDMS 3
4 0.6 Polyimide 2
5 0.6 Rubber 3
6 0.6 PDMS 1
7 0.8 Polyimide 3
8 0.8 Rubber 1
9 0.8 PDMS 2

Figure 9. Experimental setup for the piezoelectric pump: (a) Physical figure
(b) Rendergraph.

used to determine which amongst the three factors exerts the
most influence. The factor whose flow rate and signal-to-noise
ratio are highest exerts the most influence on the performance
of the pump.

4.2. Experimental Setup and Datas

An experimental setup (shown in Fig. 9) was built to inves-
tigate the performance of the piezoelectric pump. The entire
experimental system is primarily composed of five parts: 1.)
power frequency power supply, 2.) piezoelectric pump, 3.) os-
cilloscope, 4.) water holding device, and 5.) flow rate measure-
ment device. A partial voltage divider circuit was connected to
adjust the amplitude of the output voltage. To ensure the ac-
curacy of the experimental results, three to five measurements
were taken for each group of experiments during the test and
the average value was taken as the final result shown in Fig. 10.

The signal-to-noise ratio (S/N), as shown in Fig. 11(b), is
an evaluation criterion for the robustness of a system. Given
that S/N is expected to be larger, a large S/N20, 21 in Eq. (2) is
adopted.

η = −10 log
1

n

(∑ 1

y2i

)
; (2)

where n is the number of experiments, and yi is the flow rate
of the experiment in Group i.
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Figure 10. Results of the nine groups of experiments.
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Figure 11. (a) Primary effect diagram of the flow (b) Primary effect diagram of
large S/N. Factor 1: thickness of vibrator: 0.6 0.8 1.0 (mm); Factor 2: material
of pump chamber diaphragm, A: Polyimide B: Rubber C: PDMS; Factor 3:
quantity of inlet valve: 1 2 3.

Figure 12. (a) Pumps made via 3D printing technology (b) Piezoelectric pump
under testing.
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The experimental results in Figs. 11(a) and 11(b) show that
the magnitude of Factor 1 has the highest flow rate and signal-
to-noise ratio, followed by Factors 2 and 3. Therefore, Factor 1
has the most significant effect on flow rate, followed by Factors
2 and 3.

4.3. Discussion
4.3.1. Factor 1

Factor 1 and the flow rate present a positive correlation. It
can be observed from Fig. 11 that ‘1.0 mm’ has the highest
flow rate and its signal-to-noise ratio is the highest in Factor
1. When the thickness of the TFV is 1.0 mm, the matching
effect of the output force and amplitude of the TFV is the best
in Factor 1.

4.3.2. Factor 2

The stiffness of Factor 2 exhibits an inverse correlation with
flow rate. Piezoelectric pumps rely on the vibration of the
elastic pump chamber diaphragm during the working process,
causing periodic changes in the volume of the pump chamber.
The stiffness of “PDMS” is minimal in Factor 2. Under the
same force, it can cause the largest change in the volume of
the pump chamber, which can produce the largest flow rate.

4.3.3. Factor 3

It can be observed from the primary diagram shown in
Fig. 11 that ‘One inlet valve’ has the highest flow rate and
its signal-to-noise ratio is the hignest in Factor 3. This con-
clusion may subvert the conventional perception that multi-
ple inlet valves produce higher flow rate. When the fluid is
driven into the pump chamber through multiple inlet valves at
the same time, the disturbance between multiple inlet valves
may cause flow energy loss. The liquid flow direction may be
linear and the flow energy loss is minimal when the quantity of
inlet valve is one. Thus, the piezoelectric pump with one inlet
valve obtains the largest flowrate.

4.4. Flow Rate Characteristics of Final
Prototype Piezoelectric Pump

On the basis of the analysis results in the primary effect dia-
gram, a final prototype piezoelectric pump was built as shown
in Fig. 12, and its weight was 10.59 g. The frequency charac-
teristics of the pump were measured using a signal generator to
provide a variable frequency for the pump’s drive source. The
driving voltage was set to 220 V (effective value) in the exper-
iment. To show performance parameters of the piezoelectric
pump in detail, the pump performance (flow rate) under the
driven frequencies of 42–58 Hz is also given in this paper. The
maximum flow rate reached 441.77 ml/min when the resonant
frequency was 50 Hz, which also verifies that the resonant state
is achieved under the power frequency drive.

The frequency of the driving voltage was set to 50 Hz and
the amplitude of the driving voltage was gradually increased to
obtain the curve shown in Fig. 14. A positive correlation was
observed between flow rate and voltage.

Frequency (Hz)

Fl
ow
ra
te
(m
l/
m
in
)

42 44 46 48 50 52 54 56 58
0

100

200

300

400

500

Figure 13. Frequency-dependent flow rate characteristics.
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Figure 14. Voltage-dependent flow rate characteristics.

5. CONCLUSION

A resonant type piezoelectric pump working under power
frequency excitation was developed in this study. The pump
does not require a specialized power supply, which simplifies
the drive power supply and reduces the cost. When driven by a
common power frequency power supply, the pump can directly
work under a resonant state and produce high flow rate. The
experimental results show that the thickness of the TFV exerts
the most significant effect on flow rate, followed by the mate-
rial of the diaphragm and the quantity of inlet valve. On the
basis of the optimized results, a prototype piezoelectric pump
with a TFV thickness of 1.0 mm, a pump chamber diaphragm
of PDMS and one inlet valve was built. Driven by a power fre-
quency power supply, the flow rate of the prototype can reach
441.77 ml/min.

Although the new type piezoelectric pump successfully sim-
plifies the drive power supply, some shortcomings need to be
improved. Frequency drift and unstable flow were observed
in the experiments. Thus, the robustness of the piezoelectric
pump system should be strengthened. The future studies will
focus on the thickness of TFV that is greater than 1.0 mm.
Miniaturisation of the TFV will also be challenging. In addi-
tion, the improvement of matching effect of the TFV and pump
chamber will be beneficial for obtaining the best working con-
dition of the pump.
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