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ABSTRACT Valve-less piezoelectric pumps possess the advantages of simple structure and absence of
electromagnetic interference, which has accordingly drawn widespread attention. In this paper, in order
to improve the performance of valve-less piezoelectric pumps, various kinds of the prototypes had been
designed and fabricated to discover the relationship between the performance and the structural parameters
of valve hole spacing. The prototype is comprised of a piezoelectric actuator and a pump chamber through
a conical tube that connects the pump chamber with the buffer chamber. First, the flow characteristics of
the valve-less pump were performed by using COMSOL Multiphysics. According to the simulation result,
the decline of flow velocity around the valve holes on the side far from the center of the pump chamber may
be the reasons for the performance degradation. Second, the effect of valve hole spacing on the prototype was
investigated with respect to several parameters, such as the chamber height and cone angle. The experimental
results indicated that the valve-less piezoelectric pump output flowrate can be improved by reducing spacing
valve hole spacing. A maximum flowrate of 8.43mL/min was achieved at valve hole spacing of 3 mm, which
is 13.6% and 47.1% higher than that at 15 mm and 25 mm, respectively. We finally verify the feasibility of
improving the capacity of valve-less piezoelectric pumps by reducing valve hole spacing.

INDEX TERMS Valve hole spacing, valve-less piezoelectric pump, output flowrate.

I. INTRODUCTION
Valve-less piezoelectric pumps provide excellent stability
and accuracy because of his simple structure, low energy
dissipation and absence of electromagnetic interference,
which has a wide application prospect in micro-jet, fuel
delivery and biomedical application, etc. References [1]–[4]
For valve-less piezoelectric pump, it is composed of PZT
diaphragm and flow jet part. Between the two main compo-
nents, there are many factors in output performance includ-
ing channel shapes [4]–[7], chamber configuration [8], [9],
structure parameters [10]–[12] and flow channel distribu-
tion [13]–[15], etc. Those above are intertwined with the
flow rectify ability directly or indirectly. In order to improve
the output performance of valve-less piezoelectric pumps,
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relevant researchers have made lots of innovations and opti-
mization in many aspects including the above factors.

After the very first valve-less pump with nozzle/
diffuser element in 1993 by Stemme and Stemme [16].
Hwang and Ji [17] studied the influence of nozzle/diffuser
angle and slenderness on valve-less PZT pumps. The exper-
imental results discovered that the best driving frequency is
at 200 Hz with slenderness from 20 to 25 and nozzle/diffuser
angle from 10◦ to 20◦. By changing flow channel distribution
at the inlet and outlet, Munas et al. [18] carried out the exten-
sion of conical tube valve-less piezoelectric pump. What the
proposed design different from conventional nozzle/diffuser
type is part of flow rectifier, a cross-junction structure formed
by micro channels intersecting, including two inlet channels,
one outlet channel and a nozzle jet. Test showed that the max-
imum flowrate of the novel structure pump is 31.15 mL/min
at a frequency of 100 Hz.
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Researchers not only focus on further parameter optimiza-
tion in the proposed fluid rectification element, but also pay
more attention to novel types of components with high rectifi-
cation capacity. Zhang et al. [8] furtherly proposedmultistage
Y-shape treelike bifurcate tubes on basis of Y-shape pipe,
and created equivalent circuit model to evaluate its functional
performance. Finally, they found that the maximum flow
rate of the valve-less piezoelectric pump is 1.16 mL/min
with a driving voltage of 100 V and frequency of 6 Hz.
Leng et al. [6] presented a spiral flow tube-type valve-
less piezoelectric pump, and the proposed pump is sen-
sitive to the element position caused by Coriolis force.
The experimental results showed the pressure differential
is 29mmH2O.

Chamber configuration is quite vital factor in micro fluid
system, while the multiple chambers can not only realize
promotion of energy efficiency, but also generate more steady
flow. Olsson et al. [19] presented a planar fluid pump which
consists of two pump chambers. During their work, pump
performance in two different mode (anti-phase and in-phase)
were verified. And the results revealed that pump capacity
in anti-phase were more than twice as high as those of the
in-phase oscillation mode, which of about 16 ml/min
flowrate and of a maximum pressure of about 1.7mH2O
at driving frequency of 540Hz. Guo et al. [20] pro-
posed a novel valve-less piezoelectric micropump of paral-
lel double chambers. They optimized nozzle/diffuser pipes’
parameters, and test showed performance of the double
chambers pump is 1.3 times that of the single chamber
pump.

All the above approaches reported have achieved certain
effect in improving the output performance of valve-less
piezoelectric pump, and this kind of work is still under way.
We found that people focus more on complex channel shapes
and chamber configuration to enhance pump performance,
but interestingly, the very simple way, the valve hole dis-
tribution in the pump chamber seemed to be overlooked.
As a critical part of fluid network, the valve hole distribution
affects the flow field distribution in pump chamber directly,
which has further effects on output performance of valve-less
pump. Therefore, it is significant to investigate effect of valve
hole distribution on output flow to improve performance of
valve-less piezoelectric pump. In present work, three kinds of
valve-less piezoelectric pumps with different valve hole spac-
ing are designed and fabricated. Through simulation model
and experimental verification, the relationship between valve
hole spacing and output flowrate on valve-less piezoelectric
pump is obtained, providing reference for structural design of
valve-less piezoelectric pump.

II. STRUCTURE AND WORKING PRINCIPLEI
Fig.1 has shown structure of valve-less piezoelectric pump.
It is composed of piezoelectric actuator, sealing ring, pump
body, cover plate, buffer chamber and conical tubes. The
buffer chamber is used for connecting conical tube with inlet
and outlet. The piezoelectric actuator is driven by alternating

FIGURE 1. Structure of valve-less piezoelectric pump.

FIGURE 2. Diagram of experimental prototype.

voltage to oscillate reciprocally, causing the volume of the
pump chamber changed periodically. Due to the flow resis-
tance difference of the conical tube, the unidirectional flow
of the fluid is realized macroscopically.

The experimental prototypes were fabricated as shown
in Fig.2. The valve-less piezoelectric pump is divided into
three layers, these two conical tubes are in the back of the
middle layer. The bolts and O seal rings are used to connect
and seal, respectively.

Fig.3 has shown diagram of valve hole distribution. Two
conical tubes are connected to pump chamber through two
valve holes, which are symmetrical and equal diameter.
To simplify the problem and facilitate theoretical analysis,
a is adopt to represent the valve hole spacing. Three different
a of valve hole spacing are set up, which were 3 mm, 15 mm
and 25 mm, respectively.
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FIGURE 3. Diagram of valve hole distribution. (a) Schematic diagram of
valve hole distribution. (b) Schematic diagram of valve hole distribution.

TABLE 1. Material properties of brass.

III. SIMULATION MODELING
In order to identify the flow characteristics, the modeling and
simulation were carried out in this part. The structure model
was established in SOLIDWOKRS, and the simulation was
executed in COMSOLMultiphysics under the fluid-structure
interaction mode on time dependent study setup.

The brass diaphragm is fixed around its perimeter, and
the PZT 5H disk is bonded on top of the diaphragm. The
characteristics of brass is expressed in Table1.

The calculation formula of Reynolds number is

Re =
ρvd
µ

where v is the velocity of fluid medium; ρ and µ is the
density and viscosity coefficient of the fluid medium, d is
the equivalent diameter of channel.

We choose water as the fluid medium. So, when v is less
than 0.4m/s in the proposed valve-less pump structure, the
flow can be regarded as laminar flow. According to previous
studies, the order of magnitude of v is about 10−2 ∼10−4m/s,
hence, the flow field is laminar flow. Also, Inlet and Outlet
were set to open boundary. The model is meshed with the
physics-controlled mesh, which is showed in the Fig.4.

The net-flow V is defined by using the global equation
in COMSOL, that is

dV
dt
=

∑
S1i v1i −

∑
S2i v2i

FIGURE 4. Meshed model of the valve-less pump.

FIGURE 5. Net-flow curve of different valve hole in 0.5s.

where S1i and S2i is the area element in Inlet and Outlet; v1i
and v2i is velocity on each area element.

The net-flow curve described by time is illustrated in
Fig.5. The net-flow curve is fluctuating upward with law,
which is completely in conformity with the characteristics of
valve-less pump. Obviously, Fig.5 illustrate that the net-flow
increases more rapidly when the hole spacing is 3 mm.

Following the same settings above, we get three velocity
stream diagrams of different spacing at 0.2s shown in Fig.6.
At this moment, the piezoelectric actuator start moving and
the volume of pump chamber will decrease, resulting in
the discharge of water in inlet and outlet simultaneously.
According to Fig.6, with the increase of the distance between
the valve holes, the flow velocity around the valve holes on
the side far from the center of the pump chamber decreases.
In Fig.6(c), it is obvious that there are few red areas around
the valve holes on the side far from the center of the pump
chamber, which may be the reasons for the performance
degradation.

IV. EXPERIMENTAL SETUP
Tab.2 shows the parameters of valve-less piezoelectric pump
prototype. The prototypes are made of transparent organic
glass (PMMA), which is benefit for observing the fluid in
conical tubes and pump chamber. In order to prove that the
performance of pump can be improved by reducing valve
hole spacing in different situations, chamber height and cone
angle are used to simulate different situations. In addition,
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FIGURE 6. Velocity stream diagrams of different spacing at 0.2s.
(a) a = 3mm. (b) a = 15mm. (c) a = 25mm.

since the main purpose of the current study is to explore
the effect of valve hole spacing on performance, we simply
referred to the forerunners’ studies to choose a working cone
angle of 8◦/10◦/12◦, which already demonstrated excellent
performance. But, when the cone angle is 8◦, the output flow
of prototype is too weak to reach normal working state, and
cannot be used as an effective control group. Finally, the cone
angle are set to 10◦/12◦.

TABLE 2. Parameters of piezoelectric valve-less pump prototype.

FIGURE 7. Device of flow rate experiment.

Fig.7 shows the experimental setup of the valve-less piezo-
electric pump. The waveform generator (Tabor WW2074)
and the power amplifier (Tabor 9400) provide with square
wave driving signal for piezoelectric pump. The distilled
water serves as fluid medium, and the output flowrate of
piezoelectric pump is tested by electronic scale. For reducing
effect of bubbles, the working medium is kept at 55∼60◦ by
the constant temperature water tank during experiment. The
output flow of piezoelectric pumps with three different valve
holes spacing are conducted under different parameter combi-
nations. Initially, when driving voltage is at a fixed (300Vpp),
in the different frequency (1∼30Hz) output flow is measured,
and then at a fixed frequency, the output flow is measured
under different voltage measurement (200∼400Vpp).

V. EXPERIMENTAL RESULT AND ANALYSIS
To validate the theoretical model, the effect of valve hole
spacing on prototype was investigated with chamber height
and cone angle.

A. PERFORMANCE IMPACT EXPERIMENT BY VALVE HOLE
SPACING AT DIFFERENT CONE ANGLE
In order to analyze performance impacted by valve hole
spacing at different cone angel, we keep the driven-voltage
under 300Vpp. Fig.8 shows the relationship of flowrate with
frequency at different cone angle. According to the flowrate
curve of piezoelectric pump at cone angle of 10◦ in Fig.8(a),
the maximum flowrate with valve hole spacing of 3mm
reached 8.43ml/min. And it is 13.6% and 47.1% higher than
that of the 15mm and 25mm valve hole spacing, respectively.
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FIGURE 8. Measured flowrate with frequency at different cone angle and chamber height of 0.15mm. (a) Cone angle of 10◦. (b) Cone angle
of 12◦.

FIGURE 9. Measured flowrate with voltage at different cone angle and chamber height of 0.15mm. (a) Cone angle of 10◦ at 12Hz. (b) Cone
angle of 12◦ at 13Hz.

From Fig.8 (b), the valve hole spacing of 3mm also shows
the best output performance, which is 17.3% and 49% higher
than that of the 15mm and 25mm, respectively. This is consis-
tent with the simulation results. By comparing Fig.8(a) with
Fig.8(b), it is worth mentioning that the cone angle of 10◦

have better performance than cone angle of 12◦. This is the
same with the relevant research results.

We continue to investigate the voltage properties. The
measured flowrate with voltage at cone angle of 10◦ and 12◦

can be seen in Fig.9. It is easy to see the performance of
the 3 mm spacing prototype is higher than that of the other
two groups from beginning to end, which achieved the best
output flowrate of 9.23ml /min driven at 400Vpp. Similarly,
the cone angle of 10◦ shows superior capability in this project.

B. PERFORMANCE IMPACT EXPERIMENT BY VALVE HOLE
SPACING AT DIFFERENT CHAMBER HEIGHT
Based on the above test, prototype with cone angle of 10◦

overall performance is better from longitudinal comparison,

the cone angle of 10◦ is selected. On the case of different
chamber height, we analyze the influence of three different
kinds of valve hole spacing on output flowrate. Fig.10 shows
the relationship between output flowrate and valve hole
spacing with frequency at different chamber heights. From
Fig.10(a), as the spacing of valve holes decreases, the maxi-
mum flowrate of 4.3ml/min, 4.92ml/min, and 5.39ml/min are
obtained, respectively. In Fig10(b), the maximum flowrate
is 5.45ml/min, 6.15ml/min and 7.25ml/min, respectively.
Through the comparison of Fig.10(a), Fig.8(a) and Fig.10(b),
we find that the chamber height of 0.15mm may be more
suitable under the same conditions (cone angel of 10◦).

On the basis of the above experiment, the comparison
test under different voltages were carried out. Fig.10(a) is
that output flow curve with chamber height of 0.1 mm, the
calculated results show that the maximum flowrate of 3mm
increased by 20.7% and 45.5% compared with that of 15mm
and 25mm, respectively. Fig.10(b) is similar to above, the
spacing of 3mm shows the best capability.
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FIGURE 10. Measured flowrate with frequency at different chamber height and cone angle of 10◦. (a) Chamber height of 0.1mm. (b)
Chamber height of 0.2mm.

FIGURE 11. Measured flowrate with voltage at different chamber height and cone angle of 10◦. (a) Chamber height of 0.1mm at 15Hz.
(b) Chamber height of 0.2mm at 13Hz.

There is a big gap in output performance of piezoelectric
pumps between different valve hole spacing, which reflects
a certain rule of influence. The output effect of piezoelectric
pump with the minimum valve hole spacing (3mm) is better
than that with valve hole spacing (15mm and 25mm), which
is a high rate of improvement. The correctness of simulation
result is verified by experiment.

VI. CONCLUSION
From two aspects of conical tube flow resistance and plate
gap flow pressure drop, a theoretical model was established.
According to theoretical model, it is found that the output
flow performance can be improved by reducing valve hole
spacing.

In order to effectively analyze influence law of valve
hole spacing on output performance, combination tests with
different chamber height and different cone angle were
used to simulate different situations. A maximum flowrate

of 8.43mL/min was achieved at valve hole spacing of 3 mm,
which is 13.6% and 47.1% higher than that at 15 mm
and 25 mm, respectively. The output flow performance
increases significantly with the decrease of valve hole spac-
ing(3mm,15mm,25mm), which is basically the same with
theoretical analysis.
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