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ABSTRACT At present, the micropumps are usually adopted in microelectromechanical systems (MEMS)
process, which is characterized by high technical complexity and expense, to obtain micro-scale internal
channels. Moreover, the MEMS process is more suitable for the 2.5-dimensional channels. This paper
presents a 3-dimensional vortex tube-based valveless piezoelectric micropump with low cost and high
accuracy, and the projection micro litho stereo exposure (PuLSE) technology is applied to manufacture
the prototype of the micropump. The working principle of the piezoelectric micropump is analyzed, and the
flow resistance of the vortex diode is calculated numerically. Then, the performance and 3D morphology
measurement of the micropump are conducted. The results demonstrate that the inner surface of the channel
is uniform and the surface roughness is small. By comparing and analyzing the output performances between
two prototypes manufactured by the PuLSE technology, the stability of the PuLSE technology is confirmed.
This paper provides a fast and cheap method for manufacturing a 3D micropump, and the proposed approach

can also be further adopted in fabricating such micro-stereoscopic structure devices.

INDEX TERMS Piezoelectric pump, valveless, vortex diode, projection micro litho stereo exposure.

I. INTRODUCTION

Piezoelectric actuators have been widely developed and
applied in engineering fields with the commercialization of
advanced smart materials [1]-[7]. The piezoelectric pump
is one of the piezoelectric actuators. The first piezoelec-
tric pump is proposed to transmission insulin in 1978 [8].
As a kind of diaphragm pump, piezoelectric pump has the
advantages of no electromagnetic interference, small size,
low energy consumption and accurate output, and is widely
applied in the fields of drug delivery, fuel cells and heat dissi-
pation systems[9]-[15]. Thus, various types of such pumps
have been proposed [16]-[19]. Among all kinds of piezo-
electric pumps, valveless piezoelectric pumps, which possess
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the advantages of simple structure and high reliability, are
received much more attentions [20]-[27].

The fluidic diodes are commonly employed in valveless
piezoelectric pumps as no-moving-parts valves to realize
fluid flow in one-way. However, due to the differences of
the prescribed pressure, the export flow rates of the fluidic
diode in different flow direction are not equal. Therefore,
similar to the electrical diode, the fluidic diode possesses
the feature of unidirectional continuity. Once the pressure
difference is determined, the efficiency of the fluidic diode
is defined as the ratio of the flow difference between the
forward and the reverse flows to the forward flow. The Tesla
tube [28], diffuser/nozzle [29] and Y-shape tube [30] are
three well-known diode types which are commonly used in
valvless piezoelectric pumps. Anduze et al. [31] proposed
a new vortex diode and compared to the classical diode.
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The results demonstrated that the efficiency of the vortex
diode was equivalent to or even slightly better than Tesla tube
and diffuser within a certain range of prescribed pressure dif-
ference. Hence, the valveless piezoelectric micropump with
vortex diodes using as no-moving-part valve is proposed in
this study.

The valveless piezoelectric micropumps are formerly pro-
cessed on silicon wafers or glass by lithographic tech-
nique. For example, Gerlach and Wurmus [32], Gerlach [33]
etched the square diffuser/nozzle and pump chamber on
silicon wafer by chemical method. The borosilicate glass
was applied as the cover anodic bonding with the silicon
wafer to fabricate piezoelectric micropump. This processing
method was mature and possessed high processing accuracy,
but such approach suffered the disadvantages of expensive
and time-consuming. Recently, a processing method of repli-
cation technology, in which the PDMS (polydimethylsilox-
ane) based polymer are applied as a base material, has been
widely investigated, such as hot-embossing technology and
soft lithography technology [34], [35]. Although such kind of
processing technology was much simpler and cheaper com-
pared to the lithographic technique, a corresponding mask,
which is not suitable for rapid prototyping, was necessarily
required. In general, the above methods were only applicable
to processing of 2.5-dimensional channel, but hardly for 3D
complex geometry with relatively lower cost. With the devel-
opment of 3D printing technology, this situation has been
improved. Zhang et al. [36] utilized the fused deposition mod-
eling (FDM) technology to fabricate a valveless piezoelectric
pump with triangular prism bluff body. The depth of the
pump chamber was 4mm, and the side length of the triangular
prism was Smm. The technology features the advantages of
convenient and cheap fabricating procedure, especially for
the devices with complex structures. However, it was unsuit-
able for micropump manufacturing due to the relatively low
process precision. The projection micro litho stereo exposure
(PuLSE) technology was another 3D micro/nano printing
processing method, which can produce 3D micro-channel
structures with high accuracy.

In this paper, a novel valveless piezoelectric micropump
was designed with a vortex diode as the “valve”. In order to
analyze the forward and reverse flow resistance, the internal
flow field of the vortex diode was calculated through finite
element method. Then, the prototype of the micropump was
manufactured by the PuLSE technology, and the experiments
were implemented to obtain the performances and the pro-
cessing effects of the micropump.

Il. STRUCTURAL DESIGN AND WORKING PRINCIPLE

The vortex diode consists of 3 parts: an axial tube, a vortex
chamber, and a tangential tube. In this study, the procedure
that the fluid flowing through the axial tube, the vortex
chamber and the tangential tube in sequence is defined as the
forward flow. On the contrary, the back flowing sequence is
defined as the reverse flow. Fig.1 is the schematic diagram of
the working principle of the vortex diode. In the forward flow,
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FIGURE 1. The working principle of the flow in vortex diode.
(a) The forward flow. (b) The reverse flow.

energy loss occurs only at the position where the axial tube
and the tangential tube connecting with the vortex chamber.
Alternatively, the flow resistance and energy loss in the for-
ward flow are relatively slight. However, in the reverse flow,
the fluid forms a vortex motion in the vortex chamber, which
leads to an increasing flow resistance and a large energy loss.
Specifically, due to the difference between the flow resistance
in forward and reverse flow, the vortex diode acts as a check
valve.

FIGURE 2. Schematic diagram of the valveless piezoelectric pump with
vortex diodes: 1. Piezoelectic vibrator; 2. Sealing ring; 3. Vortex diode;
4. Pump body.

Fig. 2 shows an exploded view of the designed valveless
piezoelectric micro-pump with vortex diodes in this study.
The micropump mainly consists of a piezoelectric vibrator,
a sealing ring, and a pump body. The pump body contains a
pair of vortex diodes and a pump chamber.

When applying an AC voltage to the piezoelectric vibrator,
the shrink and stretch motions of the vibration in the radial
direction are produced, leading a volume change of the pump
chamber. In stretch motion, the pressure of the inside chamber
is getting decreased with the increasing of the pump chamber
volume, and hence the external fluid is forced to flow into the
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pump chamber through two vortex diodes by the differences
of the inside and outside pressure. Such process is referred as
the suction procedure. Conversely, the pressure of the inside
chamber is getting increased with the decreasing of the pump
chamber volume, leading the phenomena that the internal
fluid flowing out of the pump chamber through the two vortex
diodes, such process is defined as the discharge procedure.
Due to the flow resistance inequality of the vortex diodes
in the forward and reverse directions, the fluid flow passing
through the tangential pipe and axial pipe of the piezoelectric
pump is different during the suction and discharge processes.
Furthermore, the macroscopic unidirectional transportation
of the fluid is realized in a vibration period of the valveless
piezoelectric micropump.

The flow resistance coefficient £ is applied to characterize
the resistance in the vortex diode, and is defined as follows:

2AP
g =2 (1)
oV
d
Re = 24 )
n
2pd* AP
_ pe ol 3
& ReZj2 3)

where, AP is the pressure difference between the tangential
tube and the axial tube of the vortex diode, v is the outflow
velocity of the fluid, p is the fluid density, and d is the
diameter of the channel.

The flow of the valveless piezoelectric micropump can be
approximated as [29]:

nl/2 1
0 = AVf =2V, [W} “)
n= g—i (5)

V, = nDR? (6)

where, AV is the volume change of the pump chamber within
a half vibration period, D is the amplitude of the piezoelectric
vibrator, R is the radius of the piezoelectric ceramic, f is
the driving frequency of the piezoelectric vibrator, &R is the
reverse flow resistance coefficient of the vortex diode, and
&r is the forward flow resistance coefficient of the vortex
diode.

IIl. THE FINITE ELEMENT ANALYSIS

A 3D model of the fluid domain for the vortex diode is
established, with the parameters presented in Table 1. The
transition section between the tangential tube and vortex
chamber is meshed with unstructured grids. The rest parts

TABLE 1. The parameters of the vortex chamber structure.

Name Parameters (mm)
Diameter of the axial tube 0.25
Diameter of the tangential tube 0.25
Diameter of the vortex chamber 1.5
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FIGURE 3. The finite element model of the vortex diode.

are meshed with structured grids, and the total number of the
elements are 3.8 x 105, as shown in Fig. 3. The forward and
reverse flow resistance coefficients of the vortex diode are
analyzed by ANSYS CFX. During the forward flow, the fluid
flows to the bottom of the vortex chamber first, and then flows
uniformly to the circumferential wall. There is no strong
vortex motion has been observed, and hence the k — ¢ model
can be adopted for the forward flow. However, during the
reverse flow, there is a complex vortex motion existed, and
the RNG k& — ¢ model is chosen to modify the calculation
of the velocity gradient flow field. Based on RNG k —e model,
the calculated accuracy of the vortex motion is improved, and
the calculation time is also reduced [38]. For the surface of the
wall, the non-slip boundary condition is prescribed. For the
calculation of the forward and reverse flows, the inlet surface
is set as the pressure inlet, while the outlet surface is set as
the open boundary, with the pressure defined as the standard
atmospheric pressure.

—#— Forward flow
—— Reverse flow
- = - Forward resistance coefficients
- - - Reverse resistance coefficients

——"———
A"
’/A'

Flow rate (mL/s)
1
o
Resistance coefficients

1 1
0 500 1000 1500 2000 2500 3000
Pressure drop (Pa)

FIGURE 4. The simulation results of the flow rates and resistance
coefficients.

The relationship between the pressure difference AP and
the flow rate Q is obtained through the simulation results from
the forward and reverse flows. Substituting the simulation
results into equation (1), the flow resistance coefficients of
the vortex diode are calculated under different AP, as shown
in Fig. 4. The results show that the resistance coefficient of
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the forward flow is always smaller than the reverse flow, and
the differences of the flow resistance coefficient between the
forward and reverse are increased gradually as the AP raises.
The calculation result also reveals that the flow resistance
coefficients of the vortex diode are not equal for the forward
and reverse flow, which indicates that the vortex diode can be
regarded as a valve for a valveless piezoelectric micropump.

(a) (b)

FIGURE 5. The velocity vector at middle cross section of the vortex
chamber (P = 500Pa). (a) The positive flow. (b) The reverse flow.

Fig. 5 shows the velocity vector diagram of the forward and
reverse flow at 500Pa. In the forward flow, the streamline of
the fluid in the vortex diode is more regular, and there is no
vortex phenomena appeared. Compared to the reverse flow,
the energy loss is less, and the flow resistance is much smaller.
While in the reverse flow, a sharp vortex motion occurs in
the vortex chamber and the axial tube, which results in more
energy loss and higher flow resistance.

IV. MICROPUMP FABRICATION AND EXPERIMENT

The traditional processing methods are mainly based on the
MEMS technology, and silicon is applied as the base material
to realize the processing of the pump body through the chem-
ical corrosion, etching, and mechanical bonding procedure.
However, such processing approach usually spends a long
time and the accuracy is also depended on the experience and
proficiency of the operator. The projection micro litho stereo
exposure (PuLSE) technology combines the function of both
the three dimensional modeling and prototype machining,
which only needs to transport the designed 3D model to the
processing equipment through computer. Usually the PuLSE
method only takes three hours for manufacturing a compli-
cated pump prototype with the size around ®15mm x 3.5mm.
Moreover, the vortex diode is a stereoscopic structure, and
the axial tube, vortex chamber and tangential tube all have a
circular cross-section. Hence, the MEMS technology is inap-
propriate to be applied. The PuLSE technology is employed
to manufacture the prototype of the proposed pump, which
not only achieves the integrated manufacturing of the internal
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stereoscopic flow tube, but also improves the accuracy of the
inner surface.

FIGURE 6. Schematic diagram of the 3D micro/nano printing system:

1. Laser displacement sensor; 2. 45° lens; 3.Optical path; 4.Light engine;
5.Z-axis of mobile platform; 6. Mobile platform; 7.X-axis of mobile
platform; 8.Y-axis of mobile platform; 9.Marble platform; 10.Resin tank;
11.Prototyping platform; 12.0bjective lens.

The PuLSE technology realizes the processing accuracy
of 10 um based on the optical system and the motion platform
with high positioning accuracy. Fig.6 is the processing prin-
ciple diagram. Firstly, the 3D printing slicing software Cura
is applied to slice the 3D model required to be processed, and
the 2D slices of the model is obtained. Then the ultraviolet
rays emitted by the laser are reflected in a digital micromirror
device (DMD). The reflected pattern is based on the slicing
group produced by Cura, and then the layered resin monomer
is exposed by ultraviolet ray. The photosensitive resin in
the exposed area rapidly solidifies according to the existed
model, and then the high-precision platform moves down to
control the depth of the exposure. Hence more photosensitive
resin will flow onto the solidified layer, and the fresh resin
layer is exposed again by ultraviolet rays. The photosensitive
resin at the bottom is not cured since the resin monomer con-
tains a kind of UV absorbing liquid which used to control the
depth of the light penetration. Finally, the finished printings
can be employed directly as a device, sample, or mold by just
cleaning up the residual monomers and curing them.

FIGURE 7. Photo of valveless piezoelectric pump with vortex diodes.

A photograph of the micropump is shown in Fig. 7. The
size of the piezoelectric micropump is ®15mm x 3.5mm,
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TABLE 2. Parameters of piezoelectric ceramic.

Parameter Value
Resonant Frequency Fs 6.0+0.7 kHz
Resonant Impedance Rs <600Q

Free Capacitance(nF) 15+£30%
ds3 374x10°C/N

and the diameter D of the circular pump chamber is 10 mm,
the depth of the pump chamber is 0.5 mm. The thickness
of the seal ring is 0.2 mm, and the inner diameter is 6 mm.
The base material of the piezoelectric vibrator is brass, with
a diameter of 10 mm and a thickness of 0.2 mm; the piezo-
electric ceramic has a diameter of 6 mm and a thickness
of 0.2 mm. The parameters of piezoelectric ceramic are
shown in Table 2. In order to detect the processing effect of
the internal flow channel, the block inside the piezoelectric
pump is selected for processing, as shown in Fig.8§.

FIGURE 8. The inner block of the piezoelectric pump.

The Keyence’s 3D digital microscope with super depth of
field (VHX-1000E) is used to measure the inside character-
istics of the micropump and observe the processing effect of
the inner surface of the channel.

The experimental setup of the piezoelectric micropump
is illustrated in Fig. 9. The experimental fluid medium is
deionized water. The driving voltage is 200 V and the signal
waveform is a sine wave. The output flow rate and output
pressure of the micropump are obtained by changing the drive
frequency. At the same time, a laser displacement sensor is
applied to measure the displacement of the center point of
the piezoelectric vibrator working at varied frequencies.

V. RESULTS AND DISCUSSION

Fig. 10 demonstrates the 3D topography scan of the inner
surface of the pump chamber at two different locations.
The PuLSE technology is cured layer by layer. Under the
microscope of x100 magnification, the cross-sections at
A-A, B-B in Fig. 10 are measured, and the results certify
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FIGURE 9. Schematic of the experimental setup.

FIGURE 10. The results of 3D topography measurement.

that the inner surface of the vortex diode represent a rel-
atively uniform morphology and smooth shape characteris-
tics. Moreover, the roughness characteristics of the bottom
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FIGURE 11. The results of the roughness measurement.

surface of vortex diode are measured by the optical digital
microscope (OLYMPUS DSX500) in Fig. 11. The test results
reveal that the minimum roughness of the bottom of the
vortex diode chamber is 0.2697um. For the channel of the
micropump, the frictional resistance is mainly caused by
the machined wall. Hence the smaller the roughness of the
wall has, the smaller the flow resistance is, resulting in a
relatively low energy loss for the fluid. In such situation,
the stability of the fluid velocity variation in the vortex diode
is improved and the energy loss caused by excessive collision
due to uneven velocity variation is also reduced. Therefore,
the PuLSE technology conveniently realizes the integrated
manufacturing of the 3D vortex diode, and also achieves high
accuracy of the inner surface of the channel.

During the experiments, two prototypes manufactured
by PuLSE technology are adopted as the comparisons.
Fig 12 (a) shows the piezoelectric vibrator amplitudes at the
central point of two prototypes tested through laser displace-
ment sensor. Fig 12 (b) exhibits the comparisons of the exper-
imental output performances and the analytical calculation
results between two prototypes. When the driving frequency
is ranged from 14Hz to 25Hz, the output performance of
the piezoelectric pump is stable. At the driving frequency
of 20 Hz, the prototype 1 achieves the maximum flow rate
about 35.4uL/min, while the prototype 2 achieves the max-
imum flow rate about 36.8L/min at the driving frequency
of 19 Hz. Comparing the amplitudes of the piezoelectric
vibrators in the two prototypes, both of the prototypes reach
the maximum amplitude at frequency of 19Hz, with one
of 10.3um and the other of 9.2um.

For the analytical flow rate, the volume change AV of
the two prototypes can be calculated separately according to
Eq. 5. Due to the small dimensiones of the prototypes, it is
hard to measure and calculate the internal fluid velocities
and resistances. However, the maximum output back pressure
in the experiments of the valveless pump is measured as
70Pa. The velocities in the finite element analysis at 70Pa
are substituted into equation 1, and the flow resistances are
obtained. The results of the finite element calculation show
that the forward velocity is 0.146m/s and the reverse velocity
is 0.17m/s at 70Pa in the vortex chamber. Hence the cal-
culation results of equation 1 show that the forward flow
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FIGURE 12. The results of piezoelectric pump performance test.
(a) Amplitude curve of the piezoelectric vibrator. (b) Curves of the
analytical and experimental flow rates.

resistance &r is 4.844 while the reverse flow resistance &g is
6.567. Substituting &g and &p into equation 4, the analytical
flow rates of the two prototypes are obtained as shown in
Fig. 12 (b). At the driving frequency of 19 Hz, the maximum
analytical flow rate of the prototype 1 is 35.964L/min, while
the prototype 2 approaches the maximum analytical flow rate
of 32.66«L/min at the driving frequency of 20 Hz.

By comparing and analyzing the output performance of
the two prototypes, the stability of the PuLSE technology
is confirmed, and the processing error has low influence on
the output performance of the pump. Moreover, the PuLSE
processing technology provides a new way for the processing
of micro piezoelectric pumps.

VI. CONCLUSION

A valveless piezoelectric micropump is designed based on
the vortex diode, which possesses the characteristics of flow
resistance difference during the forward flow and reverse
flow. Considering the fact that the traditional micro fabrica-
tion technology is more suitable for the geometric structure
of 2.5D, the PuLSE technology is adopted to manufacture
the valveless piezoelectric micropump with 3-D sutructure,
and the minimum roughness of the pump chamber achieves
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0.2697 um. A series of performance tests are carried out based
on the valveless piezoelectric micropump with vortex diodes.
The results of the experiments demonstrate that the maximum
flow rate of the prototype 1 is about 35.4uL/min while the
prototype 2 achieves similar value around 36.8 L/min, which
confirms the stability of the PuLSE technique.
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