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1.  Introduction

As a necessary component of a microfluidic control system 
[1], the micropump transforms electric energy, heat energy or 
mechanical energy into fluid kinetic energy. A piezoelectric 
micropump employs a piezoelectric actuator to transform 
electric energy into mechanical deformation [2]. As piezo­
electric actuation can provide a high actuation force and fast 
mechanical response, a piezoelectric micropump presents sev­
eral advantages such as having small dimensions, low power 

consumption, and integrating easily. Therefore, piezoelectric 
micropumps receive considerable attention from researchers 
for wide applications in biomedical devices [3], drug delivery, 
blood analysis, biological and chemical analysis [4], micro­
electronic cooling, fuel-drop generators for automobile 
heaters, environmental monitoring systems [5], and space 
exploration [6]. According to the rectifying mechanism, 
piezoelectric micropumps can be classified into valve piezo­
electric pumps and valve-less piezoelectric pumps [3]. Even 
though valve-less micropumps may not completely block 
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Abstract
The research and development of piezoelectric valve-less micropumps have become an 
increasingly popular topic for decades. A highly efficient valve-less micropump is necessary to 
deliver liquids for microfluidic control systems. Study of the flow mechanism in the valve-less 
micropump may help to further improve the pumping efficiency. In this paper, a dynamic finite 
element model is used to investigate the mechanism of a valve-less micropump with a diffuser/
nozzle. The simulation result shows that the flow performance of a valve-less micropump 
is not only dependent on the diffuser/nozzle but is also related to the entire structure. When 
fluid flows through the nozzle, the chamber connected to the nozzle end is considered as a 
diffuser with an angle of 180°. This diffuser is located in the jet flow region, where the high 
velocity fluid generates a vortex in the interfacial area of the nozzle and chamber. Such a 
vortex works as a ‘virtual valve’, which can block the reflux and result in unidirectional flow. 
Besides, the vortex degree is tightly related to fluid velocity, which is determined by the input 
voltage. When the input voltage is larger than the threshold voltage (20 V), the virtual valve 
is activated, and the flow rate of the micropump increases rapidly with the input voltage. 
The simulation analysis conclusions are verified by experiment results. The experimental 
results demonstrate that the maximum flow rate of 5.4 ml min−1 is finally obtained, which is 
comparable to a typical valve micropump.
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the backward flow, valve-less micropumps have advantages 
of high reliability [7, 8], simple structure and miniaturiza­
tion compared to valve micropumps [9, 10]. Hence, they 
attract widespread attention, and various studies on the char­
acteristics of valve-less micropumps have been conducted  
[9, 11, 12].

Previous researchers believe the diffuser/nozzle structure is 
the key part of a valve-less micropump. Olsson et al [13, 14] 
propose that the diffuser has a low velocity in the outlet but 
low pressure loss, which leads to small flow resistance. On the 
contrary, the nozzle has the opposite function and results in 
high flow resistance. The flow resistance coefficient and dif­
fuser efficiency are referred as the pumping efficiency of the 
diffuser/nozzle [15, 16]. Moreover, the stability map of the 
diffuser is presented by Wei [17] to systematically study the 
fluidic characteristics of the diffuser. The researchers point out 
the diffuser should be in the transitory stall region to achieve 
the lowest flow resistance.

These conclusions have been generally accepted for dec­
ades [15, 18, 19]. However, the diffuser/nozzle may not be 
sufficient to describe the behaviour of the micropump. In 
this research, the entire valve-less micropump structure is 
taken into account. A dynamic finite element model (FEM) 
for studying the mechanism of a valve-less micropump is 
also developed. The simulation result shows that a vortex 
may emerge in the interfacial region of the nozzle end and 
chamber. The induced vortex could work like a virtual valve, 
which significantly blocks the backflow. The vortex grade is 
highly related to the fluid velocity, which is determined by the 
driving voltage of the piezoelectric actuator. A vortex starts 
emerging at 20 V, which is referred to as the threshold voltage. 
A practical micropump is fabricated as well, where the experi­
ment shows that the flow rate of the micropump increases with 
input voltage and the maximum value is 5.4 ml min−1 while 
the input voltage equals 100 V. Compared with other valve-
less micropumps [17, 20], this micropump has a higher output 
flow rate, which is even comparable to some valve micro­
pumps [21, 22].

2.  Principle of the virtual valve micropump

Figure 1(a) shows the entire structure of a typical valve-less 
micropump. In previous studies, many researchers believed 
that the diffuser/nozzle structure, shown in figure 1(b), is the 
key part of the valve-less micropump needed to produce uni­
directional flow [23]. Olsson et al [13, 14, 24] propose that the 
diffuser/nozzle transforms kinetic energy (in the form of flow 
velocity) into potential energy (in the form of pressure). Since 
the diffuser has a low velocity in the outlet and low pressure 
loss, the fluid velocity decreases with static pressure gradu­
ally recovering in the diffuser direction. The nozzle, however, 
shows opposite behaviors. The fluid flow thus encounters 
lower flow resistance in the diffuser direction than the nozzle 
direction. The flow resistance coefficient is used to describe 
the flow resistance of the diffuser/nozzle [15], which is given 
by the following equation:

K =
∆P
ρv2/2� (1)

where ρ is the fluid density, ΔP is the pressure drop along 
diffuser/nozzle, and v is the mean flow velocity of at the neck 
of nozzle/diffuser.

A typical diffuser has a lower pressure loss coefficient in 
the forward direction compared to the reverse direction. The 
diffuser efficiency is given by:

Figure 1.  (a) Schematic of a typical valve-less micropump with 
diffuser/nozzle; (b) a typical diffuser and a typical nozzle; and 
(c) stability map of a diffuser plotting diffuser dimensions versus 
diffuser angle.
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η =
Kr

Kf
� (2)

where Kr and Kf are the pressure loss coefficients in the reverse 
and forward directions, respectively [16, 17]. When η  >  1, the 
pressure loss in the forward direction is less than the pressure 
loss in the reverse direction, which leads to a net flow. Wei 
et al [17] report a stability map for the diffuser and summarize 
its fluidic characteristics, as shown in figure 1(c). Researchers 
point out that the diffuser should work in a transitory stall 
region to achieve minimum pressure drop. If 2θ is greater than 
55° and fluid flows through the diffuser with a high speed, the 
diffuser falls into the jet flow region and has extremely poor 
performance.

Obviously, all the above-mentioned results are based on 
the diffuser/nozzle structure only. However, the surrounding 
components of the diffuser/nozzle also contribute to the fluidic 
behaviors. As shown in figure 2(a), when the micropump is in 
the sucking phase, fluid flows from both the inlet and outlet 
into the pump chamber. For the inlet, the diffuser and pump 
chamber are equivalent to two diffusers connected in series 

(shown in figure 2(b)). The fluid’s velocity starts reducing at 
the first diffuser and is further reduced at the second diffuser. 
The fluid thus faces a very small pressure drop and flows 
into the pump chamber with low resistance. For the outlet, 
the nozzle and pump chamber are equivalent to a nozzle con­
nected with a large angle diffuser (shown in figure 2(c)). The 
fluidic velocity continues increasing along the first nozzle 
and reaches its maximum at the entrance of the second dif­
fuser. Because the second diffuser angle equals 180°, such a 
diffuser works in the jet flow region. A significant vortex is 
generated in the second diffuser, leading to extremely poor 
fluid transport performance. The fluid from the outlet thus 
encounters large flow resistance, which can hardly flow into 
the chamber. As a consequence, the fluid flowing from the 
inlet into the pump chamber is much larger than that from the 
outlet. Similarly, as illustrated in figure 2(d), when the micro­
pump is in the pumping phase, the volume of fluid flowing out 
from the pump chamber through the outlet is greater than that 
through the inlet.

3.  Numerical simulation

To investigate the behaviour of the virtual valve micropump in 
detail, dynamic multi-physics FEM is built. The piezoelectric 
actuator is first studied using an electric-mechanical coupling 
model. As shown in figures 3(a) and (b), the maximum dis­
placement of the piezoelectric actuator occurs at the center, 
and is proportional to the input voltage.

Figure 4(a) shows the transient responses of the piezo­
electric actuator, where phase delay can be observed between 

Figure 2.  (a) Valve-less micropump in sucking phase; (b) two 
diffusers connected in series; (c) a nozzle connected with a diffuser; 
and (d) valve-less micropump in pumping phase.

Figure 3.  (a) The PZT actuator deflection under electronic force; 
and (b) the curve of displacement versus voltage.
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the velocity and displacement. When the velocity curve 
reaches the peak value (point A), the sign of displacement 
changes from negative to positive (point B). The micropump 
is in the sucking phase at this time. On the contrary, when the 
velocity curve reaches the minimum value (point C), the sign 
of the displacement curve changes from positive to negative 
(point D), and the micropump is in the pumping phase.

The fluidic characteristics of the valve-less micropump are 
then studied using the fluid-structure interaction (FSI) model, 
where the extracted displacement of the piezoelectric actuator 
is input as the boundary condition. As shown in figure 4(c), 
when the micropump is in the sucking phase, fluid flows 
from both the inlet and outlet into the pump chamber; yellow 
arrows indicate the flowing direction of the fluid. When the 
fluid flows from the inlet to the pump chamber, the diffuser 
and pump chamber are equal to that of two connected dif­
fusers. The fluid encounters small resistance. At the same time, 
when the fluid flows from the outlet to the pump chamber, 
the nozzle and pump chamber are equal to when a nozzle 
connects with a large angle diffuser. The velocity of fluid 
increases along the constricted nozzle direction and reach a 
large value at the end of the nozzle. Due to the diffuser angle 
equaling 180°, it is located in the jet flow region, and a high 
velocity fluid will generate a vortex in this region. Therefore, 
the fluid encounters large resistance. In general, the volume of 

fluid that flows into the pump chamber from the inlet is greater 
than the volume that flows from the outlet. Similarly, when the 
micropump is in the pumping phase (as shown in figure 4(b)), 
fluid flows from the pump chamber to the inlet and outlet. For 
the same reason, the fluid flowing out through the outlet has 
a larger volume than that flowing out through the inlet. As 
the micropump working state ranges from sucking mode to 
pumping mode periodically, the micropump will generate net 
flow. The simulation result shows that the vortex emerges in 
the interfacial area of the nozzle end and the chamber is key to 
obstruct the fluid flow through the nozzle. It has the function 
equivalent to a valve, because the valve is not real, it is called 
a virtual valve.

The normalized net flow rate with time is illustrated in 
figure 5(a). The definition of net flow rate is given by the fol­
lowing equation:

Vnet = Vout − Vin� (3)

where Vin and Vout are the volumetric flow rate through the 
inlet and outlet, respectively. As shown in figure 5(a), when 
the micropump works in a stable state, the net flow rate always 
has a positive sign. This implies such a micropump always 
pumps fluid forwards, and the reflux is suppressed very well 
with the help of the virtual valve. The accumulated output flu­
idic volume is defined as:

Figure 4.  (a) The curve of displacement and velocity of membrane versus time; (b) the fluid velocity field of the micropump in pumping 
mode; and (c) the fluid velocity field of the micropump in suction mode.
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Vpump =
1
2

ˆ t

0
Vnetdt.� (4)

Figure 5(b) shows the accumulated output fluidic volume with 
respect to time. When the micropump works in the stable state, 
the output volume linearly increases with time. Small fluctua­
tions can be observed from the enlarged view of figure 5(b), 
but the accumulated output volume keeps growing without 
any reduction. This high pumping efficiency, i.e. no obvious 
reflux can be observed, is mainly attributed to the positive net 
flow rate.

As is discussed above, a vortex appears in the interfacial 
area of the nozzle end and the chamber is considered as the 
key for blocking reflux. The vortex is highly related to the 
fluidic velocity, which is mainly determined by the micro­
pump membrane displacement and input voltage. Hence, the 
input voltage (V ) may largely influence the micropump’s 
performance.

The simulated dynamic flow details are shown in figure 
6(a), under different input voltages (V  =  10, 20 and 75 V).  
It clearly shows that the vortex emerges in the interfacial 
region of the nozzle end and inlet, and the vortex degree 
increases with voltage. When V equals 10 V, there is hardly 

any vortex emerging in the inlet, and the reflux flows through 
the inlet smoothly. When V is increased to 20 V, a small vortex 
emerges in the inlet chamber. A significant vortex appears in 
the inlet when V equals 75 V. Under such an input voltage, 
the reflux from the nozzle is blocked very well. Figure 6(b) 
shows the simulated flow rate of the micropump with input 
voltage. The flow rate increases with the input voltage; how­
ever, the slope of the curve starts changing from V  =  20 V. 
When V  <  20 V, the slope is relatively small, while the flow 
rate largely increases when V  >  20 V.

Hence, this curve can be divided into two regions: the sub­
threshold region and the active region (as shown in figure 6(b)). 
When the voltage is located in the subthreshold region, the 
actuator membrane has small displacement, and the fluid 
flows through the nozzle slowly. No vortex emerges and the 
micropump works in the normal low-efficient state. However, 
when the voltage is located in the active region, the vortex 
emerges at the interface of the nozzle end and the chamber 
largely blocks the reflux. The virtual valve is activated in 
this region, resulting in high pumping efficiency. Therefore, 
voltage seems to be the key parameter which activates the vir­
tual valve, and 20 V is referred to as the threshold voltage. It 
is worth noting that the threshold voltage is not a constant, but 
should be determined by the micropump’s design.

Figure 5.  (a) The curve of normalized net flow (A.U.); and (b) the 
curve of output volume (A.U.).

Figure 6.  (a) The velocity fields of the nozzle and inlet channel of 
the micropump in the pumping mode plot by simulations when the 
input voltage V  =  10, 20 and 75 V; and (b) the simulation flow rate 
of the micropump with input voltage (A.U.).

J. Micromech. Microeng. 28 (2018) 125007
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4.  Device fabrication and experimental setup

A practical valve-less micropump is fabricated with 3D 
printing technology based on the simulation results, where the 
3D drawing is shown in figure 7. The valve-less micropump 
consists of a pump chamber (where the diameter is 28 mm, 
and the height is 2.5 mm), a lead zirconate titanate (PZT) 
ceramic-based actuator (the diameter is 35 mm), inlet channel 
and outlet channel. For the nozzle/diffuser, the narrow radius 
is 0.5 mm, the wide radius is 1.2 mm, and the length of the 
nozzle/diffuser is 3 mm. Except for the actuator, all of the 
pump is made by resin. After the micropump is fabricated, 
an experimental setup is used to measure the flow rate of the 
micropump [25], which consists of a function generator, a 
DRV2700EVM amplifier, a micropump, plastic pipes, deion­
ized water and so on [1, 26]. The micropump is driven by 
the amplified sinusoidal electrical signal, and a bias voltage 
is also imposed on the piezoelectric actuator to protect the 
actuator from breakdown. The delivered volumetric flow rate 
is calculated by measuring the moving distance of the liquid 
surface in a certain tube for a given time [26].

5.  Experimental results and discussions

By changing the input voltage amplitude from 0 to 100 V, the 
curve of flow rate versus voltage is plotted in figure 8(a). It 
clearly shows that the curve has different slopes for V  <  20 V  
and V  >  20 V. When V  <  20 V, the curve has a small slope. 
However, when V  >  20 V, the flow rate of the micropump rap­
idly increases with input voltage, and 5.4 ml min−1 is finally 
achieved at 100 V. Previously reported valve-less micropumps 
usually have low output flow rates. A valve-less micropump 
with a maximum flow rate of 1.2 ml min−1 at a driving voltage 
of 160 V is reported by Tseng [20]. Wei [17] designed a micro­
pump which has a flow rate of 38 µl min−1. In terms of the 
valve micropump, the micropump described in this paper has 
a higher pumping efficiency than the valve-less micropump. 

Figure 7.  Schematic diagram of the valve-less micropump, cross-sectional view, and photograph of the fabricated micropump.

Figure 8.  (a) The experimental flow rate of the micropump with 
input voltage (ml min−1); and (b) the experimental flow rate of the 
micropump with input frequency (ml min−1).

J. Micromech. Microeng. 28 (2018) 125007
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The flow rate of a separable valve micropump proposed by 
Ma et al can reach a maximum of 6.21 ml min−1 at voltage 
of 80 V [21]. Zhang presents a valve micropump achieving a 
maximum flow rate of 3.12 ml min−1 at 21 Hz with a driving 
voltage of 150 V [22]. The flow rates of the micropumps are 
compared with respect to the chamber dimensions, listed in 
table 1. With the help of the virtual valve, the valve-less micro­
pump proposed in this paper has a considerably high flow 
rate, and such output flow rate is already comparable to some 
valve micropumps. Figure 8(b) shows the measured flow rate 
curve with frequency. The maximum volumetric flow rate is 
achieved at a frequency of 220 Hz, where the displacement of 
the piezoelectric actuator also reaches its maximum.

6.  Conclusion

In conclusion, dynamic FEM for studying the mechanism of 
a valve-less micropump has been developed in this research. 
We investigated the fluidic behavior in the micropump and its 
relationship to pumping performance. The simulation result 
shows that the flow performance of the valve-less micro­
pump is not only dependent on the diffuser/nozzle but also 
related to the entire structure. When fluid flows through the 
nozzle, the chamber which is in contact with the nozzle end 
is considered as a diffuser with an angle of 180°. The fluid 
generates a vortex in the interface area of the nozzle end and 
chamber, and such a vortex is equivalent to a virtual valve, 
which can restrict the reflux. Furthermore, it is found that 
the micropump membrane with a higher input voltage leads 
to a larger fluidic velocity, resulting in higher vortex degree. 
Therefore, the vortex degree is closely related to the input 
voltage amplitude. When the input voltage is larger than 
the threshold voltage (V  =  20), the vortex starts emerging, 
and the flow rate of the micropump rapidly increases with 
input voltage. The experimental results are consistent 
with the simulation results, and a high output flow rate of  
5.4 ml min−1 is finally achieved, which is comparable to a 
typical valve micropump.
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