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Abstract  Valveless micropump, important components of a microfluidic system, are widely
used in biomedicine, chemical industry, microelectronics cooling and other fields. At present, the
driving mode of micropump is mainly single drive, resulting in insufficient driving force and low
output pressure. In this study, the overall structure of valveless micropump is designed, and the
driving component and the internal inlet and outlet are compared and analyzed by finite element 
simulation. Moreover, the valveless micropump prototype is processed and developed for per-
formance test. Results show that the output performance of the valveless micropump driven by
piezoelectric and heating coupling is better than that of the piezoelectric micropump. When the 
ambient temperature was 20 °C, 140 V voltage and 40 Hz frequency were added to the piezo-
electric component, as well as a 3A current to the heating plate. Furthermore, the liquid flow rate 
through the microneedle was 0.98 µl/s after a period of time. 

 
1. Introduction   

The microfluidic system [1-3] is mainly composed of driving and control components, among 
which the micropump is the main driving element of the microfluidic system. The micropump 
integrates the drive source part, pump body, and transmission of the traditional pump [4]; it 
changes the cavity size through different driving methods to accurately deliver the drug amount. 
Micropumps can improve the utilization rate of drugs and alleviate the pain caused by their side 
effects. Nowadays, most micropumps applied in practice include valve pumps, with single drive, 
large volume, high cost and long-term work. These features not only damage the valve, but 
also seriously affect the overall performance of the micropump. In addition, residues in the gap 
between the valve plate and the inlet and outlet are found when the macromolecular liquid is 
pumped. To solve the many problems caused by valveless micro-pumps, researchers in vari-
ous countries have carried out a series of studies on valveless micropumps, and examine the 
different shapes of valveless inlet and outlet [5]. However, a single drive mode of pump under 
long time work creates many problems, such as insufficient driving force, inaccurate control and 
slow response. 

In recent years, various mechanical micropumps with different driving principles have been 
developed, including thermal micropumps [6], electrostatic micropumps [7, 8], shape memory 
alloy micropumps [9-11], electromagnetic micropumps [12, 13], bubble micropumps [14] and 
piezoelectric micropumps [15-20]. Most of them have complex structures and high-power con-
sumption. Frisk [21] published a research on the production of disposable drug delivery mi-
croneedles using an expandable composite of polydimethylsiloxane mix with Expancel® micro-
spheres (PDMS-XB). This pump represents a first step toward transdermal patches for applica-
tions that require very precise fluid entry into the skin. Rao [22] proposed a piezoelectric micro-
pump with PDMS as the pump body and Batio3 as the piezoelectric oscillator in 2020. The flow 
rate of the micropump is most suitable for cardiovascular and hypertension cases. A flow
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rate of 854 µl/min was achieved at 50 V voltage drive. In 2020, 
He [23] proposed a double conical tube valveless piezoelectric 
(PZT) pump, which has the advantage of higher flow rate than 
other valve core piezoelectric pumps. The test results show 
that the driving voltage is 220 V, the frequency is 68 Hz, the 
pipe diameter is 7 mm, the angle is 20°, the output maximum 
flow rate is 146.4 ml/min, and the maximum pressure is 
520 Pa. 

On the basis of this analysis, a valveless micropump with 
piezoelectric and heating coupling is proposed. The combina-
tion of metal thermal drive and piezoelectric plate is used to 
control the micropump, which can accurately manage the liquid 
flow of the micropump. 

In this study, the structure and dimensions of valveless mi-
cropump driver, pump chamber, and inlet and outlet are ob-
tained by theoretical and simulation analysis. Then, different 
micropumps are manufactured according to the corresponding 
size. Finally, the performance of valveless micropumps is 
tested. 

 
2. Design and simulation 
2.1 Structure design of micropump 

The explosion diagram of the proposed valveless miniature 
pump designed, which is mainly composed of pump cover, 
inlet, outlet, piezoelectric plate, base, heating plate, PDMS 
waterproof film, import and export pipeline, and pump body, is 
shown in Fig. 1(a). The working principle of the valveless mi-
cropump is shown in Figs. 1(b) and (c). Under the given alter-
nating driving voltage, the driver moves up and down and de-
forms to change the internal volume and pressure of the pump 
cavity, allowing the liquid to flow. When the driver moves up-
ward, the volume of the pump cavity increases, and the liquid 
enters the cavity from the inlet and outlet simultaneously be-
cause the micropump is valveless. The inlet is a diffusion struc-
ture with large end facing inward. The external pressure is 
large, and the liquid easily flows in, increasing the inflow. How-

ever, the small end of the outlet is inward, causing difficulty for 
the liquid to flow in; thus, the inflow is small. When the driver 
moves downward, the volume in the pump cavity is reduced, 
and the liquid is output from the pump inlet and outlet at the 
same time. However, due to the structural difference between 
the inlet and outlet, the external pressure at the inlet is greater 
than that at the outlet, thereby discharging more liquid at the 
outlet. This micropump can realize the ability of continuously 
pumping the liquid. 

 
2.2 Driver simulation 

2.2.1 Simulation analysis of piezoelectricity 
In this section, simulation analysis is conducted according to 

the simulation modeling method of the piezoelectric oscillator in 
Wang et al. [24]. The displacement of the piezoelectric plate 
with different thicknesses is relatively different, affecting the 
overall performance of the piezoelectric oscillator. Conse-
quently, the performance of the micropump is influenced. In the 
simulation analysis, the diameter of beryllium bronze base is 
18 mm and the thickness is 100 μm, and the diameter of the 
piezoelectric plate is 14 mm. The applied AC voltage was 
200 V, and the results of the piezoelectric sheet with different 
thicknesses were analyzed, as shown in Fig. 2(a). 

The simulation results demonstrate that when the thickness 
of beryllium bronze is 100 μm and the that of piezoelectric 
ceramics (PZT-5H) is 150 μm, the maximum center displace-
ment of the piezoelectric oscillator is 57.2 μm. Therefore, the 
use of beryllium bronze with a thickness of 100 μm and PZT-5 
H with a thickness of 150 μm is preferred to fabricate the pie-
zoelectric oscillator. However, in addition to the influence on 
the performance of the piezoelectric oscillator, the service life 
and machinability of the piezoelectric oscillator should be con-
sidered. Because the thickness of the piezoelectric vibrator 
cannot be easily processed because it is extremely thin. More-
over, it is susceptible to vibration deformation and easy to frac-
ture, affecting the overall life of the piezoelectric vibrator. Finally, 
the thickness of bronze and PZT-5 H, which are the most suit-

 

 
 
Fig. 1. Overall structure of valveless micropumps: (a) explosion diagram; (b) driver bending upward; (c) driver bends downward and deforms. 
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able piezoelectric vibrators, are set to 100 and 200 μm, respec-
tively. After determining the specific size of the piezoelectric 
oscillator, different voltages are added to the piezoelectric oscil-
lator for simulation, and the results are shown in Fig. 2(b). The 
figure shows that the deformation of the piezoelectric oscillator 
increases with the increase in voltage. The center of the piezo-
electric oscillator undergoes the most remarkable change 
range overall due to the fixed constraints applied. When the 
voltage is 200 V, the center displacement of the piezoelectric 
oscillator is 37.7 μm. 

 
2.2.2 Simulation analysis of piezoelectric and heat-

ing coupling 
In this section, the coupling mode of piezoelectric and heat-

ing is simulated and analyzed. The model built in SOLID 
WORKS2019 was imported into COMSOL5.5 for steady state 
research, as shown in Fig. 3. 

The comparison between Figs. 2(b) and 3 is shown in Fig. 4. 
The figure illustrates that when a certain current is added to the 
heating plate, the overall displacement of the driver increases 
with the increase in partial voltage of the piezoelectric plate, 
which is slightly larger than that of the piezoelectric drive. The 
main reason is that when the voltage is added to the piezoelec-
tric oscillator, the displacement of the heating plate is gener-
ated when the heating expansion is energized and the relative 

displacement is generated. The simulation results indicate that 
the displacement generated by the heating structure is larger 
than that of the piezoelectric drive, and the relative application 
in the valveless micropump also increase the liquid pumping 
capacity of the micropump. 

 
2.3 Import and export simulation  

In this study, the circular and prism-shaped inlet and outlet 
flow channels are designed, and the flow field simulation 
analysis of these flow channel structures are carried out to find 
the inlet and outlet structures with the least resistance. In this 
design, the distance between the import and export centers is 
set to 2 mm as an example. The import and export of two dif-
ferent structures are simulated under the condition that all pa-
rameters and conditions are equal. The results are shown in 
Figs. 5 and 6. According to the analysis of the flow field dia-
gram and velocity section diagram, the inlet and outlet struc-
tures are prism-shaped with relatively flat distribution of stream-
lines around the inlet and outlet. In addition, streamlines are 
mostly concentrated near the inlet and outlet, whereas the 
round-shaped structure has turbulence, sparse distribution of 
streamlines and serious energy loss. The velocity section dia-
gram also show that the flow velocity direction of the prismatic 
inlet and outlet flow passage from the inlet to the outlet is con-
sistent with that of the outlet direction, whereas the flow velocity 
within the round-shaped inlet and outlet passages decreases 

 
 
Fig. 2. Piezoelectric simulation: (a) center displacement curves of piezoelectric actuators with different thicknesses; (b) curve of center displacement of piezo-
electric oscillator under different driving voltages. 

 

 
 
Fig. 3. Displacement curve of piezoelectric/heating coupling displacement 
under different driving voltages. 

 

 
 
Fig. 4. Comparison of displacement results of piezoelectric and piezoelec-
tric/heating coupling simulation centers. 
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progressively from the inlet to the outlet, resulting in speed loss. 
After comprehensive consideration, prismatic inlet and outlet 
channel are the best options. 

 
3. Production and experiment 

Fig. 7 shows the actual valveless micropumps with different 
inlet and outlet structures. The pump body and cover are proc-
essed by 3D printing with SLA technology. The processed 
material is white photosensitive resin. Each part of the two 
prototypes has the same size. The actuator of the micropump 
is made of beryllium bronze with a diameter of 16 mm and a 
thickness of 0.05 mm. The thickness of piezoelectric chip is 
0.2 mm, and the diameter is 14 mm. The heating plate is made 
of nickel–chromium alloy with a diameter of 18 mm and a 
thickness of 0.1 mm. Fig. 8 shows the experimental test plat-
form of the valveless micropump. Deionized water is used as 
the liquid in the test, and different excitations are applied to the 
driver to measure the output flow and pressure of the valveless 
micropump. During the test, the mass of the output liquid and 
the height of the water column were recorded to convert the 
output flow rate and pressure. The center displacement of the 
driver is measured by MicrotrakTM3 laser triangle sensor, 
which is LTS-050-20 produced by MTI Instruments Company, 
USA. The laser power is less than 5 mW, the response fre-
quency is 0–20 kHz, the sampling frequency is 40 kHz, and the 
operating temperature is 0–40 °C. 

 
3.1 Drive displacement characteristic 

The piezoelectric driving frequency was fixed at 40 Hz, and 
3A current was added to the heating plate. The center dis-
placement of the driver was measured under different voltages 
added to the piezoelectric, as shown in Fig. 9. The figure illus-
trates that the displacement of the center of the actuator in-

 
 (a) Flow diagram (b) Section diagram 
 
Fig. 5. Round table shape inlet to outlet streamline and velocity section. 

 

 
 (a) Flow diagram (b) Section diagram 
 
Fig. 6. Prismatic inlet to outlet streamlines and velocity sections. 

 

 
 
Fig. 7. Valve free micropump: (a) import and export round table micropump;
(b) import and export prism micropump; (c) piezoelectric driven micropump;
(d) piezoelectric–heating coupling drive micropump. 
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creases with the increase in the driving voltage of the piezo-
electric part, and the linear relationship is excellent. When the 
driving voltage of the piezoelectric part is 200 V, the displace-
ment of the center of the actuator is 36.9 μm. 

 
3.2 Output flow characteristics of valveless mi-

cropump 

Figs. 10(a) and (b) illustrate that under the condition of pie-
zoelectric drive, the flow output at 40 Hz frequency and differ-
ent voltages of the valveless miniature pump increased con-
tinuously with the increase in voltage. At the same time, the 
output flow of the angular inlet and outlet is larger than that of 
the circular inlet and outlet, and the maximum output flow can 
reach 747.9 μl/min when the voltage is 200 V. 

Fig. 10(c) shows that when the import and export center dis-
tance is farther (6 mm), the output performance is unfavorable, 

 
Fig. 8. Performance test platform of valveless micropump: (a) micropump;
(b) heating drive power supply; (c) scale; (d) electronic balance; (e) piezo-
electric drive power. 

 

 
 
Fig. 9. Driver displacement versus voltage curve. 

 

 
 (a) (b) 
 

 
 (c) (d) 
 
Fig. 10. Relationship between output flow and voltage: (a) output flow of different shapes at inlet and outlet; (b) output flow at different frequencies at inlet and 
outlet of prism shapes; (c) output flow at different center intervals at the inlet and outlet of prism shape; (d) output flow at different pump cavity heights at the
inlet and outlet of prism shape. 



 Journal of Mechanical Science and Technology 38 (8) 2024  DOI 10.1007/s12206-024-0721-9 
 
 

 
4250  

due to the proximity of the inlet and outlet to the edge of the 
pump cavity, the distances from the center of the pump cavity 
are far from the frequency driven by the piezoelectric vibrator 
within the first-order frequency. Consequently, the displace-
ment of the center is large, whereas the surrounding displace-
ment is small, leading to lack of driving forces, energy loss and 
reduced flow output. An extremely close center spacing (2 mm) 
is mainly due to the phenomenon of reflux in the actual opera-
tion of the valveless micropump. The distance between the 
inlet and outlet is extremely close, resulting in liquid reflux. In 
addition, a part of the liquid around the pump chamber cannot 
participate in the liquid flow, easily producing some bubbles 
and reducing the flow. The results suggest that when the cen-
ter spacing is 4 mm, the output flow of the valveless micro-
pump is the largest. Considering these tests, the preferred 
spacing between the import and export centers is 4 mm. 

Fig. 10(d) illustrates that at the same frequency, the output 
flow of the valveless micropump increases gradually with the 
increase in the applied voltage when the height of the pump 
chamber increases from 50 μm to 100 μm. Moreover, the out-
put flow is 747.9 μl/min when the maximum voltage is 200 V. 
When the pump cavity height continued to increase, the output 
flow rate showed a relatively decreasing trend. When the pump 
cavity height increased to 200 μm, the output flow rate was 
690.4 μl/min. The overall data diagram demonstrate that the 
output flow of the valveless mini pump increased steadily under 
the applied voltage of 120 V to 150 V for the four pump cham-
ber heights. The reason for this phenomenon is that when the 
height of the pump cavity is extremely low, the maximum dis-
placement of the drive movement is extremely large, creating a 
gap between the liquid and the surrounding liquid in the center 
of the pump cavity. Consequently, bubbles are easily produced, 
resulting in a low output flow. When the height of the pump 
chamber is extremely high, the output liquid is reduced due to 
the insufficient driving force of the actuator. When the voltage 
is higher than 150 V, the unstable output liquid flow is caused 
by the rapid movement of the driver, considering a valveless 

micropump. The liquid backflows in the pump chamber, result-
ing in unstable output flow. 

 
3.3 Temperature characteristics of the heating 

plate 

When the ambient temperature is 17 °C, currents 1A, 2A, 
and 3A are added to the heating sheet. Fig. 11(a) shows that 
upon the addition of current 3A, the temperature of the heating 
sheet rises rapidly with the highest temperature reaching 47 °C 
within 2 minutes. If a large current is continuously added, then 
the temperature of the heating plate theoretically rises faster, 
thereby increasing the pressure. However, extremely high 
temperature causes deformation of the 3D printed pump body, 
resulting in a gap between the driver and the pump body. This 
condition leads to air leakage in the pump chamber, affecting 
the performance of the micropump. Subsequently, when the 
temperature is extremely high, the liquid in the pump chamber 
produces bubbles, which block the inlet and outlet and reduce 
the flow rate. Fig. 11(b) illustrates that after the heating frag-
ment was electrically charged, the surface temperature of the 
heating piece decreased, and the cooling rate was high. The 
temperature dropped by 27 °C in 80 s. In conclusion, adding 
3A current to the heating plate is more appropriate. 

 
3.4 Comparison of output pressure of valve-

less micropump with two driving modes 

The test results in Fig. 12 show that when the driving voltage 
is above 90 V, the output pressure of the valveless micropump 
driven by piezoelectric/heating coupling has an excellent linear 
relationship with the increase in the driving voltage of the pie-
zoelectric part. When the voltage is 200 V, the maximum out-
put pressure is 588 Pa. When the driving voltage is above 
170 V, the output pressure of the valveless micropump driven 
by piezoelectricity starts to drop due to the valveless backflow. 
Therefore, the output water column cannot continuously in-

 

 
 (a) (b) 
 
Fig. 11. Curve of temperature change of heating plate with time: (a) temperature change of heating plate with three current types; (b) 3A current is added to 
the heating plate on and off temperature changes with time. 
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crease. The output pressure of the micropump driven by pie-
zoelectric/heating coupling can continue to increase when the 
driving voltage increases because of the power provided by 
heating. The comparison of the pressure output of the two 
driving modes suggests that the overall output pressure of the 
micropump driven by heating coupling is slightly larger than 
that driven by piezoelectric alone. The heating plate is trans-
ferred to the liquid by heat, causing the temperature of the 
liquid to increase slowly. When the liquid temperature in-
creases, the speed of the irregular movement between mole-
cules is also accelerated, the valve-free micropump chamber 
and closed container molecular density remain unchanged, 
and then the number of collisions increases. Consequently, the 
pressure increases, the force area remains constant, and the 
pressure naturally increases. Combined with the above analy-
sis, the driver with the heating coupling can increase the output 
pressure of the valveless micropump. 

 
3.5 Combined with microneedle delivery liquid 

test 

The structure of valveless micropump combined with mi-
croneedle for testing is shown in Fig. 13. It is mainly composed 
of valveless micropump, hose, PDMS drug storage chamber, 
and microneedle. The connection sequence is as follows: 

valveless micropump, drug storage chamber and microneedle. 
They form a continuous drug delivery system under the con-
nection of hose. The microneedle was cut into a needle body 
by stainless steel, and then a 100 μm micropore was punched 
in the center of the needle body by laser. The microneedles 
and PDMS drug storage cavities were initially bonded with 
photosensitive resin, and then strengthened with Viva 1005 
epoxy resin AB glue after curing to prevent leakage at the 
bonding place. When the ambient temperature was 20 °C, 140 
V voltage and 40 Hz frequency were added to the piezoelectric 
component, and 3A current was added to the heating plate. 
After a period of time, the flow rate of the liquid through the 
microneedle was 0.98 μl/s. 

 
4. Conclusion 

A coupling method of piezoelectric and heating is proposed 
to drive the valveless micropump. Through theory and simula-
tion optimization, the optimal size of the actuator is obtained. 
According to the working principle of diffusion/contraction port, 
two valveless micropumps with different shapes of the inlet and 
outlet were designed and simulated by COMSOL software. 
Finally, a valveless micropump prototype was fabricated, and 
its output performance was tested. The experimental results 
show that the output performance of the valveless micropump 
with heating structure is influenced by the single piezoelectric 
actuator. In addition, the output pressure of the valveless mi-
cropump driven by piezoelectric and heating coupling is ap-
proximately 5 % higher than that of the valveless micropump 
driven by piezoelectric. When the ambient temperature was 
20 °C, 140 V voltage and 40 Hz frequency were added to the 
piezoelectric component, and 3A current was added to the 
heating plate. After a period of time, the flow rate of the liquid 
through the microneedle was 0.98 µl/s. 

Results of the simulation and experiment suggest that the 
advantages of the valveless micropump with piezoelectric and 
heating coupling compared with other micropumps can be 
obtained. Compared with micropumps with other driving princi-
ples (such as electromagnetic micropumps), the drive mode 
coupled with heating and piezoelectric plates is more stable 
and relatively simple in structure. Compared with the traditional 
single piezoelectric plate driving mode, the coupling of metal 
heater and piezoelectric plate can increase the output pressure, 
accelerate the drug diffusion, and overcome the difference in 
the internal and external pressure when the liquid drug enters 
the organism through the microneedles. 
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Fig. 12. Comparison of output pressure of two driving modes of micropump 
with the increase in piezoelectric driving voltage. 

 

 
Fig. 13. Valveless micropump combined with microneedle test device: (a) 
microneedle; (b) pipeline; (c) piezoelectric power supply; (d) micropump; (e) 
heating power supply. 
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