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Abstract 15 

Piezoelectric pumps are applied in cooling systems of microelectronic devices because of their small size. However, cooling 16 

efficiency is limited by low flow rate. A Straight arm wheeled check valve made of silica gel was proposed, which can 17 

improve flow rate of piezoelectric pump, solve the influence of glue aging on the sealing ability of a wheeled check valve 18 

and reduce the size of piezoelectric pump. This paper discusses the influence of valve arm number (N=2, 3 and 4), valve arm 19 

width (W=1.0, 1.2 and 1.4mm) and valve thickness (T=0.6, 0.8 and 1.0mm) on flow rate characteristics of piezoelectric 20 

pumps. When valve opening rises, the flow rate increases. The simulation results show that valves with 2 valve arms, 0.6mm 21 

valve thickness and 1.0mm valve arm width have maximum valve opening. Experimental results show that piezoelectric 22 

pumps with different valve parameters have different optimal frequencies. In addition, maximum flow rate is 431.6mL/min at 23 

220V and 70Hz. This paper provides a reference for the application of piezoelectric pump in cooling system.  24 

Keywords: Piezoelectric pump, Straight arm wheeled check valve, Valve parameter, Flow rate 25 

1. Introduction 26 

Piezoelectric pumps[1] are widely used in the fields of bio-medicine [2–4], cooling systems for electronic components [5–27 

6], fluid pumping systems [7–8], electronic sensors [9–11] and fuel delivery [12] due to simple structure, low power 28 

consumption and high stability. 29 

According to whether there are valves or not, piezoelectric pumps can be divided into active valve piezoelectric pumps 30 

[13], passive valve piezoelectric pumps [14-16] and valveless piezoelectric pumps [17]. Passive valves, such as cantilever 31 
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beam valve [14], umbrella valve [15]， ball valve [16]and wheeled check valve [18-21] are commonly used. A good micro 32 

check valve should have low cracking pressure, low flow resistance and small reverse leakage. Currently, wheeled check 33 

valve is widely used in piezoelectric pump [22-26] as its low open pressure and good static performance. [27] However, 34 

wheeled check valves also have some disadvantages. The wheeled check valve is normally glued to fix [25] with the risk of 35 

fatigue ageing of the glue, which will cause to shorten the lifetime of the pump and affect the sealing capability of the switch. 36 

[27] The adhesive fixing method is also related to the fact that most of its materials are metal, such as beryllium bronze [24] 37 

and silicon [26]. In addition, metal materials also have the risk of permanent deformation and tearing. [28] In addition to 38 

adhesive fixation, adding a valve layer is another way to fix the valve, which can avoid a series of problems caused by 39 

adhesive aging. This structure requires an additional runner layer, but this will complicate the pump structure and require 40 

certain positioning of valve layer and runner layer. [29-30] 41 

Studying the effect of valve structure on check valve piezoelectric pump can improve its performance, and researchers 42 

have done a great deal of effort. Research on curved arm wheeled check valve by some researchers focuses on the spring 43 

constant of the valve. The curved arm number is a parameter that has an obvious influence on the spring constant of wheeled 44 

check valve [31]. Valves with a small number of valve arms have a low spring constant and the flow rate of piezoelectric 45 

pumps is higher. When the number of curved arms is 2, the thickness is 100μm, the arm width is 50μm, and the gap between 46 

folded beam sections is 50μm, the spring constant is smallest, and the flow rate is about 5500μl. The valve with low spring 47 

constant has low opening pressure and small pressure loss, but the low spring constant will reduce the quick reset of the 48 

valve. [28] Valve designs with one or two folded beams could have a low spring constant but may suffer rotation movement 49 

and cause high leakage rates in the reverse direction. Only when the number of arms is greater than or equal to 3, will the 50 

rotational movement not occur, which is called ortho-planar springs [32]. What’s more, layer thickness, beam width and the 51 

gap between folded beam sections are also parameters that have influence on the spring constant. In order to further reduce 52 

the spring constants and leakage, two new valve designs with three folded beams are presented [29].These designs have lower 53 

spring constant, and at the same time secure the out-of-plane motion of the valve disc by increasing the length of the curved 54 

segments. The displacement and velocity of the piezoelectric actuator and the flow rate at all the operating frequency are 55 

affected by the thickness of the valve [30].  56 

Structure of wheeled check valve also influences air block probability [33]. Curved arm wheeled check valves with 57 

different valve diameter ratios and thickness led to different air block probability. Low valve diameter ratios and thickness 58 

can decrease air block probability and improve stability of the piezoelectric pump. In order to have a better comparison 59 
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between the piezoelectric pump in references, the performance of these pumps is listed in Table 1. One can observe that flow 60 

rate of most piezoelectric pumps is low. Piezoelectric pumps with large flow rate have large volume.61 

A large opening and high flow rate straight arm wheel valve made of silica gel was proposed. This article presents the 62 

design and fabrication of piezoelectric pumps and valves, and analyzes the influence of valve structure on the flow rate of 63 

piezoelectric pumps through experiments. This paper also studies the influence of valve arm number, valve arm width and 64 

valve thickness on flow rate through theoretical analysis. Valve opening at different valve parameters is simulated by 65 

ANSYS. Moreover, seven groups of straight arm wheeled check valve piezoelectric pumps with different valve parameters 66 

are designed and fabricated. The relationship between flow rate and valve parameters is analyzed according to the experiment 67 

result. This study provides a reference for high high flow rate piezoelectric pumps. 68 

Table 1 Performance comparison of the presented piezoelectric pump in reference. 69 

Reference Year Dimensions of micropump Flow rate(mL/min) 
Flow rate per unit 
volume(mL/mm3) 

Ma et al [3] 2016 40mm × 40mm × 10mm 9.1 0.0005 
Ma et al [6] 2009 45mm × 28mm × 4mm 4.1 0.0008 

Fan et al 
[22] 

2009 16mm × 16mm × 4mm 15.3 0.149 

Wang et al 
[24] 

2019 50mm × 50mm × 20mm 213.5 0.00427 

Dong et al 
[25] 

2017 50mm × 50mm × 16mm 1678.2 0.0420 

Ma et al[26] 2015 50mm × 50mm × 12mm 196 0.0065 

2. Structure design  70 

2.1 Pump design 71 

Fig.1 presents the structure of the piezoelectric pump. It mainly consists of pump cover, pump body, check valve, 72 

piezoelectric actuator (PZT), inlet and outlet. Piezoelectric actuators have been commercialized, with a size of Ø35mm × 73 

0.34mm being selected. Lead zirconate titanate (PZT) serves as the piezoelectric layer, and the diameter of piezoelectric layer 74 

is Ø25mm. The overall size of the pump is designed according to the size of the piezoelectric driver.The dimension of pump 75 

is 42mm × 42mm × 30mm (L × H ×W). The O-rings are made of nitrile rubber and used to support the piezoelectric actuator 76 

and seal pump chamber. The space between the piezoelectric actuator and the pump body forms the pump chamber, with a 77 

diameter of Ø30mm. In order to improve the bubble dissolution and self-absorption capability of the pump, the dead volume 78 

of the pump chamber must be reduced. We adopt the method of reducing the chamber height to make the pump have low 79 

dead volume [34] and high compression rate. At the same time, it is considered that too low pump chamber height will 80 

produce flow resistance and the main purpose of the current study is to explore the effect of valve on performance, we simply 81 

referred to the forerunners’ studies to choose chamber height of about 0.8mm. [35] In order to ensure that the opening of the 82 
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valve is not affected by the height of the pump chamber, the valve seat is arranged in the groove on one side of the chamber 83 

bottom. A gap is left between the valve seat and the groove wall to provide a space for installing the valve. An inlet is 84 

arranged at that central position of the valve seat. The design of the valve seat is similar to that of a shoulder and is provided 85 

with a notch for providing space for the valve arm. The same is true for the valve seat design at the outlet. The design avoids 86 

the fixing mode of gluing, which will prolong the life of the pump and enhance the sealing ability of the switch.The pump 87 

body is adhesively connected with inlet and outlet with the inside diameter of Ø4.5mm and the outside diameter of Ø6 mm. 88 

The assembly is done by placing all pieces together layer-by-layer and then clamped together with fastening bolts. 89 

 90 

Fig.1. Structure of the piezoelectric pump 91 

2.2 Valve design 92 

 93 

Fig.2. Different valve designs and their geometry parameters (in millimeter): N, valve arm number W, valve arm width T, valve thickness 94 
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Fig.2 presents different valve designs and their geometry parameters. The wheeled check valve mainly consists of fixing 95 

ring,valve arm and valve plate. The sealing of the valve is ensured by the stress generated by the radial deformation of the 96 

valve arm. If the valve arm is designed to be curved, greater stress will be generated at the bend of the valve arm. Therefore, 97 

the valve arm is designed as a straight arm. Considering that the diameter of the pump chamber is 30mm, the outer diameter 98 

of the fixing ring is designed to be 12mm and the inner diameter is designed to be 10mm. In order to reduce the air plug and 99 

ensure the sealing effect, we refer to previous studies and set the aperture to 4.5mm and the valve plate diameter to 6mm.The 100 

diameter ratio of the valve is about 1.2. The 3D printer used in this paper has a higher precision guarantee above the size of 101 

0.6mm. Therefore, the minimum value of valve parameter is 0.6mm. The other parameters of the seven silicone valves are the 102 

same except N, W and T. 103 

3. Theoretical analysis and simulation 104 

3.1 Theoretical analysis 105 

 106 

Fig. 3. Force diagram of check valve 107 

Fig. 3 shows the force diagram of check valve. The valve is modeled as a fixed support beam at both ends.L is the length 108 

of the valve arm. q is the uniform load on the valve plate. b is the diameter of the valve plate. The valve opening can be 109 

obtained by the deflection of the beam. Deflection formula of beam fixed at both ends: 110 𝐾max = 𝑞𝑏(2𝐿+𝑏)384𝐸𝐼 (2 − 2 𝑏2(2𝐿+𝑏)2 + 𝑏3(2𝐿+𝑏)3)  (1) 111 

Where E is the elastic modulus, q is the load on the valve plate, I is the moment of inertia of the cross section, 112 I = 𝑤𝑡3/12  (2) 113 

Where w is the width of the beam and t is the thickness of the beam. The check valve is designed as a plate suspended on N 114 

valve arms. When increasing the number of valve arms, it is equivalent to increasing the width of the beam, so, 𝑤 = 𝑁𝑤1，115 

𝑤1 is the width of a single valve arm. Thus, the valve opening can be obtained as follows 116 

𝐾max = 𝑞𝑏(2𝐿+𝑏)32𝐸𝑁𝑤1𝑡3 (2 − 2 𝑏2(2𝐿+𝑏)2 + 𝑏3(2𝐿+𝑏)3) (3) 117 

According to Bernoulli equation, flow rate of the piezoelectric pump is obtained in zero pump head: 118 
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𝑄 = 𝐶𝐴√2∆𝑃𝜌 = 𝐶𝜋𝑑𝐾max√2∆𝑃𝜌   (4) 119 

Where Q is flow rate, C is velocity coefficient, A is the flow area, r is radius of valve plate, k is the opening degree of valve 120 

plate, ρis the liquid density, ∆p is pressure difference between two sides of valve plate. From formula (1) to formula (4), it 121 

can be seen that flow rate is contacted with valve arm number (N), valve arm width of (W) and valve thickness (T), the flow 122 

rate increases with the decrease of valve arm number, valve arm width and valve thickness. 123 

3.2 Simulation analysis 124 

Valves with different parameters have different valve opening under the same fluid load, thus causing piezoelectric pumps 125 

to have a different flow rate. ANSYS CFX and ANSYS Static Structural were used for valve opening. Firstly, we use 126 

ANSYS CFX to analyze the external flow field of the valve. Then ANSYS Static Structural is used to analyze the valve 127 

opening. The analysis result of the external flow field of the valve as a condition is used to carry out static analysis of the 128 

valve. In the numerical simulation, the fluid phase was water (density of 998kg/m3). The inlet speed was set to 0.446m/s at 129 

300 K, and outlet relative pressure was set to 1 atm. The material of the straight arm wheeled check valve fabricated in this 130 

paper is silica gel (density of 870kg/m3, Young’ Modulus of 120MPa, Poisson’s ratio of 0.48). The restriction of wheeled 131 

check valve mainly depends on valve arm, so it can be simplified in simulation. At last, simulation of valve opening at 132 

different valve arm number (N), valve thickness (T), valve arm width (W) is obtained. The valve opening unit is millimeters. 133 

As shown in Fig.4, simulated valve opening with different valve parameter is presented. Fig.(a),Fig.(b)and Fig.(c) show 134 

simulation of valve opening with different valve arm number. With the increase of valve arm, the valve opening decreases. 135 

Because under the same load, when valve arm number is larger, the force of each valve arm is smaller, and the deformation 136 

amount of each valve arm is smaller. When valve arm number is 2, the area close to the valve arms is greatly constrained by 137 

the valve arms and the deformation of the valve is small, so the deformation of the valve center is not the largest. When valve 138 

arm number is 3 or 4, the deformation in the middle of the valve is the largest because the restriction of the valve arm to the 139 

valve plate is uniform. 140 

Fig.(a),Fig.(d) and Fig.(e) show the effect of valve thickness on valve opening when the optimal number of valve arms is 2. 141 

It can be seen that valves with different thicknesses have different valve deformation differences. Valves with large 142 

thicknesses have small deformation differences in different parts of the valve and have smaller valve opening. Because the 143 

larger the thickness, the larger the moment of inertia of the cross section. Large moment of inertia of the cross section makes 144 

valve opening small. 145 
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After determining the influence of valve arm number and valve thickness on the valve opening, we set these two 146 

parameters as the best, and further studied the influence of the valve arm width on the valve opening. Fig. (d),Fig.(f) and 147 

Fig.(g) present simulation of valve opening with different valve arm width. With the width of the valve arm increases, not 148 

only the deformation of the valve arm decreases, but also the deformation of the valve plate portion decreases. The increase 149 

of the valve arm width increases the restriction of the valve arm to the valve plate. Valve arm width can also change the 150 

moment of inertia of the cross section. The wider the valve arm width, the smaller the moment of inertia of the cross section.151 

 152 

Fig. 4. Simulation of valve opening with different valve parameter (a) N=2, W=1, T=1 (b) N=3, W=1, T=1 (c) N=4, W=1, T=1(d) N=2, 153 

W=1, T=0.6 (e) N=2, W=1, T=0.8 (f) N=2, W=1.2, T=0.6 (g) N=2, W=1.4, T=0.6154 

4. Fabrication and Experiment setups 155 

4.1 Fabrication 156 

Beryllium bronze and silicon are commonly used as valve materials, but their elastic modulus is greater than that of silica 157 

gel. In order to reduce the spring constant of the valve, silica gel is selected. The valve can be obtained by fully mixing silica 158 

gel and curing agent at a ratio of 100:1, pouring into a mold, flattening the surface of the silica gel through a scraper, and 159 

standing for 5 hours. After the silica gel is completely solidified, it is taken out of the mold. 160 

The FDM 3D printer (JGAURORA) uses PLA material to fabricate pump cover, pump body, inlet and outlet. 3D printing 161 

slicing was carried out with Cura software, and the 3D printing parameters are shown in the Table 2. The actual pump and 162 

valve are illustrated in fig. 5. 163 

 164 

 165 

 166 
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 168 

 169 

 170 

Table 2 3D printing parameter setting 171 

Setting Parameters 

Layer height(mm) 0.05 

Shell thickness(mm) 0.8 

Fill Density(%) 60% 

Print speed(mm/s) 80 

Printing temperature(℃) 210 

Bed temperature(℃) 60 

Support Type 

Platform adhesion type 

Diameter(mm) 

Flow(%) 

Everywhere 

Raft 

1.75 

100.0 

 172 

Fig. 5.Photo of the prototype pump and valve 173 

4.2 Experimental setups 174 

In order to study the influence of valve parameters on flow rate, a series of experiments were carried out. The entire 175 

experimental setup is illustrated in Fig. 6.Water was utilized as the working medium at 25℃. The piezoelectric pump is fixed 176 

by clamps, and the inlet and outlet are respectively connected with rubber pipes. A sinusoidal voltage and frequency are 177 

generated by a signal generator (CUH, SDVC40-S, Nanjing, China, range of voltage: 0–220V, range of frequency: 40–178 

400Hz). The flow rate is measured by an electronic balance with a division value of 0.1g per minute. By sweeping frequency 179 
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every 5 Hz from 40Hz to 120Hz at optimal voltage, the flow rate curve with frequency is obtained. The flow rate curve with 180 

voltage can also be obtained by sweeping voltage every 5V from 150V to 220V at the optimal frequency. Flow test 181 

experiments of piezoelectric pumps can be carried out through these experimental devices.  182 

 183 

Fig. 6.Experimental setups 184 

5. Results and discussion 185 

5.1. The relationship between valve arm number and flow rate 186 

As seen in Fig. 7, it is observed that the flow rate increases first and then declines gradually with increasing frequency. As the 187 

frequency increases, the number of times the piezoelectric pump works per unit time increases, thus flow rate increases. 188 

When the optimal frequency point is reached, the flow rate of the piezoelectric pump reaches the maximum. At 220 V, when 189 

valve arm number is 2, 3 and 4 respectively, the maximum flow rate is 370mL/min at 65Hz, 303.8mL/min at 70Hz and 190 

226.4mL/min at 65Hz.When the frequency increases further, flow rate drops because of the valve hysteresis. When the phase 191 

lag of the check valve with respect to the piezoelectric actuator exceeded one cycle; the check valve was matched with the 192 

next cycle of the piezoelectric actuator, and the output flow rate started to increase again.[36] So there is a peak in the second 193 

half of the curve. What’s more, the optimal frequency varied for the increasing number of arms. The frequency of the pump 194 

system is related to the natural frequency of the valve. When the natural frequency of the valve is large, the frequency of the 195 

pump system is also large. As the number of valve arms increases, the optimal frequency rises first and then falls. The natural 196 

frequency of the wheeled check valve is determined by the ratio of the stiffness and mass of the valve. When the number of 197 

valve arms increases from 2 to 3, the stiffness of the wheeled check valve increases significantly, so the natural frequency 198 

increases. When the number of valve arms is 4, compared with the number of valve arms is 2, the stiffness and mass of the 199 

wheeled check valve increase, so the natural frequency remains unchanged. In Fig. 8, there is a steady growth with the 200 

increase of voltage. The amplitude of the piezoelectric actuator will rise as the voltage increases, thus making the chamber 201 

volume large. Negative pressure caused by the increase of the chamber volume increases, causing the increase in flow rate. 202 
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 203 

Fig. 7.The flow rate curve with frequency under different valve arm number 204 

 205 

 206 

Fig. 8.The flow rate curve with voltage under different valve arm number 207 

5.2 The relationship between valve thickness and flow rate 208 

 209 

Fig. 9.The flow rate curve with frequency under different valve thickness 210 
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 211 

Fig. 10.The flow rate curve with voltage under different valve thickness 212 

After analyzing the influence of the valve arm number on the flow rate, the valve arm number of 2 was selected. The valve 213 

arm width is set to 1mm. Fig. 9 and Fig. 10 show the experiment result of flow rate with the valve thickness of 214 

0.6/0.8/1.0mm. From Fig. 9, the flow rate goes up first and then goes down with the increasing frequency. As the frequency 215 

increases, there will be a phase difference between the valve and the piezoelectric actuator, and a local peak will appear at the 216 

place where the phase difference between the two is the smallest. In the high frequency range, it is obvious that the curve 217 

with a valve thickness of 1mm drops faster. The increase in thickness makes the stiffness larger, which will reduce the 218 

vibration of the valve. The phase difference between the valve and the piezoelectric actuator becomes large.Therefore, the 219 

valve curve with a valve thickness of 1mm drops faster. The thicker valve will also make it difficult to open the valve, thus 220 

reducing the flow rate. The flow rate is relatively large when the valve thickness is 0.6mm. In addition, the optimal frequency 221 

decreased with increasing membrane thickness. As the thickness increases, the mass of the wheeled check valve increases, so 222 

its natural frequency increases. Therefore, when the thickness of the wheeled check valve is 0.6mm, the optimal frequency 223 

point of the piezoelectric pump is the largest. When the valve thickness is 0.6mm and 0.8mm, the flow fluctuation is less after 224 

second optimal frequency, which indicates that the thin valve has a wide operating frequency. At the optimal frequency, the 225 

relationship between voltage and different valve thickness (0.6, 0.8 and 1mm) is shown in Fig. 10. There has been a gradual 226 

rise as increasing voltage. The greater the voltage is, the greater the load on the valve and the greater the valve opening. The 227 

thicker the valve, the harder it is to open it, the flow rate decreases. The maximum flow rate of piezoelectric pump with 228 

0.6mm thickness is 431.6mL/min at 220V and 70Hz. Compared with 0.6mm valve thickness, the valve opening of other 229 

valve thickness (0.8and1.0mm) is low, thus causing the flow rate drops.  230 

5.3 The relationship between valve arm width and flow rate 231 
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To analyze the influence of valve arm width on flow rate, the flow rate was measured when the valve arm number and the 232 

valve thickness is set to 2 and 0.6mm, respectively. In Fig. 11, the relationship between flow rate and frequency is presented. 233 

The curves trend is similar to flow rate curves of different valve thickness. As the frequency increases, the flow rate first rises 234 

and then declines. At 220V, it can be seen intuitively from the diagram that the flow rate of piezoelectric pump with 1.0mm is 235 

the optimal when the frequency is 70Hz.The optimal frequency stayed the same for increasing arm width. Fig. 12 reveals that 236 

there has been a steady rise with the increase in voltage. The flow rate of piezoelectric pump with 1.0mm valve arm width is 237 

optimal at 220V and 70Hz.When the valve arm width rises, valve opening will decline, thus causing the flow rate to fall. 238 

 239 

Fig. 11.The flow rate curve with frequency under different valve arm width 240 

 241 

Fig. 12.The flow rate curve with voltage under different valve arm width 242 

5.4 The relationship between valve opening and flow rate 243 



 

11 

 244 

Fig. 13.Relationship between valve opening (simulation) and flow rate (experiment) 245 

The relationship between the highest flow rate in the experiment and highest simulated valve opening of each valve is 246 

shown in Fig. 13. It is found that the highest flow rate in the experiment and highest simulated valve opening have same the 247 

variation tendency. The flow rate of the piezoelectric pump corresponding to the valve with a large opening is also large. As 248 

the number of valve arms increases, the valve opening becomes smaller and the flow rate of piezoelectric pump decreases, 249 

such as valve 1, valve 2 and valve 3. As the thickness increases, the valve opening decreases and the pump flow drops, such 250 

as valve 4, valve 5 and valve 1. With the increase of valve arm width, the valve opening becomes smaller and the flow rate of 251 

piezoelectric pump decreases, such as valve 4, valve 6 and valve 7. In addition, the number of valve arms and the thickness 252 

of the valve have greater influence on the flow rate of the piezoelectric pump than the width of the valve arm. 253 

6. Conclusion 254 

In this paper, the influence factors of high flow rate are discussed. Seven groups of straight arm wheeled check valve 255 

piezoelectric pumps with different parameters were designed. The working principle was analyzed. The theoretical analysis 256 

of the flow rate of the straight arm wheeled check valve piezoelectric pump was also presented. ANSYS CFX and ANSYS 257 

Static Structural were used to simulate valve opening. The prototype was fabricated by 3D printer.  The flow rate of the 258 

straight arm wheeled check valve piezoelectric pump was measured. The experimental results show that the valve arm 259 

number, the valve thickness and the valve arm width affect not only the optimum frequency but also the frequency bandwidth 260 

of the straight arm wheeled check valve piezoelectric pump. Piezoelectric pump with 2 valve arm number, 0.6mm thickness 261 

and 1.0 valve arm width has the best flow rate of 431.6mL/min at 220V and 70Hz.What’s more, decreasing valve arm 262 

number, valve thickness and valve arm width can increase flow rate at high frequency range. Due to its high flow rate, the 263 

piezoelectric pump is expected to be widely used in cooling systems. 264 
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Figures

Figure 1

Structure of the piezoelectric pump



Figure 2

Different valve designs and their geometry parameters (in millimeter): N, valve arm number W, valve arm
width T, valve thickness



Figure 3

Simulation of valve opening with different valveparameter (a) N=2, W=1, T=1 (b) N=3, W=1, T=1 (c) N=4,
W=1, T=1(d) N=2, W=1, T=0.6 (e) N=2, W=1, T=0.8(f) N=2, W=1.2, T=0.6 (g) N=2, W=1.4, T=0.6

Figure 4

Simulation of valve opening with different valveparameter (a) N=2, W=1, T=1 (b) N=3, W=1, T=1 (c) N=4,
W=1, T=1(d) N=2, W=1, T=0.6 (e) N=2, W=1, T=0.8(f) N=2, W=1.2, T=0.6 (g) N=2, W=1.4, T=0.6



Figure 5

Photo of the prototype pump and valve



Figure 6

Experimental setups



Figure 7

The �ow rate curve with frequency under different valve arm number



Figure 8

The �ow rate curve with voltage under different valve arm number



Figure 9

The �ow rate curve with frequency under different valve thickness



Figure 10

The �ow rate curve with voltage under different valve thickness



Figure 11

The �ow rate curve with frequency under different valve arm width



Figure 12

The �ow rate curve with voltage under different valve arm width



Figure 13

Relationship between valve opening (simulation) and �ow rate (experiment)


