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ABSTRACT: Small pumps with excellent performance are in demand in various industrial fields. In the 

present study, a new type of small underwater insertion pump that combines electromagnetic force and 

mechanical resonance was developed. A prototype electromagnetic-vibration pump with a one-valve 

structure in which the vibration component and water are separated by a thin film was constructed. The shape 

of this pump was optimally designed for the casing and valves. Rod and piston-type casings have been 

proposed to effectively use the displacement of the vibration component. By the inertial effect of water due to 

the operating principle, thin film separation, and shape optimization, the maximum efficiency of this pump 

was 19.1%, which exceeds that of previously proposed small pumps. In addition, as a normal use of the 

prototype pump, the pump with an acrylic pipe attached to the inlet port was improved, and its flow rate 

characteristics were examined. These two pumps can be directly driven by the power of a power outlet by 

tuning the resonance frequency of the vibration component. The proposed pump can be used in two ways 

depending on the application.    
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1. INTRODUCTION 

 

Small pumps with excellent performance are in 

high demand in various industrial fields, such as 

the fields of machinery, civil engineering, 

agriculture, chemical analysis, and medical care. 

For this reason, various types of small pumps  

have been developed. In particular, the axial flow  

pump [1], centrifugal pump [2 - 4], and rotary 

pumps [5 - 8] have been actively studied. An 

electromagnetic motor is used as a drive source for 

these pumps because the efficiency of the pump 

depends on the efficiency of the electromagnetic 

motor. Accordingly, due to the low efficiency of 

the small motors installed, the efficiency of the 

small pumps is quite low. 

A piezoelectric pump [9 - 11] is a typical pump 

that does not use an electromagnetic motor. 

Although this pump is characterized by high 

efficiency, it has a problem with respect to 

durability and is expensive. Even so, the efficiency 

of the small piezoelectric pump is less than 5%. 

Therefore, considering environmental problems 

of note in recent years, pumps and motors are 

incorporated in many devices, and improving the 

efficiency of these basic devices is an important 

engineering problem. 

For this reason, the authors prototyped a 

vibration-type pump [12], in which a drive unit 

having a vibration component was inserted into 

water, and showed the flow rate characteristics of 

the prototype pump. However, the efficiency of 

this pump is low, and the operation principle has 

not been clarified. 

In the present study, a new type of small 

underwater insertion pump that combines 

electromagnetic force and mechanical resonance 

was developed. This small vibration-type pump 

converts the generated resonance energy into 

kinetic energy and effectively discharges water. A 

prototype pump with a one-valve structure in 

which the vibration component and water are 

separated by a thin film was prototyped. The shape 

of this pump was optimally designed with respect 

to the casing and valves. Rod and piston-type 

casings have been proposed to effectively use the 

displacement of the vibration component. By the 

inertial effect of water due to the operating 

principle, thin film separation, and shape 

optimization, the maximum efficiency of this 

pump was 19.1%, which exceeds that of 

previously proposed small pumps. In addition, as a 

normal use of the prototype pump, the pump with 

an acrylic pipe attached to the inlet port was 

improved, and its flow rate characteristics were 

examined. It was clarified that this small vibration-

type pump has a very simple structure and can 

discharge water with a pumping head exceeding 

1,000 mm. Two types of pump with high 

performances capable of use in two ways are 

described in the present paper. 

 

2. RESEARCH SIGNIFICANCE 

 

Considering the global environment, 

improving the efficiency of small motors and 
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pumps installed in various devices is an important 

issue. Currently, the efficiencies of commercially 

available small pumps are less than about 5%. 

Therefore, there is a need to significantly improve 

the efficiency of small pumps. In this paper, we 

developed a novel vibration-type small pump and 

established a new operating principle. The 

efficiency of this vibration pump is about 20%, 

and its applicability to various industrial fields was 

verified. A significant reduction in power can be 

achieved by proposing two types of small pumps. 

 

3.  OUTLINE OF THE VIBRATION-TYPE 

PUMP 

 

Fig. 1 shows a small electromagnetic-vibration 

pump for an underwater insertion-type pump. This 

vibration-type pump consists of an acrylic casing, 

a thin silicone rubber film, a vibration component, 

an acrylic bar, and a discharge valve. In this pump, 

a thin silicone rubber film with a thickness of h 

(mm) was installed on top of the vibration 

component to prevent contact between water and 

the vibration component. The part above the 

silicone rubber film is defined as the head portion, 

and the portion below the silicone rubber film is 

defined as the vibration portion. As a result, water 

flows into the head portion, and only air is injected 

into the vibration portion. Since the vibration 

component vibrates in the atmosphere, no viscous 

resistance of water is generated. The valve is a 

one-valve system with only discharge and has a 

very simple structure. 

The acrylic rod and piston-type casings have 

been developed to effectively use the displacement 

of the vibration component. An inlet port and an 

outlet port having a diameter of 6 mm are attached 

to the head part, as shown in Fig. 1. 

The vibration component consists of a ring-

shaped permanent magnet and a compression coil 

spring. The permanent magnet is a neodymium 

ring magnet with an outer diameter of 12 mm, an 

inner diameter of 9 mm, and a height of 5 mm. As 

the spring, a compression coil spring with a free 

length of 25 mm, an outer diameter of 12 mm, and 

a spring constant of k = 2,691 N/m was used.  

As shown in Fig. 2, an iron core with a bobbin 

shape was used as an electromagnet for exciting 

the vibration component. A copper wire with a 

diameter of 0.2 mm was wound 1,200 times to 

make an electromagnet. By combining a ring-type 

permanent magnet and the bobbin-type permanent 

magnet, the electromagnetic force can be 

efficiently converted into excitation force [13 - 15]. 

As shown in Fig. 2, for the iron disk, the diameter 

is R = 8 mm, and the thickness is b = 1 mm. In 

addition, the shaft diameter is r = 3 mm, and the 

length is B = 26 mm. The acrylic bar was mounted 

on the vibration component to increase the effect 

of pushing up the water. 

Fig. 3 shows the structure and dimensions of 

the valve. A triangular acrylic support was  
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Fig. 1  Structure of the vibration-type pump 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2  Vibration component and electromagnet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3  Structure of the one-valve pump and 

photograph 
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attached to an acrylic disc with a thickness of 2 

mm, an outer diameter of 19 mm, and an inner 

diameter of d (mm). The dimensions of the thin 

silicone rubber material for the valve are 8 mm 

wide, 10.5 mm long, and 0.05 mm thick. By 

attaching a thin silicone material to the triangular 

acrylic support, stable bending rigidity in the valve 

was obtained. 

This pump is inserted into water, and AC 

power is input to the bobbin-type electromagnet to 

resonate the vibration component. An acrylic bar 

with a diameter of 12 mm and a length of L (mm) 

attached to the top of the vibration component via 

the silicone rubber film vibrates in the vertical 

direction. As shown in Fig. 1, when the acrylic bar 

is displaced upward, the pressure near the valve 

increases. The thin silicone material in the valve is 

pushed up, and water is drained. On the other hand, 

when the acrylic bar is displaced downward, the 

pressure near the valve decreases. For this reason, 

the valve closes and prevents backflow of water. 

Thus, since the pressure at the head portion is 

reduced, water can be sucked up from the inlet port.  

Based on the results of a previous study [12], a 

clearance of 1.5 mm was provided between the rod 

and the casing so that water could flow between 

them. Water is discharged intermittently by 

repeatedly increasing and decreasing the pressure 

over one cycle of vibration. 

As shown in Fig. 1, the dimensions of the head 

portion are when the length of the acrylic bar is 25 

mm. The prototype pump has a height of 80 mm, 

an outer diameter of 33 mm, and a total mass of  

41 g. 

 

4.  OPTIMUM DESIGN FOR THE SHAPE OF 

THE VIBRATION-TYPE PUMP 

 

As shown in Fig. 1, the shape of the vibration-

type pump for an underwater insertion-type was 

optimized for the following three items: 

(1) Length of the acrylic rod: L (mm) 

(2) Thickness of the silicone rubber film for water 

separation: h (mm)  

(3) Diameter of the outlet port in the valve: d (mm) 

The prototype pump was inserted into an 

acrylic tank having a width of 350 mm, a length of 

250 mm, and a height of 200 mm. 

     As shown in Fig. 4, the pumping head was 200 

mm, and the flow rate was measured. An acrylic 

pipe with an inner diameter of 6 mm was used as 

the pipe from the outlet port. The vibration 

component was driven at the resonance frequency 

by a signal generator and amplifier. The resonance 

frequency is 70 Hz. The input voltage, current, and 

power to the electromagnet were measured using a  

power analyzer. The mass of discharged water was 

measured for 30 seconds using an electronic  

balance. The water temperature was measured as 

20 degrees. 

The pumping head (H = 200 mm), the 

diameter (d = 4 mm) of the outlet port in the valve, 

the thickness (h = 0.01 mm) of the silicon thin film, 

and the effect of the length, L (mm), of the acrylic 

rod were examined. Fig. 5 shows the relationship 

between the input power to the electromagnet and 

the flow rate per second by changing the length, L 

(mm), of the acrylic rod to 15 mm, 25 mm, and 30 

mm. The highest efficiency was shown when the 

rod length was 25 mm. This indicates the existence 

of an optimum rod length. As the rod length 

increases, the effect of pushing out water increases. 

However, as the rod length increases, the contact 

area between the water and the rod increases and 

the viscous resistance to the vibration component 

increases. Therefore, it is considered that the 

optimum length of the rod exists. 

The effects of the thickness, h (mm), of the 

silicone rubber film for water separation were 

examined with the pumping head (H = 200 mm), 

length (L = 25 mm) of the acrylic rod, and the 

outlet port diameter of the valve (d = 4 mm). Fig. 6 

shows the relationship between the input power to  

  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Experimental apparatus and optimization 

procedure 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5  Relationship between input power and mass 

flow rate (length of the acrylic rod) 
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Fig. 6  Relationship between input power and 
mass flow rate (thickness of the silicone  
rubber film) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7  Relationship between input power and mass  

flow rate (diameter of outlet port) 

 

the electromagnet and the flow rate per second by  

varying the thickness, h (mm), of the thin silicone 

rubber film to 0.01 mm, 0.05 mm, and 0.1 mm. 

From the figure, the flow rate increases as the 

input power increases. When the silicone rubber 

film thickness is thin, this pump shows good flow 

rate characteristics. As the silicone rubber film 

thickness increases, the viscous resistance of the 

membrane material to the vibration component 

increases. Therefore, when the silicone rubber with 

a thickness of h = 0.01 mm is used, the flow rate 

characteristics are the best. 

The pumping head (H = 200 mm), the length  
(L = 25 mm) of the acrylic rod, the silicon thin 

film thickness (h = 0.01 mm), and the effect of 

hole diameter, d (mm), at the outlet port in the 

valve were examined. Fig. 7 shows the relationship 

between the input power to the electromagnet and 

the flow rate per second by varying the hole 

diameter, d (mm), of the outlet port in the valve as 

3 mm, 4 mm, and 5 mm. From the figure, the 

highest efficiency occurs when the hole diameter is 

4 mm. However, the diameter of the hole in the 

valve portion is considered to be affected by the 

pumping head. 

By examining three items, the value of (1) the 

length (L = 25 mm) for the acrylic rod, (2) the 

thickness (h = 0.01 mm) for the silicone rubber 

film for water separation, and (3) the diameter (d = 

4 mm) for the outlet port in the valve are selected 

to maximize the flow characteristics of this pump. 

 

5.  INERTIA EFFECT DUE TO VIBRATION 

DISPLACEMENT OF THE ROD 

 

This pump creates a pressure difference by the 

combination of the acrylic rod and the casing. 

Water cannot be sucked in and drained if the 

acrylic rod is not mounted on the vibration 

component at this pump. In addition, if the 

clearance between the acrylic rod and the casing is 

0 mm, then water cannot be sucked from the inlet 

port. As mentioned above, the clearance between 

the rod and the casing was set to 1.5 mm, and the 

water discharge characteristics due to the vibration 

displacement of the rod were examined.  

It is difficult to directly measure the 

displacement of a vibration component inserted in 

water with various sensors. The displacement was 

measured using the experimental apparatus shown 

in Fig. 8. In the experiment, the sine wave 

generated by the signal generator was amplified by 

an amplifier, and the exciter was vibrated 

harmonically. The vibration part of the exciter, two 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Fig. 8   Experimental setup for the operating  

principle 

 

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 9  Details of the experimental setup 
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Fig. 10  Relationship between total displacement 

and ratio of inertia effect 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Fig. 11  Relationship between pumping head and 

ratio of inertia effect 
 

beams, and three rods were connected and inserted 

into the casing of the pump. 

As shown in Fig. 9, when forced displacement 

is generated by the exciter, rod 3 is displaced. The 

acrylic rod attached to the vibration component, 

and rod 3 has the same dimensions. In addition, the 

casing and valve have the same dimensions as the 

optimized vibration-type pump. The vibration  

displacement of rod 3 was substituted by 

measuring the displacement of beam 1 using a 

laser displacement meter and a digital oscilloscope. 

When the vibration component vibrates at a 

frequency, f (Hz), the change in the flow rate  

characteristics due to the displacement amplitude 

was investigated. For the purpose of clarifying the 

operation of this pump, the ratio of the inertial 

effect was defined as follows:  

 

 Ir = (Q / f ) / V,  V = 2aπd
2
                (1) 

 

where Ir is the ratio to the volume, V (mm
3
), when 

the acrylic rod with radius d (mm) vibrates with a 

total amplitude of 2a (mm) and a flow rate per 

second of Q (mm
3
/s). 

Fig. 10 shows the ratio, Ir, of the inertia effect 

by changing the drive frequency of the exciter 

when the pumping head, H, is set to 200 mm. As 

the total amplitude increases, the inertial effect 

increases. In addition, when the frequency is 70 Hz 

and the total amplitude is 0.8 mm, approximately 

80% of the volume, V, of water due to vibration is 

discharged. 

Fig. 11 shows the pumping head, H, and the 

ratio, Ir, of the inertial effect by changing the total 

amplitude of rod 3 when the drive frequency is 70 

Hz. The inertial effect decreases as the pumping 

head, H, increases. On the other hand, when the 

pumping head is H = 100 mm, the ratio Ir of the 

inertial effect exceeds 90%, and approximately the 

same volume of water as the volume due to 

vibration displacement can be discharged. The 

obtained results are summarized as follows:  

1) The inertial effect is proportional to the 

increase in drive frequency. 

2) As the amplitude of the vibration component 

increases, the inertial effect increases. 

3) When the pump head, H, is low, even if there 

is a clearance between the rod and the casing, the 

same amount of water as the volume due to the 

total amplitude of vibration can be discharged. 

 

6. FLOW CHARACTERISTICS OF THE 

OPTIMIZED VIBRATION-TYPE PUMP 

 

As shown in Fig. 1, an underwater insertion-

type pump with three shape optimizations was 

prototyped and tested. The drive frequency of the 

vibration component is 70 Hz. The efficiency, η, of 

the pump is expressed as follows: 

 

η = 100 × Mf  g H / P t                     (2) 

 

where Mf (kg) is the mass flow, g (m/s
2
) is the 

acceleration due to gravity, H (m) is the pumping 

head, P (W) is the input power to the 

electromagnet, and t (s) is the measurement time. 

The mass flow was measured with an electronic 

balance.    

Figs. 12 and 13 show the relationships 

between the input power to the electromagnet and, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12  Relationship between input power and 
flow rate (underwater-type pump) 
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Fig. 13  Relationship between input power and 

efficiency (underwater-type pump) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14  Outline of the one-valve normal-type  

pump 

 

respectively, the flow rate per second and 

efficiency by changing the pumping head, H. The 

flow rate increases approximately linearly as the 

input power increases. Furthermore, when the 

pumping head is  H = 1,000 mm, approximately 

1.8 g of water can be discharged per second.       

On the other hand, when the input power is 0.02 W 

and the pumping head is H = 200 mm, the 

maximum efficiency of this pump is 19.1%. This 

is because the inertia effect of the acrylic rod is 

acting. Due to the inertial effect, when the 

pumping head, H, is low, the efficiency of the 

prototype pump is significantly higher than that of 

commercial products. 

As a normal application of the pump, an acrylic 

pipe with an inner diameter of 6 mm was attached 

to the inlet, as shown in Fig. 14, and the flow rate 

characteristics of the pump were investigated. 

Figs. 15 and 16 show the relationships between 

the input power to the electromagnet and , 

respectively,  the flow rate per second and 

efficiency by varying the pumping head (H1 = 500  

mm) and H2 from 0 mm to 500 mm. The prototype 

one-valve pump can discharge 2.16 g of water per 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

Fig. 15  Relationship between input power and 

mass flow rate (normal-type pump) 
 

 
 

 

 

 

 

 
 

 

 

 

 

 
 

 

Fig. 16  Relationship between input power and  
efficiency (normal-type pump) 
 

second at a pumping head of 1,000 mm. The 

maximum efficiency was approximately 5.1% at 

an input power of 0.38 W when the total pumping  

head, H (= H1 + H2), was 500 mm.  

 

7.  CONCLUSIONS 

 

A small one-valve electromagnetic-vibration 

underwater insertion-type pump was proposed, and 

the optimum shape of the pump was designed. 

When this vibration-type pump was inserted into 

water, the pump had a maximum efficiency of 

19.1%. Furthermore, the operating principle of this 

pump was clarified experimentally, and the effect 

of the inertial effect of water was clarified. 

As a normal application of the prototype pump, 

an acrylic pipe was attached to the inlet port, and 

the suction characteristics of the pump were 

examined. The maximum efficiency of this pump 

was 5.1%, which was shown to exceed that of 

commercially available pumps. This vibration-type 

pump has a very simple structure and can send 

water exceeding 1,000 mm to the pumping head. 

The proposed pump can be used in two ways 

depending on the application. The underwater 

insertion-type pump can be applied to circulation 

in water tanks and cooling devices, and the  
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normal-type pump can be applied to specific 

industrial applications. In addition, these vibration- 

type pumps can be directly driven by the power of 

a power outlet by tuning the resonance frequency 

of the vibration component. 
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