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ABSTRACT 

 

There is a demand for intravenous drips for medical sites and for liquid delivery of 

microfluidic chips in the field of chemical analysis. Furthermore, in these chemical analysis 

and medical pumps, disposable is often required. In this paper, a new pump capable of 

disposable having a size of 19 mm in outer diameter and 56 mm in length combining 

electromagnetic force and mechanical vibration was proposed. In the experiment, 

optimization of casing and discharge valve of this pump was examined and tested. Next, by 

attaching an iron plate to the iron core of the electromagnet, a method of increasing the 

strength of the magnetic field at one pole of the electromagnet without changing the magnetic 

circuit of the pump was suggested. Due to optimized design and utilization of asymmetric 

magnetic field, the maximum efficiency of the pump was 10.7 %. Furthermore, it was shown 

that this pump can deliver water to the pumping head exceeding 1000 mm. 

 

Keywords:  magnetic pump; vibration; pumping head; efficiency; mass flow; asymmetric 

magnetic field. 

  

INTRODUCTION 

 

Pumps with high power and efficiency are highly demanded in various industrial fields and 

numerous researches have been conducted. Among them, for axial flow pumps [1], 

centrifugal pumps [2-4], mixed-flow pump [5-6], positive displacement pumps [7-8] and 

rotary pumps [9-12], the operating principle of these preexisting pumps is almost completely 

established. Improvements in the output and efficiency characteristics of these pumps depend 

on the built-in electromagnetic motors. By development of the electromagnetic motor with 

high efficiency in recent years, the centrifugal pump having the efficiency of about 90 % 

have been studied [13-14]. 

On the other hand, there is a demand for intravenous drips at medical sites and for 

liquid delivery of microfluidic chips in the field of chemical analysis. Furthermore, in these 

chemical analysis and medical pumps, disposable is often required. Based on the above 

considerations, many studies with regard to a new type of the pump have investigated. 

Previously proposed typical methods include the following: electromagnet [15-16], solenoid 

[17] electrostatic[18], piezoelectric [19-22], super magnetostriction [23-26], type using 

external magnetic field [27-29], type using elasticity of shape memory alloy [30-31], and 
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type using electro-hydrodynamic [32]. For the above-mentioned new type pumps, the flow 

rate characteristics have been elucidated in detail. However, its efficiency has not been 

clarified. No pumps with efficiencies exceeding 10 % are found in these studies. Furthermore, 

the pump having a size of about 20 mm in outer diameter and 50 mm in length and capable 

of disposable has not yet been developed. Considering recent high performance of permanent 

magnets, development of a new pump of electromagnetic-mechanical vibration type is an 

important problem.  

In this paper, a new small size pump combining electromagnetic force and mechanical 

vibration was proposed. The small size pump of vibration type with an outer diameter of 19 

mm and a height of 56 mm was prototyped, and the optimum design of the pump shape was 

carried out. This pump demonstrated a maximum efficiency of 6.0 % with a pumping head 

of 200 mm. By attaching an iron plate to the iron core of an electromagnet, a method of 

increasing the strength of the magnetic field at one pole of the electromagnet without 

changing the magnetic circuit was suggested. By the generation of an asymmetric magnetic 

field due to the addition of the iron material, the maximum efficiency of the pump was 

10.7 %. In addition, this small size pump has a very simple structure and can deliver water 

to the pumping head exceeding 1000 mm. 

  

 

STRUCTURE OF MAGNETIC PUMP 

 

Figure 1 shows a diagram of the magnetic pump prototyped for liquid delivery of various 

fluids. This pump is divided into a head part and a propulsion part. The head part is made of 

an acrylic material having an outer diameter of 19 mm, an inner diameter of 15 mm and a 

height of 18 mm. This head part has a discharge port with an outer diameter of 6 mm. In the 

propulsion part, a vibration component is inserted in an acrylic pipe having an outer diameter 

of 19 mm and an inner diameter of 15 mm, a height of 37 mm and a discharge valve is attached 

to the upper part. The propulsion part has a suction port with an outer diameter of 6 mm at a 

position 9 mm from the bottom. Thus, the magnetic pump consists of a permanent magnet and 

a translational spring constituting the vibration component, the discharge valve and the acrylic 

casing with a support base. The permanent magnet is cylindrical NdFeB and is magnetized in 

the axial direction. The permanent magnet was 12 mm in diameter and 5 mm in height. The 

surface magnetic flux density measured using a tesla meter was 358 mT. The translational 

spring was a stainless steel compression coil type having an outer diameter of 12 mm, a free 

length of 25 mm, and a spring constant k of 2,691 N/m.  

The vibration component was constructed of the translational spring and the 

permanent magnet. An electromagnet was inserted in the translational spring. The 

electromagnet consists of an iron core having a diameter of 3.4 mm and a length of 21 mm 

with 1130 turns of 0.12-mm-diameter copper wire. The electrical resistance of the 

electromagnet is 12.4 Ω. The gap between the electromagnet and the permanent magnet in the 

static condition is 3 mm. 
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Figure 1. Structure of magnetic pump. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 2. Detail of valve part. 
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(a) Magnetic pump  (b) Valve part 

 

Figure 3. Photographs of magnetic pump and valve part. 

 

The structure of the prototype valve was shown in Figure 2. A triangular acrylic 

support was attached to an acrylic plate having a thickness of 2 mm, an outer diameter of 19 

mm, and an inner diameter of d mm. The dimension of thin silicon material is 8 mm in width, 

10.5 mm in length and h mm in thickness. By attaching the thin silicon material to this 

triangular acrylic support, stable bending stiffness of the valve was obtained. Details of 

dimension in this valve are shown in Figure 2. The pump is inserted into fluid, and the 

vibration component vibrates by the excitation of the electromagnet. The pump has a height 

of 56 mm, an outer diameter of 19 mm, and a total mass of 41 g as shown in Figure 3. 

When the permanent magnet is displaced upward in Figure 1, the pressure near the 

valve increases. Therefore, the valve made by the thin silicon material is pushed up and liquid 

delivery is possible. On the other hand, when the magnet is displaced downward, the pressure 

near the valve decreases. Therefore, the valve closes, and backflow of fluid is prevented. Fluid 

is intermittently discharged by repeatedly increasing and decreasing the pressure over one 

cycle of vibration. 

 

 

OPTIMUM DESIGN FOR SHAPE OF THE MAGNETIC PUMP 

 

In this paper, optimize shape for the magnetic pump was carried out for the following three 

items, as shown in Figure 4.  

① Clearance between electromagnet and casing: C (mm) 

② Thickness of the thin silicone valve: h (mm) 

③ Diameter of hole in valve: d (mm) 

Water was selected as a fluid in this experiment. The prototype pump was inserted into a 

water tank with a width of 350 mm, a length of 250 mm and a height of 200 mm. The a mass 

flow and an efficiency were measured with a pumping head of 200 mm as shown in Figure 

4. The acrylic pipe having an outer diameter of 8 mm and an inner diameter of 6 mm was 

used as a pipe for the pumping head. The vibration component was driven at the resonance 

frequency using a function signal generator and an amplifier. The resonance frequency was 
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96 Hz. Input voltage, current and power to the electromagnet were measured using a power 

analyzer. 

The efficiency  of the magnetic pump is expressed as 

 

η=100 Mf  G (L / t) / P     (1)  

 

Where Mf (kg) is the mass flow, G (m/s2) is the acceleration due to gravity, L (m) is the 

pumping head, t (s) is the measurement time and P (W) is the input power. The mass flow was 

measured with an electronic balance. The measurement time of the mass flow is 30 seconds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Experimental apparatus and optimization procedure. 

 

Figure 5 shows the relationship between an input current to the electromagnet and the 

mass flow rate per unit time as the pumping head L = 200 mm, h = 0.3 mm and d = 4 mm, 

when the clearance C between the permanent magnet and the casing changes to 1.5 mm, 2 

mm, 3 mm and 4 mm. When the clearance becomes smaller than 1 mm, the influence of the 

vibration damper is generated, the displacement of the vibration component becomes very 

small.  
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Figure 5. Relationship between input current and mass flow rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Figure 6. Relationship between input current and efficiency. 

 

On the other hand, Figure 6 shows the relationship between the input current and the 

efficiency with the same clearance C, the pumping head L, valve thickness h and diameter d 

as shown in Figure 4. When the clearance C was 1.5 mm, the maximum efficiency of the 

magnetic pump demonstrates 6.0 %. From the results of Figures 5 and 6, when the clearance 

between the permanent magnet and the casing becomes small, the amplitude of the vibration 

component becomes small due to the influence of viscous damping by water. Since this pump 

does not have a suction valve, when the clearance between them becomes large, the pressure 

decreases and the flow rate characteristic decreases. When the clearance between them is 1.5 

mm, above two effects are balanced and an optimum characteristic is generated. 
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Figure 7. Relationship between input current and mass flow rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Relationship between input current and efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 9. Relationship between input current and mass flow rate. 
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Figure 10. Relationship between input current and efficiency. 

 

As a parameter thickness C of thin silicone valve and diameter d of hole for valve, 

Figure 7 shows the relationship between the input current to the electromagnet and the mass 

flow rate per unit time as the pumping head L = 200 mm, C = 1.5 mm. On the other hand, 

Figure 8 shows the relationship between the input current and the efficiency with the same 

parameter as Figure 7. When thickness h of thin silicone valve was 0.3 mm and diameter d 

of hole in valve was 4 mm, the magnetic pump demonstrates the maximum efficiency. As 

described above, since this pump has no the suction valve, it is considered that optimum 

values exist for the diameters of the permanent magnets and all amplitudes of the vibration 

component. 

Finally, as a parameter thickness h of silicone valve, Figure 9 shows the relationship 

between the input current to the electromagnet and the mass flow rate per unit time as the 

pumping head L = 200 mm, C = 1.5 mm, d = 4 mm. Figure 10 shows the relationship between 

the input current and the efficiency with the same parameter as Figure 9. When thickness h 

of silicone valve was 0.3 mm, the efficiency of the magnetic pump demonstrates the 

maximum value. When the thickness of the silicone rubber becomes large, a high pressure is 

required in the casing to exhaust water. On the other hand, when the thickness decreases, the 

water discharge effect disappears due to the elastic deformation of the material itself. For 

these reasons, the valve thickness of 0.3 mm gives an optimum value.  
For the proposed magnetic pump in this paper, the shape was optimized and clearance 

C = 15 mm, h = 0.3 mm, d = 4 mm was determined, respectively. Thereafter, the flow 

characteristics of the magnetic pump were measured using the above parameter values. In 

this experiment, optimization of the casing and the valve was carried out unified to the head 

of 200 mm. However, it is expected that optimum values will exist for each pumping head. 
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FLOW CHARACTERISTICS OF PUMP WITH OPTIMIZED SHAPE 

 

For the magnetic pump with the optimized shape, Figure 11 shows the relationship between 

the input current, and the mass flow rate per unit time and the efficiency when the pumping 

head L was 200 mm. In this figure, 〇 and △ indicate the experimental values for the mass 

flow rate and efficiency, respectively. When the input current to the electromagnet was 0.05 

A, the maximum efficiency of the pump was about 6.0 %. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.  Relationship between input current and mass flow rate, and efficiency. 

 

 

IMPROVEMENT OF EFFICIENCY BY ATTACHING IRON PLATE 

 

A novel magnetic pump was proposed and tested. However, the efficiency of the pump was 

not high. An effective method of improving efficiency is newly proposed. When a copper 

wire is symmetrically wound around an iron core to create the electromagnet, a magnetic 

field with the same strength at each magnetic pole of the iron core is formed. Conversely, 

when a copper wire is asymmetrically wound around the iron core, an asymmetric magnetic 

field is formed. The strength of the magnetic field at one pole of the electromagnet can be 

increased by utilizing asymmetric windings, as mentioned above.  

A method of increasing the efficiency of the magnetic pump was suggested as shown 

in previous study [33]. Before the experiment was performed, the magnetic flux density of 

the electromagnet was calculated using two-dimensional finite element analysis software. In 

the case where the electromagnet and the permanent magnet as shown in Figure 12 are used, 

Figure 13 shows the flow of magnetic flux as the iron plate with a diameter of 20 mm and a 

thickness of 1 mm is attached to one edge of the electromagnet. When the iron plate was 

added to the electromagnetic, the electromagnetic force between the electromagnet and the 

permanent magnet increased more than in the case without the iron plate. It was confirmed by 

numerical simulation that the magnetic flux density of the electromagnet increased when the 

iron plate was attached to the iron core. 
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Figure 12. Electromagnet with attached iron plate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Figure 13. Magnetic flux flow. 

 

Based on these simulation results, iron plates of three sizes were used in the 

experiment. Sizes of all iron plates are listed in Table 1, where Type I is the case without the 

iron plate and Types II, III, and IV indicate three iron plates of different sizes. The magnetic 

flux density of the iron core for the electromagnet with the iron plate attached to one edge 

was measured using the tesla meter. A direct current of 0.05 A to 0.25 A was applied to the 

electromagnet during the measurement. Figure 14 shows the vibration component with 

various iron plate, respectively.  

Figure 15 shows the relationship between the input current to the electromagnet and 

the magnetic flux density measured for all iron plates sizes considered in experiment. The 

average value of the magnetic flux density increased with increasing plate size. An average 

of the magnetic flux density for the Type II, III, and IV iron plates were 1.15, 1.27 and 1.37 

times that of Type I, respectively.  
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Table 1. Sizes of iron plates. 

 

Type Length (mm) Width (mm) Thickness (mm) 

Type I (Acrylic) 0 0 0 

Type II (Iron plate) 20 20 1 

Type III (Iron plate) 30 30 1 

Type IV (Iron 

plate) 
40 40 1 

 

 

 

  
 

Figure 14.  Photograph of each vibration component. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Relationship between input current and magnetic flux density. 
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Figure 16. Relationship between input current and efficiency. 

 

Figure 16 shows the relationship between the input current and the mass flow rate per 

unit time for all iron plate sizes considered in experiment. On the other hand, Figure 17 shows 

the relationship between the input current and the efficiency. By adding the iron plate with a 

width of 40 mm and a length of 40 mm, the maximum efficiency of the magnetic pump 

increased to 10.7 %. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Relationship between input current and efficiency. 
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Figure 18. Magnetic pump with pumping head of 1000 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19.  Relationship between input current and mass flow rate, and efficiency. 

 

Therefore, the Type III iron plate was used in the next experiment. The flow rate 

characteristics of the magnetic pump were measured when the pumping head L was extended 

to 1000 mm. The outline of the pump is shown in the photograph of Figure 18. 

In summary, by asymmetric magnetic field due to addition of the iron plate, the 

increase in the magnetic flux density increases the electromagnetic force. In addition, as the 

electromagnetic force increases, the displacement amplitude of the vibration component 

linearly increases. A linear increase in the displacement amplitude increases the kinetic 

energy (elastic energy) quadratically, so that a great improvement in the flow efficiency can 

be obtained. As described in the introduction, a lot of new principle pumps have been 

proposed [1-14]. Although it is larger in size than these pumps, only this magnetic pump 

seems to indicate efficiency exceeding 10 %. 
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CONCLUSION 

 

A novel magnetic pump combining electromagnetic force and mechanical vibration has been 

proposed and the optimum design of the pump shape was carried out. The magnetic pump 

with optimized shape demonstrated a maximum efficiency of 6.0 %. 

On the other hand, based on the fact that an asymmetric electromagnet produces an 

asymmetric magnetic field, a method of increasing the magnetic field strength at one pole of 

the electromagnet by attaching an iron plate was proposed. By the generation of an 

asymmetric magnetic field due to the addition of the iron material, the maximum efficiency 

of the pump was 10.7 %. In addition, this small size pump has a very simple structure and 

can deliver water to the pumping head exceeding 1000 mm.  
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