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Abstracf-Effect of a machine shape on swimming propertles 
of the spiral-type magnetic micro-machine was examined by 
using a finite volume method. The optimum design of the blade 
shape was obtained by using the results of the simulation. 
According to the optimum design, the micro-machine was 
fabricated by a stcreolithography. The swimming properties of 
the machine were agreed well with the analyzed results. 

Ziidex Term-micro-machine, spiral blade, finite volume 
method, stereolithography. 

I. INTRODUCTION 

Magnetic micro-machines are characterized by their 
wireless operation. Therefore they are expected to be used for 
medical micro-robots. Several magnetic micro-machines 
were examined on their fundamental properties [I]-[4]. In 
these mac1iines;the spiral shaped swimming machine is most 
suitable for the medical micro-robots, because most parts of 
body components are liquid such as blood. 

In our previous studies, swimming properties of the spiral 
type magnetic micro-machines were investigated [5 ] .  In the 
studies, we demonstrated that the micro-machines could 
swim in liquids of various viscosity (1.4 to 1000 mm%) or in 
a salt jelly. However, the swimming properties were varied 
with changing the condition of environments. This suggests 
there was an optimal structure of micro-machines depending 
on the swimming environments. 

In this study, effects of the machine shape on the 
swimming properties of the spiral-type micro-machines were 
examined by means of the two-dimensional finite volume 
method. As a result, a guideline for designing the spiral blade 
was obtained. On the basis of the guideline, a spiral-type 
magnetic micro-machine was fabricated using the stereo- 
lithography. 

11. ANALYSIS OF THE MICRO-MACHINE 

A.  Spiral-type Magnetic Micro-Machine 
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A schematic view of the spiral-type magnetic micro- 
machine is shown in Fig. 1. This micro-machine was 
composed of two cylindrical tiny magnets which were 
bonded at the both ends of the body. Onto the body, a spiral 
shape that is called “spiral blade” in this paper was 
sttuctured. 

By applying a rotating magnetic field, the micro-machine 
rotates synchronized to the external field. This rotation 
generates forward and backward thrnst depending on the 
direction of rotation. In general, there is a boundary layer 
around the swimming machine as shown in Fig. 2. Within the 
boundary layer, the fluid is affected by the movement of the 
machine. 

B. Simplfled Model 

Fig. 3 shows a simplified model used in this analysis. It 
made assumption that the micromachine had infinite length 
in the direction of z-axis. R, was the thickness of the 
boundary layer. In order to simulate the swimming and 
rotating of the machine, cylindrical co-ordinates which were 
moving and rotating with machine, were used. 

/ 
‘Tiny magnets 

Fig. 1. Schematio view of spiral-type magnetic micro-machine. 

Fig. 2. Flow field around swimming micromachine. 
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Fig 3 Simplified model used in the analysis. 

C. Calculation Method 

Motion of incompressible viscosity fluid is descnbed by 
the equation of Navier-Stokes and the equation of continuity. 
By using the finite volume method, these fundamental 
equations were solved under the no-slip condition [GI. 
Swimming properties were analyzed as follows [ 5 ]  ; Using 
solved distribution of fluid velocity, drag and load torque, 
which were ascribable to the viscous stress on the machine 
surface, were calculated. Thnist and load torque, which were 
ascribable to the pressure difference between front and back 
of spiral blade, were calculated. The effect of two ends of the 
machine was considered as a drag of a d s k  with same 
diameter as the machine. Swimming velocity was analyzed as 
a point that the thrust of the machine was equal to the drag. 

Effect of the blade height RB and the blade angle #(shown 
in Fig 1) on the fluid dynamic efficiency E was analyzed E 
was defined as the following eqnation (1) 

Thrust x Velocity 
E =  (1) Tbrust x Velooity +Load torque x Angular speed 

In these calculations, the thickness of the spiral blade and 
RI  were constant values of 0.15 mm and 0 6 mm respectively. 

111. RESULTS AND DISCUSSION 

A.  Blade Height 

To design the height of the spiral blade, the blade height 
dependence of the efficiency E and the load torque was 
examined. The calculated efficiency is shown in Fig. 4 In 
every viscosity of the fluid, the efficiency increased by 
increasing the blade height and it has a peak value at RB/RI = 
2-3. This result showed the optimum blade height is RdR, = 
2-3 

However the micro-machine with a larger blade height is 
difficult to swim. The calculated result of the relation 
between the blade height and the load torque is shown in Fig, 
5 .  The load torque increased by increasing the blade height 
This means the machine with a large blade height required 
large torque for rotating because of increasing of the surface 
viscous friction. Since a step out frequency of the machine 
was decided at the point of the load torque equals to the 
applied torque produced by the magnet and the external 
rotating field [3], the step out frequency should be lower by 
increasing R f l , .  
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Fig 4 Relationship between efficiency and blade height 
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Fig 5. Relation.thip between load torque and blade height 

Fig. 6 
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. Step out frequency versus blade height (expaimented) 

The experimental result of the relation between the blade 
height and the step out frequency is shown in Fig. 6. In this 
experiment, a wounded wire was used as the spiral blade. The 
step out frequency decreased with increasing the blade height. 
This result agrees withthe calculated results. In addition, the 
point of Rfi, that the calculated load torque is minimum 
agreed with the point that the step out frequency is maximum. 

To obtain the micro-machine with high efficiency, the 
height of the spiral blade should be large within RB/R, = 3. On 
the other hand, a lugher blade makes the step out frequency 
.lower and t,he maximum velocity smaller, because the 
velocity of the machine is maximum at just below the step 
out frequency. Therefore tliere is an optitnun1 blade height 
between RdR, = 0.25 and 3, which depends on the 
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magnetization of the magnet attached on the micro-machine, 
the magnitude of the external rotating field, and the viscosity 
of the fluid 

B. Blade Angle 

To discuss about the design of the blade angle, the 
dependence of E and the load torque on the blade angle was 
examined. Three blade angles of 30, 45, and 60 degree were 
chosen for the calculation 

Fig. 7 shows the efficiency and the load torque depending 
on the blade angle. From these figures the micro-machine 
with the 45 degree blade had the highest efficiency and the 
smallest load torque This result corresponds to the previous 
result by the simple calcnlation[7]. 

According to these results, the optimum blade angle of the 
micro-machine is 45 degree because the blade angle makes 
the efficiency high and the load torque low. 

IV PROTOTYPE BY STEREOLITHOGRAPHY 

Based on the results before, a micro-machine with the 
optimum design was fabricated by the stereolithography. A 
photograph of the machine is shown in Fig. 8. The body was 
made by UV cured resin. TWO cylindrical SmFeN magnets 
with diameter 1.2 mm and thickness 0.55 mm were bonded at 
the both ends of the body. Radius of the body (R,) was 0.6 
mm. The blade angle of the machine was 45 degree. In order 
to reduce the machine’s load torque, the blade height was 
designed as 0.5 nun (R,IR, % 0.33). 

The dependence of the swimming velocity of the micro- 
machine on the driving frequency is shown in Fig. 9. In this 
figure, the solid line means a computational result. The 
experimental result is plotted by an open circle. The 
calculated result agreed with the experimental one in lower 
frequency than the step out, even though the surface of the 
micro-machine made by stereolithography IS not smooth. 
This suggests that the stereolithography is useful for the 
fabrication of the spiral-type micro-machines type of any 
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Fig 7 Relationship between eficienoy and blade angle 

Fig. 8. Photograph oflhe micra-machine fabricated by stereolithography 
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Fig. 9. Swimming velocity as B funotian ofrotation frequency 

V. CONCLUSION 

Effect of the machine shape on the swimming properties of 
the spiral-type magnetic micro-machine was examined by the 
finite volume method. A guideline for designing the spiral 
blade was obtained ; Blade height - There is an optimum 
blade height between RdR, = 0.25 and 3, within the micro- 
machine can be driven. Blade angle - Angle of the spiral 
blade should be designed to be 45 degree. 

Based on this guideline of design, a micro-machine was 
fabricated applying the stereolithography. The calculated 
swimming properties of the micro-machine agreed with the 
experimental results. Using the stereolithography, any type of 
spiral-type magnetic micro-machine can be obtained under 
the simulated optimum design. 
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