Tungsten wire ¢ 0.15 mm

(a) Head type magnetic micro-machine.

200 pm
Tungsten wire ¢ 20 pm
(b) Spiral type magnetic micro-machine.
Fig. 2 Photograph of magnetic micro-machine.
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Fabrication of a Spiral Type Magnetic Micromachine
for Trailing a Wire

Kenji Kikuchi, Aya Yamazaki, Masahiko Sendoh, Member, IEEE, Kazushi Ishiyama, Member, IEEE, and
Ken Ichi Arai, Member, IEEE

Research Institute of Electrical Communication, Tohoku University, Sendai 980-8577, J apan

A magnetic micromachine capable of trailing a wire was fabricated. The micromachine was constructed of a permanent magnet, a
copper tube, and a spiral shape made of a tungsten wire. The magnet was magnetized to the diametrical direction. When a rotational
magnetic field was applied, the machine rotated and moved in a silicone oil. It was experimentally found that the blade angle of the
machine that produced the largest thrust force was 45° . The micromachine was able to trail a wire in a narrow waterway simulating a
blood vessel. These results show that the magnetic micromachine has great potential for navigating medical catheters.

Index Terms—Catheter, magnetic field, micromachine.

I. INTRODUCTION

¥ NDOVASCULAR procedure is noticed as a low-invasive
4 medical treatment. However, inserting the catheter or the
guide wire is a difficult operation especially for thin blood ves-
sels. So the function of trailing the catheter is required to insert
the catheter safely. A catheter for controlling its bending is sug-
gested [1]-[3]. However, there are few reports about trailing a
catheter.

In our previous study, a spiral-type magnetic micromachine
has been reported [4], [5]. The micromachine is composed of a
permanent magnet and a spiral shape. The magnet is magnetized
to the diametrical direction. When an external rotational mag-
netic field is applied, the micromachine rotates in synchronism
with a rotating external magnetic filed and move. Furthermore,
changing the rotational plane of the field can control the moving
direction of the micromachine [6]. The micromachine requires
no power supply cables, no batteries, and no controlling sys-
tems on the machine body. So the micromachine has potential
for working inside the human body. In order to use the microma-
chine inside the human body, the micromachine must be minia-
turized. When the miniaturized machine swims in a liquid, the
Reynolds number Re (the ratio of inertial force to viscous force)
is an important parameter.

The Reynolds number is given by

Re = LU/v (1)

where L is a characteristic linear dimension of the body, U is a
representative velocity, and v is a kinematic viscosity. When a
micromachine is miniaturized, the Reynolds number becomes
small too. We found that the spiral-type structure and an ana-
Iytical method were applicable under a very wide-range of the
Reynolds number (1077 < Re < 10%) [5], [7], [8]. So the
spiral-type micromachine could be miniaturized.

We propose the micromachine that can trail the catheter by
setting at a tip of the catheter. In this paper, we fabricated and
examined a micromachine for trailing a wire.

Digital Object Identifier 10.1109/TMAG.2005.855155

External rotationa
magnetic field

Fig. 1. Photograph of the micromachine capable of trailing the wire.

II. EXPERIMENTAL METHODS

We examined the velocity and the thrust force of a microma-
chine. In these experiments, we used a silicone oil with the kine-
matic viscosity of 1 x 10% mm?/s and the magnetic field of 16
kA/m. Fig. 1 shows a schematic view of the micromachine ca-
pable of trailing a wire. Since the trailed wire was set through the
hole of the machine body and bended, the machine could rotate.
We defined § hown in the figure as a blade angle (8). A body of
the micromachine was composed of a cylindrical SmCo magnet
(outer diameter: 0.38 mm; inner diameter: 0.15 mm; length: 0.55
mim) and a Cu tube (outer diameter: 0.35 mm; inner diameter:
0.15 mm; length: 1.45 mm). A spiral blade made by tungsten
wire (¢ 0.1 mm) was fixed around this body. A length of the ma-
chine was 5.55 mm. In these experiments, we fabricated three
types of micromachines that had different blade angles of 30°,
45°, and 60°.

Fig. 2 shows a schematic view of the measuring system of
the thrust force. In order to clarify the relationship between the
thrust force and the rotating frequency, we made the machine
swim up against a gravity. The frequency at which the machine
did not swim up nor sink was measured. At this frequency, we
could calculate the thrust force produced by the machine be-
cause the sum of the thrust force and a buoyancy was equal
to the weight of the machine. With changing the weight of the
machine, the relationship between the thrust force and the fre-
quency was measured.

0018-9464/$20.00 © 2005 IEEE
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Force = Weight — Buoyancy

Fig. 2. Schematic view of the measuring system of the thrust force.
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Fig. 3. Relationship between frequency and velocity.

III. EXPERIMENTAL RESULTS

A. The Velocity of Micromachines

We examined the velocity with and without trailing a wire.
A tungsten wire (¢ 0.06 x 50 mm) was used as the wire. Fig. 3
shows the relationship between the velocity and the rotating fre-
quency. The arrow in the figure shows the step-out frequency.
At the step-out frequency, the rotation of the machine could not
be synchronized to the rotational magnetic field. According to
these experiments, the step-out frequency of the machine hardly
decreased by trailing the wire. However, the velocity of the ma-
chine much decreased by trailing the wire. These results show
that the influence of the drag on the rotating direction is small,
however, the influence of the drag on the locomotion direction
is large when the machine trails the wire. To trail the wire, there-
fore, the machine is required to produce the thrust force more.

B. The Thrust Force of Micromachines

Since the thrust force of the micromachine was the most im-
portant parameter for trailing a wire, we examined the relation-
ship between the blade angle and the thrust force per frequency.
Fig. 4 shows the result. The blade angle of the machine that pro-
duced the largest thrust force was 45°. The machine of a small
blade angle does not much produce the thrust force because the
blade length is small. The machine of a large blade angle does
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Fig. 4. Relationship between blade angle and force per frequency.

Fig. 5. Photographs of the micromachine capable of trailing the wire.

not much produce the thrust force too because the long blade
receives the drag much. Therefore, it is thought that 45° is the
optimum of these balances.

IV. TRAILING EXPERIMENTS

Based on these results, we fabricated a micromachine capable
of trailing a wire. A hair (¢ 0.1 X 70 mm) was used as the wire.
Fig. 5 shows the machine for trailing the wire. A body of the
micromachine was composed of two SmCo magnets and a Cu
tube (outer diameter: 0.35 mm; inner diameter: 0.15 mm; length:
1.05 mm). The blade angle of the machine was 45° that pro-
duced the largest thrust force. We used a silicone oil with the
kinematic viscosity of 3 x 10° mm?/s. We applied the field of
9.6 kA/m and 10 Hz.

Fig. 6 shows photographs of trailing experiments. Waterways
simulate blood vessels. In order to insert the wire from the wide
waterway to the narrow waterway, the machine is required to
trail a wire with changing its moving direction. In the result, the
machine could trail the wire to the narrow waterway. After the
machine went into the narrow waterway, we pushed the back
edge of the wire from the wide waterway. This operation simu-
lates that a doctor pushes a catheter. This result shows that the
magnetic micromachine has a great possibility for trailing med-
ical equipments such as catheters or guide wires.

V. ANALYSIS

We established a method for two- and three-dimensional
(3-D) analysis of swimming properties of the micromachine
by the finite volume method [5], [7], [8]. With this analytical
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(2)

Fig. 6. Photographs of various stages of trailing experiments.

method, we can calculate all forces that the machine receives
from the fluid by the calculation of the flow field around the
machine. The velocity of the machine was analytically deter-
mined when the thrust force equals to the drag that the machine
received from the fluid. The analytical and the experimental re-
sults for the micromachine with blade angle of 45° were shown
in Fig. 7. The analytical result agreed with the experimental
one. This result shows that we can use the analytical method to
design the micromachine.

VI. SUMMARY

‘We fabricated the magnetic micromachine and examined the
velocity and the thrust force of it. The blade angle of the ma-
chine that produced the largest thrust force was 45°. The mi-
cromachine could trail the wire (length 70 mm) and changed its
moving direction with trailing the wire. Since the 3-D analytical

IEEE TRANSACTIONS ON MAGNETICS, VOL. 41, NO. 10, OCTOBER 2005
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Fig. 7. Relationship between frequency and velocity of the experimental and
the analytical results.

result agreed with the experimental one, we can use the analyt-
ical method to design the micromahcine. According to these re-
sults, it was found that the magnetic micromachine had a great
possibility for trailing medical equipments such as catheters or
guide wires.
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Wireless Magnetic Micromachine of Planar Structure
With Magnetic Thin Film
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Abstract—Magnetic micromachines are driven by a magnetic field. They require no power supply cables, no batteries, and no con-
trolling systems on the body of the machine. The magnetic micromachine of planar structure was fabricated with magnetic thin film.
The size of this micromachine is 30 X 60 X 12 pm. The micromachine swam at the rotational frequency of 1-10 Hz in the water with
a kinematic viscosity of 1 mm? /s and a Reynolds number of 0.1-1. The magnetic torque required for rotating the micromachine was
very small, and it was clarified that the value could be realized with a magnetic thin film.

Index Terms-—Magnetic field, magnetic thin film, micromachine, planar structure, propeller shape, Reynolds number.

I. INTRODUCTION

AGNETIC micromachines are driven by a magnetic
field. They require no power supply cables, no batteries,
and no controlling systems on the body of the machine. In pre-
vious studies, the swimming properties of spiral-type magnetic
micromachines were examined [1]-[3]. These micromachines
were composed of a bulk magnet and a spiral structure. They
had outer diameters of either 1.5 or 0.8 mm. The magnet in each
micromachine was magnetized across the diameter, and the mi-
cromachine rotated in synch with the rotating external magnetic
field. The micromachine moved in the direction perpendicular
to the rotating external magnetic field; the micromachine’s
direction of movement could be manipulated by controlling the
direction of the field [4].

The size of the magnetic micromachine with bulk magnet
cannot be easily reduced to several micrometers. However, by
using magnetic thin film, the size of magnetic micromachines
can be reduced to several micrometers. When the micromachine
is several micrometers in size, the volume of the magnet that
will load the micromachine decreases by the third power of the
size of the machine. As the volume of the magnet decreases,
the magnetic moment decreases also, and so does the magnetic
torque. Therefore, it is necessary to examine the possibility of
the drive of the magnetic micromachine with the size of several
micrometers. At this size, they can be produced using fine
processing technology. For the process, it is necessary to make
the magnetic micromachine planar. Moreover, the Reynolds
number becomes small by the miniaturization of the machine.
The Reynolds number (the ratio of inertial force to viscous
force) is an important parameter for discussions of flow, and it
is given by [5]

Re= ¥ )

v

where
L characteristic linear dimension of the body;

U representative velocity;
v kinematic viscosity.

Digital Object Identifier 10.1109/TMAG.2005.855156

Fig. 1. SEM photograph of the magnetic micromachine of planar structure.

Therefore, the magnetic micromachine needs to swim under a
Iow Reynolds number condition.

In a previous study, the planar-type magnetic micromachine
of millimeter size was fabricated with bulk magnet [6]. It
was confirmed that this micromachine could swim under low
Reynolds number (10~2 < Re < 1), and the micromachine of
planar structure was applicable for the miniaturization.

In this paper, the planar-type magnetic micromachine was
fabricated with magnetic thin film. The performance of the
planar-type magnetic micromachine with magnetic thin film
was examined.

II. MAGNETIC MICROMACHINE OF PLANAR STRUCTURE

Fig. 1 is a scanning electron microscope (SEM) photograph
of the magnetic micromachine of planar structure. This micro-
machine is composed of Cu, Ti, and SmCo films. The machine
is shaped like a propeller. The film is piled up in a step pat-
tern by using the film with a different width, and the slope is
made. The number of layers is three. The widths of the first,
second, third layers are 30, 20, and 10 um, respectively, and
the thickness of each layer is 4 pm. The micromachine has a
length of 60 pm, a width of 30 wm, and a thickness of 12 um.
Fig. 2 shows the fabrication process of the magnetic microma-
chine of planar structure. The glass substrate was used for the
process. In (a), Al film was deposited by radio frequency (RF)

0018-9464/$20.00 © 2005 IEEE
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Fig. 2. Fabrication process. (a) Al film was deposited by RF spuitering. (b)
Photoresist (ZPN1100) was spin coated on a glass substrate and patterned. (c)
Cu, Ti, and SmCo films were deposited by RF sputtering. (d) Lift-off process.
(e) Second and third layers were deposited by RF sputtering. (f) Al film was
etched by KOH.
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Fig. 3. Magnetic properties of the SmCo magnetic thin film.

sputtering. In (b), the photoresist (ZPN1100) was spin coated on
a glass substrate and patterned by photolithography techniques.
In (c), Cu, Ti, and SmCo films were deposited by RF sputtering.
The thicknesses of the Cu, Ti, and SmCo films were 2, 1, and
1 pm, respectively. In (d), the films were formed by using the
lift-off process. Here, the first layer was made. The second and
third layers were made from doing (b) to (d) repeatedly. In (e),
the second and third layers used Cu of 3 pm thickness and Ti
of 1 um thickness. Finally, in (f), Al film was etched by KOH
and the micromachine was separated from the substrate. Fig. 3
shows the magnetic properties of the SmCo magnetic thin film.
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Fig. 4. Photograph of the coils for generating the rotating magnetic field.

The magnetic coercive force was as small as 12.8 kA/m (160
Oe), because the SmCo film had an amorphous structure. How-
ever, the residual magnetization was about 0.9 T because of the
uniaxial anisotropy.

1. EXPERIMENT

Fig. 4 shows the photograph of the three Helmholtz coils used
for generating the rotating magnetic field. To observe the micro-
machine, the microscope was set in the coils. A container with
the micromachine and the liquid was set under the microscope.
Fig. 5 shows a schematic view of the direction of the rotation and
the direction of the locomotion. As the magnet was magnetized
parallel with the length direction of the propeller shape of the
machine, the machine rotated in synch with the rotating external
magnetic field and swam. The magnet used for the experiment
had a residual magnetization of 0.9 T, and the strength of the
applied magnetic field was 1.6 kA/m (20 Oe) and 8 kA/m (100
Oe). The maximum magnetic torque was calculated as 5x 10712
and 2.5 x 10711 Nm, respectively. The experiment of the mag-
netic micromachine with the thin film was carried out in the
liquid with a kinematic viscosity of 1 (water) and 5 (silicone
oil) mm?/s. The micromachine could swim by the rotating ex-
ternal magnetic field as shown in Fig. 6. The frequency of the
rotating external magnetic field was 1-10 Hz, and the Reynolds
number of this swimming condition was 0.1-1.

The load torque is generated by the rotation of the micro-
machine between the fluid and the micromachine. When the
load torque is larger than the magnetic torque, the micromachine
cannot rotate. The load torque is given by [5]

LT =SFD
=7AD
=uvAD @
where
IT  Load torque [N m];

SF  Shearing force [N];
D Distance from the rotation center [m];
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Fig. 6. Photograph of the swimming micromachine.

Ga

Shearing stress [N/m”?];

Area [m?];

Coefficient of viscosity [N s/m”];
Rate of shearing deformation [1/s].

< o

4023

The value of the load torque that the micromachine received
from the fluid can be calculated as the product of the shearing
force and the distance from the center of rotation. The load
torque is proportional to the coefficient of viscosity and to the
third power of the size of the micromachine. The load torque
decreases by the third power of the size because of a decrease
in the size of the micromachine. The magnetic torque also de-
creases by the third power of the machine size. Therefore, the
minjaturized magnetic micromachine with a magnetic thin film
can rotate and swim.

IV. SuMMARY

The magnetic micromachine of planar structure was fabri-
cated with magnetic thin film. It was demonstrated that the mag-
netic micromachine of planar structure could swim wirelessly.
In addition, the magnetic torque was 5 x 10712 Nm at the ap-
plied magnetic field of 1.6 kA/m (20 Oe). The magnetic torque
required for rotating the micromachine was very small, and it
was clarified that the value could be realized with a magnetic
thin film.

REFERENCES

M. Sendoh, N. Ajiro, K. Ishiyama, M. Inoue, T. Hayase, and K. I. Arai,
“Analysis of swimming properties and design of spiral magnetic micro-
machine,” J. Robot. Mechatronics, vol. 12, no. 2, pp. 165-171, 2000.
[2] X. Ishiyama, M. Sendoh, A. Yamazaki, and K. 1. Arai, “Swimming
micro-machines driven by magnetic torque,” Sens. Actuators, A, Phys.,
vol. 91, no. 1-2, pp. 141-144, 2001.
[3] A.Yamazaki, M. Sendoh, X. Ishiyama, T. Hayase, and K. 1. Arai, “Anal-
ysis of swimming properties of magnetic micro-machine of 0.5 mm in
diameter,” J. Magn. Soc. Jpn., vol. 26, no. 4, pp. 645-648, 2002.
M. Sendoh, A. Yamazaki, K. Ishiyama, K. 1. Arai, and T. Inoue, “Wire-
less controlling of the swimming direction of the spiral-type magnetic
micro-machines,” IEE Trans. Jpn., vol. 120-A, no. 3, pp. 301~306, 2000.
T. Tkui and M. Inoue, Dynamics of Viscous Fluid. Tokyo, Japan: Riko-
gakusha, 1978, p. 4.
[6] A. Yamazaki, M. Sendoh, K. Ishiyama, K. Morooka, and K. 1. Arai,
“Fabrication of magnetic micro-machine of planar structure,” J. Magn.
Soc. Jpn., vol. 29, no. 2, pp. 157-160, 2005.

1

—

[4

[}

)

[t

Manuscript received February 7, 2005.



BAGAMSFESEE 29, 1567-160 (2005)

w0

TEHEEEDHETI /0TI VDG KE

Fabrication of Magnetic Micro-Machine of Planar Structure

Ll - AEHEE - A fns - RS+ F - RHE—
FAKRFESBEFERN, WAHHEERAF2~1-1 (T980:8577)

A.Yamazaki, M. Sendoh, K. Ishiyama, K. Morooka, and K. 1. Avai
Research Institute of Electrical Communication, Tohoku University., 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan

Magnetic micro-machines are driven by a magnetic
field. They require no power-supply cables, no batteries,
and no control systems on the body of the machine. We
fabricated a magnetic micro-machine with a planar
structure. In the experiment, the micro-machine swam
at a speed of 0.1 to 3 mm/s and had Reynolds numbers
between 103 and 1. This result indicates that the shape
of this micro-machine is suitable for miniature
swimming machines.

Key words: micro-machine, rotating magnetic field,
planar structure, Reynolds number
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Micropump with a Spiral-Type Magnetic Micromachine
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A micropump with a spiral'type magnetic

fabricated.  The

micromachine was composed of a permanent magnet

micromachine  was magnetic
and a spiral coil. When a rotating magnetic field was
applied, the machine rotated and preduced a thrust
force in a liquid. However, the machine remained still
and pumped the liquid at the point of equilibrium
between the thrust force and a force created by the field
gradient. We experimentally examined the basic
properties of the pump, such as the flow rate and
pressure. As a result, we found that the latter two
properties can be.controlled by adjusting the frequency
of the rotating magnetic field. The pump was able to
produce a maximum ‘pressure of 116 Pa and a flow rate

of several ml/min.

Key Words: spiral'type magnetic micromachine,
micropump, magnetic field, magnetic field gradient,

pressure, flow rate
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Fig. 4 Main parameters of the micropump.
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Fig. 5 Relation between frequency and flow rate in the
forward and backward directions.
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Fabrication of a Magnetic Micromachine Trailing a Wire
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A magnetic micromachine capable of trailing a wire
was fabricated. The micromachine was constructed of
a permanent magnet, a copper tube, and a spiral
shape made from a tungsten wire. The magnet was
magnetized in the direction of its diameter. When a
rotational magnetic field was applied, the machine
rotated and moved in silicone oil. Experiments
showed that a spiral shape produced the largest
thrust force. The micromachine was able to trail a
wire in a small waterway created to simulate a blood
vessel. These results show that the micromachine has

great potential for navigating medical catheters.

Key words- magnetic micromachine, catheter,
spiral structure, rotational magnetic field
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Fig. 1 Schematic view of the magnetic micromachine.
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Fig. 2 Photographs of the fabricated micromachines.
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Fig. 4 Schematic view of the force measurement.
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Fig. 6 Photographs of a micromachine capable
of trailing a wire.
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