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Different magnetic navigation systems (MNSs) have been investigated for the wireless
manipulation of microrobots in human blood vessels. Here we propose a MNS and methodology
for generation of both the precise helical and translational motions of a microrobot to improve its
maneuverability in complex human blood vessel. We then present experiments demonstrating the
helical and translational motions of a spiral-type microrobot to verify the proposed MNS. © 2072

American Institute of Physics. [doi:10.1063/1.3671411]

. INTRODUCTION

Microrobots manipulated by a magnetic navigation sys-
tem (MNS) in human blood vessels have been widely inves-
tigated for various medical purposes.'® Since the principle
of manipulation is based on the external magnetic field, the
size and complexity of the microrobot can be effectively
minimized so that it can navigate through the resistive envi-
ronment of human blood vessels.' ™

Several researchers have investigated MNSs to sepa-
rately generate the helical or translational motions of a
microrobot.'® Zhang et al. showed that the rotating magnetic
field generated by three pairs of circular coils can propel a
spiral-type microrobot helically in a fluid,> while Hyunchul
et al. showed that the magnetic gradient generated from a ro-
tatory MNS can axially translate a cylindrical microrobot on
a surface.? However, the helical and translational motions
required for a microrobot have not been generated with one
MNS due to the magnetic and structural restrictions of con-
ventional MNSs.'® Combination of helical and translational
motion capabilities would greatly improve the maneuverabil-
ity of a microrobot in complex human blood vessels.

Here we propose a novel type of MNS to achieve both
helical and translational motions of a microrobot within one
compact structure (Fig. 1). The MNS can be divided into
Parts I and II, according to the type of magnetic field genera-
tion. Part I [Fig. 1(a)] is composed of one Helmholtz coil
(HC) and two uniform saddle coils (USCs) capable of gener-
ating the rotating magnetic field, while Part II [Fig. 1(b)] is
composed of one Maxwell coil (MC) and one gradient saddle
coil (GSC) to generate the magnetic gradient.® Part II is
inserted into Part I. In this paper, we calculate the input vol-
tages of Part I to generate a precise rotating magnetic field
by considering the frequency effect on the MNS. We also
calculate the current relationship of the MC and GSC to
translate the microrobot on a three-dimensional surface.
Finally, we conduct several experiments to verify the effi-
cacy of the proposed MNS.
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Il. GENERATION OF HELICAL AND TRANSLATIONAL
MOTIONS OF A MICROROBOT

The magnetic torque and force applied to a microrobot
in a MNS can be expressed by the following equations:*

T = VM x H, (1)
F=poV(M-V)H, 2)

where p, V, M, and H are the magnetic permeability of free
space, the volume, the magnetization of a microrobot, and
the external magnetic field intensity, respectively. From Egs.
(1) and (2), a MNS can rotate or translate a microrobot inde-
pendently.? The magnetic field near the center of the pro-
posed MNS can be expressed as follows:>

HMNS = [dh + (gg + gm)x duy + (_2-43988g - O-ng)y dy:
+(1.4398g, — 0.5g,,)z]",
dy = (4/5) i/ rn, duy = 0.6004i,, /1y,
d,, = 0.6004i,./r,.,
g = (16/3)(3/7) i /12, g, = 0.3286i, /12, 3)
where i; and r; are the current and radius of the & th coil, and
the subscripts h, m, g, uy, and uz represent the HC, MC,

GSC, y and z-directional USCs, respectively. The axial unit
vector N and the magnetization angle ¢ from N of a general
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FIG. 1. (Color online) The proposed MNS divided into (a) Part I and (b)
Part II.
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FIG. 2. (a) The rllicrorobot in three-dimensional space. (b) Rotating mag-
netic field along N.

spiral-type microrobot in three-dimensional space can be
defined as shown in Fig. 2(a). To helically propel the micro-
robot along N, the required rotating magnetic field shown in
Fig. 2(b) can be expressed as follows:

—

Hy() = Ho(cos 0N + sin d cos wtU + sin sin N x U),

“4)

where Ho, o, and U are the magnitude and angular velocity
of the rotating magnetic field, and a unit vector from N to-
ward a point on the circle, respectively. Equation (4) can
also be used to align the microrobot when  equals zero.
Since the coils in Part I are geometrically symmetric and the
currents in each pair of the coils flow in the same direction,
the electromagnetic coupling effect of each set of HC and
USCs does not exist,” and the frequency response of the HC
and USCs can thus be independently calculated. Since coils
are generally wound by hundreds of turns of wire, the resis-
tances, inductances, and capacitances of the HC and USCs
may vary with a change in frequency because of the skin and
proximity effect.” Thus, the frequency response of the HC

and USCs can be expressed as follows:
ir(jo) =

where L;, Ry, C, and ¢, are the inductance, resistance, ca-
pacitance, and the input voltage of the £ th coil, respectively,

(Re(o) + jorLi(@) + 1/ (joCr(@))) " ex(j), (5)

= . Power supply
C@Lpanel

()

FIG. 3. (Color online) (a) Experimental setup for the proposed MNS. (b)
Spiral-type microrobot. (c) Helical motion of the microrobot when 0 = 90°
and ¢ = 0°, and (d) helical motion of the microrobot when 6 = 45° and
@ =0°.

J. Appl. Phys. 111, 07E702 (2012)

TABLE I. Major specifications of the proposed MNS.

Radius Wire diameter Width Height Coil
Coil (mm) (mm) (mm) (mm) turns
MC 195 1.6 80 40 1123
HC 195 1.5 35 40 556
GSC 140 1.0 24 24 419
USCy 140 1.0 24 24 419
USCz 67 1.0 24 24 419

and the subscript k£ can be replaced by A, uy, and uz. There-
fore, the proposed MNS can control the helical motion of the
microrobot precisely by utilizing Egs. (3), (4), and (5).

The proposed MNS is also capable of translating the
microrobot parallel to the axial direction. When the magnet-
ization of the microrobot is aligned by the HC and USCs on
the xy'-plane [Fig. 2(a)], the conditions whereby the microro-
bot can be translated along the angle of # from N can be
expressed as follows:*

Fy = mgcosy + Fy tan(0 + n), 6)

where m, g, Y, 0, F,, and F, are the mass of the microrobot,
the gravitational acceleration, the rotating angle of the xy'-
plane from the xy-plane, the angle between N and the x-axis,
and the component of the magnetic force along the y'-axis
and the x-axis, respectively. From Egs. (2), (3), and (6), the
relationship of the currents between the MC and the GSC for
the translational motion of the microrobot can be derived,
provided that the MC is rotatable along the x-axis according
to the angle .*

lll. RESULTS AND DISCUSSION

In this study, we constructed an experimental setup to
verify the proposed MNS to achieve helical and translational
motion of a microrobot (Fig. 3; Table I). The resistances,
inductances, and capacitances of the HC and USCs were
measured using a LCR-meter at different frequencies
(Fig. 4). We prototyped a spiral-type microrobot [Fig. 3(b)],
with a transversely magnetized cylindrical neodymium
magnet (0 = 90°) inserted into it. The diameter, length, and

100 107 102
Frequency (Hz)

FIG. 4. (Color online) Measured (a) resistances, (b) inductances, and (c)
capacitances of the HC and USCs at frequencies ranging from 0 to 100 Hz.
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FIG. 5. (Color online) (a) Calculated and (b) measured currents of the HC
and USCs for the helical motion of the microrobot when 6 = 45°, ¢ = 0°,
and f = 50 Hz.

magnetization of the magnet are 1 mm, 5 mm, and 955 000
A/m, respectively. In a measuring cylinder filled with water
[Figs. 3(c) and 3(d)], the microrobot showed sufficiently fine
helical motions in the range of the rotating frequency
f =0 — 100 Hz for input voltages calculated using Egs. (3),
(4), (5), and Fig. 4 when 0 =90°, ¢ =0° and 0 = 45°,
¢ = 0°, respectively. The resultant currents in the HC and
USCs for 0 =45°, ¢ =0°, and f = 50 Hz were measured

FIG. 6. (Color online) The translational motions (Steps 1 and 4) and the
backward and forward helical motions (Steps 2, 3, 5, and 6) of the microro-
bot in a blood vessel phantom.
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with a current probe and were found to match well with the
calculated values (Fig. 5). Finally, we demonstrated the se-
quential helical and translational motions of the microrobot
in a horizontally placed blood vessel phantom filled with
water (Fig. 6). In Fig. 6, Steps 1 and 4 are the translational
motions that allow transverse movement of the microrobot
when choosing which branch to enter, and Steps 2, 3, 5, and
6 are the forward and backward helical motions capable of
axially propelling or drilling the clogged area in the blood
vessel.

IV. CONCLUSIONS

In this paper, we proposed one MNS capable of realiz-
ing both helical and translational microrobot motions. We
introduced methods to precisely generate these motions and
experimentally verified the efficacy of the proposed MNS.
This research could be extended to the precise and effective
manipulation of a microrobot in several organs of the human
body such as the central nervous system, the urinary system,
the eye, and others.
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