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Abstract—We propose a novel magnetic helical robot
(HR) that can helically navigate, release a drug to a tar-
get area, and generate a mechanical drilling motion to un-
clog tubular structures of the human body. The proposed
HR is composed of two rotating cylindrical magnets (RMs),
four fixed cylindrical magnets (FMs), and a helical body.
The RMs can be rotated in different directions under two or-
thogonal external rotating magnetic fields (ERMF). Utilizing
these ERMFs, we can generate various motions. The ERMF
along the axis of the RMs can generate the drug-release
motion, while the ERMF orthogonal to the axis of the RMs
can generate navigating and drilling motions. On the other
hand, the magnetic torque and the attractive magnetic force
between RMs and FMs tightly seal the nozzles in the drug
chamber. We analyze these magnetic torque and force of
the magnets for the navigating, drug-release, and drilling
motion. Especially, the drug-release motion utilizes an ec-
centric rotational motion of the RMs due to the attractive and
repulsive magnetic force between RMs and FMs. This mo-
tion squeezes and discharges the drug through a nozzle. We
designed the mechanical structure of the proposed HR con-
sidering the magnetic properties to achieve the proposed
functions. Finally, we prototyped the HR and conducted
several experiments to verify the navigating, drug-delivery
and drilling capabilities of the HR. We also confirmed that
drug-enhanced drilling could unclog the clogged area more
effectively than the simple drilling motion.

Index Terms—Drug delivery systems, magnetic devices,
magnetic fields, medical robotics, seals.

|. INTRODUCTION

IRED catheters are popular in modern surgical proce-
W dures for the treatment of clogged tubular structures in
the human body, such as blood vessels and the gastrointestinal
tract [1]-[4]. These surgeries are relatively simple and mini-
mally invasive because medical doctors insert a catheter through
a small hole and do several procedures without performing a la-
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parotomy. However, medical doctors are continuously exposed
to high doses of radiation when they perform angiography using
an X-ray device to obtain images of the location of the catheter
or target area [S]. Twisted and narrow tubular environments
present another problem because it is difficult to smoothly steer
the wired catheter in these complex environments.

Wireless magnetic robots and their associated magnetic navi-
gation systems (MNSs) have been investigated as an alternative
to the conventional procedures. Several researchers have stud-
ied MNSs [6], [7]. Choi et al. developed an MNS with two
pairs of stationary Helmbholtz coils, and two pairs of station-
ary Maxwell coils to control a magnetic helical robot (HR)
[6]. Jeon et al. improved the MNS using uniform and gradient
saddle coils [7]. The developed MNSs are structurally com-
pact and can fit in the human body. Several researchers have
investigated the control method utilizing the MNS. Ma et al.
developed the robust feedback control method of the micropar-
ticle to accurately guide the microparticle [8]. Nam et al. pro-
posed the control method utilizing a resonant effect of an RLC
circuit to maximize the output current and the magnetic field
without phase delay at variable resonant frequency [9]. Vari-
ous magnetic robots, which are manipulated by the MNSs, also
have been investigated, such as capsules, crawling robots, inch-
worms, earthworms, and HRs [10]-[15]. The HRs are some of
the most promising magnetic robots because they have a sim-
ple structure and effective motion mechanism. In addition, the
HR can drill the clogged area using a helical blade. Several re-
searchers have focused on the drilling ability of the HR [12],
[15]. Ishiyama et al. developed a simple HR and investigated
the drilling ability of the HR for several design variables [12].
Jeong et al. improved the drilling ability of the HR by utiliz-
ing both magnetic torque and force under a precessional and
gradient magnetic field [15]. Although the HR can unclog the
clogged area, it takes a long time to drill through the clogged
area. Drug-enhanced drilling motion has been investigated to
improve drilling ability [16], [17]. Jeon et al. proposed a double
HR, which contains the drug between double helical blades [16].
However, the drug may leak out during navigating motion be-
cause the small hole or nozzle in the robot is exposed to external
fluid and lacks a sealing mechanism. Kim et al. developed a HR
with active drug-release motion, in which the drug is sealed until
active drug-release [17]. The robot utilizes two helical threads in
the opposite direction, and the two propulsive forces in the oppo-
site direction can open the drug chamber at the target area. How-
ever, one of the propulsive forces degrades the navigating ability
of the HR because it generates a backward motion when it opens
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Fig. 1. (a) Proposed HR in the tubular structure with the clogged area. (b) Components of the HR. (c) Front and rear nozzles, and drug chamber

in upper part of the helical body. (d) Slots for RMs and FMs, and assembly guide in lower parts of the helical body.

the chamber. Also, this robot cannot generate an independent
drug-release motion. The drug-release mechanism always gen-
erated a propulsive navigating force, which may impede precise
drug-delivery.

In this paper, we propose a novel HR with independent nav-
igating, drug-release and drilling motions. The proposed HR
is composed of two rotating cylindrical magnets (RMs), four
fixed cylindrical magnets (FMs), and a helical body as shown
in Fig. 1. The HR can perform independent propulsive (navi-
gating and drilling motions) and drug-release motions utilizing
two orthogonal magnetic torques generated by the application
of two orthogonal external rotating magnetic fields (ERMFs).
We designed the external magnetic field, RMs, and FMs, in such
a way that the RMs can both tightly close the nozzle and dis-
charge the drug during the navigating and drug-release motion,
respectively. We then verified the various motions of the HR in-
cluding the navigating, drug-release, and drilling motions. The
drug-enhanced drilling motion was also demonstrated to show
its effectiveness.

Il. PRINCIPLE OF MANIPULATION
A. Structure of the HR

The proposed HR is composed of a helical body, two cylin-
drical RMs, and four cylindrical FMs as shown in Fig. 1(b). To
assemble the RMs and FMs into the helical body, the helical
body was divided into two parts as shown in Fig. 1(c) and (d).
The divided parts were precisely assembled with four assembly
guides to prevent drug leakage through the gap between the two
parts. The helical body had a drug chamber to contain the drug.
The front nozzle in the upper part of the helical body discharges
the drug in the drug chamber, and the rear nozzle absorbs the ex-
ternal fluid into the drug chamber as shown in Fig. 1(c). We will
explain in Section II-D how the front and rear nozzles discharge
the drug and absorb the external fluid. The FMs were bonded
to the helical body, while the slots of the RMs were slightly
larger than the RM so that the inserted RMs can freely rotate in
the slots along the drug-release axis to effectively squeeze and
discharge the drug.

B. Magnetic Navigation System (MNS)

We constructed an MNS to manipulate the proposed HR as
shown in Fig. 2(a) [7]. The MNS is composed of three coils,
including one Helmholtz coil and two uniform saddle coils. Each
coil generates an x-, y-, and z-directional uniform magnetic field
near the center of the MNS. The magnetic field (B, ) generated
by the MNS can be expressed as follows [7]:

0.721;, 0.601,, 0.60I,. 1"

Th Tuy

Be = ey

Tuz

where I, and r; are the current and radius of the kth coil,
and the subscripts h, uy, and uz represent the Helmholtz coil, y-
directional uniform saddle coil, and z-directional uniform saddle
coil, respectively. Assuming that an alternating voltage (V},)
is applied to each coil, a current in (1) is determined by an
impedance (Z},) of a coil as follows [18]:

Iy = Vi/ Zy 2

Zy =\ R} + 2nf L) 3)

where f, Ry, and L, are the frequency of the alternating volt-
age, and the resistance and inductance of the kth coil, respec-
tively. Using (1)—(3), we can determine the input voltage vector
(V) to generate the required external magnetic field (B,) as
follows:

-1

0.72/Zh’l“h 0 0
vV, = 0 0.60/ Zuy Ty 0 B.. 4)
0 0 0.60/Zy .7

Table I shows the major design and operating values of the
constructed MNS. Using (4) and Table I, we can calculate the
magnetic flux densities according to the frequency as shown
in Fig. 2(b). Considering time-varying magnetic field such as
ERMF, we should calculate input voltage in real time and apply
it to the MNS.
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Fig. 2. (a) MNS composed of one Helmholtz coil and two uniform
saddle coils to generate the ERMF. (b) Magnetic flux density generated
by the MNS according to the frequency. (c) ERMF along unit vector N,
and U, which is the unit vector normal to N.

TABLE |
MAJOR DESIGN AND OPERATING VALUES OF THE MNS

HC USCy USCz
Turns of the coil (turns) 430 320 400
Radius of the coil (mm) 216.0 133.8 167.5
Resistance of the coil (£2) 23.7 15.1 32.2
Inductance of the coil (mH) 344.5 201.3 3943
Maximum input voltage (V) 2185 178.1  251.2

C. Navigating and Drilling Motion

A magnet under an external magnetic field experiences mag-
netic torque as follows:

T, = m x B, (5)

ERMF along the
navigating axis

ERMF along the
navigating axis
[/
B \ N
U

oty (b)

Fig. 3. (a) Navigating motion under the ERMF along the navigating
axis. (b) Drilling motion under the ERMF along the navigating axis.

where m is the magnetic moment of a magnet and an external
magnetic field, respectively. Once an ERMF is applied to a
magnet, the magnetic torque in (5) generates a rotating motion
of a magnet along the ERMF as shown in Fig. 2(c), and the
ERMEF can be expressed as follows:

Be (t) = By (cos 2n ft) U +sin 2nft) N x U)  (6)

where By, f, N, and U are the magnitude and rotating frequency
of the ERMF, the unit vector of the rotating axis, and the unit
vector normal to N, respectively. The unit vectors (N and U) are
expressed using 6 and ¢, which represent the angle between N
and the x-axis, and the angle between the projection of N to the
yz-plane and the y-axis. Fig. 3(a) and (b) shows the navigating
and drilling motion under the ERMF along the navigating axis.
The RMs rotate together with the helical body because the rota-
tion of the RMs along the navigating axis is constrained by the
helical body. Because the RMs and helical body rotate together,
the HR can navigate or drill the clogged area with the helical
blade.

D. Drug Seal and Release

We assume that the distance between the FMs and RMs is
large enough to utilize the magnetic dipole model [19]. Then,
the magnetic force (F,1,) exerted on a dipole b by a dipole a
can be expressed as follows [20]:

3p0
4t

—2r(m, -mp) +5r((rxm,)- - (rxmy))) (7)

F., = ((r xmy) Xmp + (r X mp) X my,

where L, I, ¥, m,, and my, are the permeability of free space,
the vector and the magnitude from dipole a to dipole b, and
the magnetic moment of dipoles a and b, respectively. We can
utilize this attractive magnetic force between the RMs and FMs
to seal the nozzles at the front and rear parts of the HR. Fig. 4(a)
shows that the attractive magnetic force between the RMs and
FMs closes the nozzle. The ERMF can rotate the RMs in such
a way that their magnetization direction is 90° with respect to
the navigating axis to maximize this attractive magnetic force
to seal the nozzles. The relative positions between the RMs and
FMs during the navigation motion are as shown in Fig. 4(a).
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Fig. 4. (a) Attractive magnetic force to close the nozzles during the
navigating motion. (b) Repulsive magnetic force to open the nozzles
during the drug-release motion. (c) Drug-release motion under the ERMF
along the drug-release axis.

The internal magnetic torque (T, ) exerted on dipole b by
dipole a can be expressed as follows [20]:

Tab = myp X Ba (8)
_ o (3r(ma-T) m,
a T 4r < rd 73 ) ©)

where B, is the magnetic flux density originating from magnet
a. Once we apply the ERMEF, if the external magnetic torque in
(5) is greater than the internal magnetic torque between magnets
in (8), the RMs can start to rotate. Fig. 4(b) shows that the
repulsive magnetic force between the RMs and FMs opens the
nozzle. The ERMF can rotate the RMs in such a way that their
magnetization direction is 270° with respect to the navigating
axis. This maximizes the repulsive magnetic force to open the
nozzles. If we apply the ERMF along the drug-release axis, as
shown in Fig. 4(c), the RMs eccentrically and repeatedly rotate.
This motion discharges the drug in the slot of the front RM
through the front nozzle. It also sucks the external fluid around
the rear RM into the drug chamber through the rear nozzle.
Although the drug can be released only through the front nozzle,
the rear nozzle contributes to circulation by allowing passage of
the fluid. The drug can be smoothly released using the front and
rear nozzles.

[ll. DESIGN OF THE HR

Table II shows the magnetic properties of the RMs and FMs
of the HR. Once we determined the magnetic moment of the
RMs and FMs, the magnetic flux density originating from the
FMs was determined from the distance between the RMs and
the FMs (D). The ERMF was also determined from the applied

TABLE I
PROPERTIES OF THE MAGNETS

Property Rotating Magnet  Fixed Magnet
Type Cylinder Cylinder
Magnetization direction Radial direction Axial direction
Residual magnetic flux density  1.45T 145T
Magnetic moment 7.25mA —m? 1.81mA —m?
Diameter 2 mm 1 mm
Length 2 mm 2 mm
— 0.12,
E |
Lz 0.1
g\
| o 0.08]
£ |\ 0.067mN-m
| 2006
| = [N 0.046 mN-m
| g0 |
B |
| 2002233 mm =
| = | . 2.50 mm
ol obwt |
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S Hz] D [mm]
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Fig. 5. (a) Magnetic torque applied to each RM by the ERMF along the
drug-release axis according to the frequency of the ERMF. (b) Magnetic
torque applied to each RM by the FMs according to the distance between
the RMs and FMs. (c) Magnetic field distribution by the FMs. (d) Magnetic
force applied from the FMs to each RM according to 6 between the
magnetic moment of the RMs and navigating axis.

current of the MNS. To open and close the nozzles by rotating the
RMs, we determined D in such a way that the magnetic torque
from the ERMF was greater than that from the FMs. Utilizing
(1)-(3), (5), (8), (9), and Tables I and II, we can calculate T
and T,y,, as shown in Fig. 5(a) and (b) while the both magnetic
torques are the peak values in the case that the magnetization
direction of the RMs is 90° with respect to the applied magnetic
field. Because the amplitude of the ERMF was determined by
the minimum magnetic field of the coils of the MNS, we used
the magnetic field generated by the z-directional uniform saddle
coil to calculate T. The value of T, decreases as the frequency
increases, as shown in Fig. 2(b). Therefore, we first set the
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Fig. 6. (a) Components of the prototyped HR. (b) Assembled HR with
a diameter of 6.6 mm and length of 14.0 mm. (c) Experimental setup to
manipulate the proposed HR.

frequency range for drug-release as O to 15 Hz. Then, D should
be larger than 2.33 mm for this frequency range. However, we
selected D to be 2.50 mm, which is slightly larger than 2.33 mm,
to account for friction, manufacturing and assembly errors.

Fig. 5(c) shows the distribution of the magnetic field by the
four FMs using the superposition of (9), and the magnetic field
was generated along the normal axis at the centers of the RMs
(P1 and P2). Because the magnetic torque exerted on the RMs
by the FMs in (6) has the same direction as the external mag-
netic field, the RMs aligned with the magnetic field (6 = 90°).
Fig. 5(d) shows the calculated magnetic force from the FMs
to each RM as a function of the rotating angle. The attractive
magnetic force is generated in the range from 0° to 180° to close
the nozzles, while the repulsive magnetic force is generated in
the range from 180° to 360° to open the nozzles. The aligned
RMs can seal the nozzle with a maximum magnetic force of
0.18 mN.

IV. RESULTS AND DISCUSSION

We prototyped the helical body of the proposed HR with
a multijet-modeling-based three-dimensional (3-D) printing
technology using an ultraviolet-curable acrylic plastic material
as shown in Fig. 6(a). The maximum printing error per unit
thickness was 2 pym/mm. Fig. 6(b) shows the assembled HR,
which is 6.6 mm in diameter and 14.0-mm-long, and Fig. 6(c)

Section 2 Section 3

Section 1

Fig. 7. Navigating motion of the HR in the complex tubular environment
by controlling the vector N of the ERMF.

shows the constructed experimental setup to verify the proposed
HR. The proposed HR was manipulated by a joystick controller
inside the MNS and tracked by a real-time camera. To verify the
proposed design, we rotated the RMs under the ERMF of 14 mT
along the drug-release axis. With the design variable D of 2.5
mm, the RMs could be rotated up to a frequency of 15.4 Hz,
which matches well with the calculated frequency of 15.0 Hz.

The proposed HR has navigating, drug-release, and drilling
capability. At first, we verified navigating capability of the pro-
posed HR in a watery 3-D bifurcated tubular environment whose
inner diameter of 7 mm is anatomically similar to several vas-
cular environments such as large coronary arteries, abdomi-
nal aorta, femoral arteries, and carotid arteries (diameter of
7 to 15 mm) [21], [22]. During the experiment, we utilized the
ERMF whose amplitude and frequency are 9.1 mT and 15 Hz,
and steered the HR by controlling the vector N of the ERMF in
(6) along the moving direction. The desired voltage vector was
also calculated in real-time utilizing the ERMF in (4), and the
calculated voltage vector was applied to each coil of the MNS.
Fig. 7 shows the navigating motion of the HR in the complex
tubular environment which includes inclined, horizontal, and bi-
furcated passages (see supplemental video). In Section I, the HR
moved upward along the inclined tube with the slope angle of
35°, turned left at the corner and moved forward along the hori-
zontal tube. Then, the HR turned left again at the second corner,
moved downward along the inclined tube with the slope angle of
35° in Section II and moved forward along the horizontal tube.
Finally, the HR reached the bifurcated area in Section III, and
it went to the right side to reach the clogged area. During the
navigation, we could observed that the drug was tightly sealed
by the attractive magnetic force between the magnets.

We also verified the drug-release capability of the HR by
measuring the drug-release time according to the frequency of
the ERMF. To clearly observe the released drug, we separate
the front and rear nozzles utilizing two tube, which has different
diameters as shown in Fig. 8(a). In this figure, the right sides
of the proposed HR are tightly connected to the watery glass
tube, which had inner diameters of 9 and 6 mm, respectively.



2466

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 22, NO. 6, DECEMBER 2017

11 mm 9 mm

1l

Chroma
level

> & 70
-> 123

£ =)
= =

time [sec]

[
=

=

0 5 10 15 20
JSHz]
(c)

Fig. 8. (a) Experimental setup to verify the drug-release capability.
(b) One of the drug-release motion (By = 11.6mT, f = 9Hz). (c) Re-
quired time to release the drug according to frequency.

Then, the tube was inserted into the larger tube, which had
inner diameters of 11 and 9 mm. In this way, we observed the
discharged colored drug in the right watery glass tube due to the
eccentric rotational motion of the RMs. To measure the required
time for the drug-release, we captured the drug-release motion
using a video camera. As the drug-release motion progresses, the
chroma level increases because the drug is discharged through
the front nozzle and the water flows into the drug chamber. We
measured the chroma level in the middle of the drug chamber
until the chroma level increased over 75% in comparison with
the initial level. Fig. 8(b) shows one of the drug-release motions,
and we observed an increase in chroma level over time because
the drug was released through the front nozzle. Fig. 8(c) shows
the measured required time as a function of the frequency of
the ERMF, and it shows that the high frequency of the ERMF
generates a rapid drug-release motion. However, the drug could
not be released at frequencies over 15 Hz because the ERMF
could not generate a magnetic torque enough to overcome the
magnetic torque between the FMs and RMs.

We also conducted an experiment to measure the propulsive
force, which affects the navigating and drilling capabilities of
the HR. Fig. 9(a) shows the constructed experimental setup. The
glass tube containing the HR was fixed in a water container, and
a jig connected to the load cell (Model 31 of Honeywell, USA)
was placed in front of the glass tube. The experimental setup
was then placed inside of the MNS. Once the ERMF generated
from the MNS was applied to the HR, the propulsive force of the
HR was measured by the load cell. Fig. 9(b) shows two ERMFs

Jig Load cell

l

Oscilloscope
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- -&-ERMF 11
Z e
g &
%10
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= =
o @ 4mT
gL 5
ot :
S CM
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(c)
Fig. 9. (a) Experimental setup to measure the propulsive force of the
HR. (b) Magnetic flux densities of two ERMFs according to their rota-
tional frequency while they have different initial values of 14 and 4 mT,

respectively. (c) Propulsive force of the HR according to the amplitude
and frequency of the ERMF.

with initial magnetic flux densities of 14 and 4 mT according
to rotational frequency and it shows that they decrease with the
increase of rotating frequency due to the inductance effect in
(3). Fig. 9(c) shows the measured propulsive force of the HR
according to rotational frequency. It shows that the propulsive
force is proportional to the rotational frequency until it reached
the step-out frequency. However, over the step-out frequency,
the propulsive force decreases because the HR could not be
synchronized with the ERMF [23], [24]. We also observed that
the ERMF with initial magnetic flux densities of 14 mT could
generate the maximum unclogging force of 100 mN with the
step-out frequency of 36 Hz. This unclogging force can unclog
the soft chronic total occlusion, which is one of our target lesion
[25], [26]. Utilizing these experimental results, the unclogging
motion should be cautiously and precisely generated in actual
situation because the mechanical drilling may damage a lesion
of the clogged area and cause embolism.



NAM et al.: MAGNETIC HELICAL ROBOT FOR TARGETED DRUG-DELIVERY IN TUBULAR ENVIRONMENTS

2467

Drilli #
without the drug

(a)

=0-60 sec 1=60-150 sec

Fig. 10.  (a) Drilling motion of the HR without drug-release. (b) Drilling
motion of the HR after drug-release motion.

Finally, we conducted an experiment to show the effectiveness
of the drug-enhanced drilling. In the experiment, the drilling ca-
pability of the HR was compared according to the presence
of the drug. To simulate the clogged vascular environment, we
blocked the end of the tube with a cylindrical solid calcium
carbonate (CaCOj) with a diameter and length of 7 and 8§ mm.
As the drug, we loaded liquid acetic acid (CH3COOH, 40%
transparent aqueous solution) with blue dye into the drug cham-
ber of the prototyped HR. We can observe CO; gas in the case
that CaCOj successfully reacts with the CH3; COOH. Fig. 10(a)
shows the drilling motion without drug-release, while Fig. 10(b)
shows the drilling motion after the drug-release (see supplemen-
tal video). During the drug-release motion, we observed slight
vibration of the HR due to the magnetic torque between the RMs
and FMs because the rotational motion of the RMs generates
magnetic torque on the FMs in (8). However, it did not disturb
the drug release motion in this experiment where the length of
the HR was longer than the diameter of the tube because the
HR was constrained along the tube and closely contacted with
the wall of the tube. We utilized the ERMF with the amplitude
and frequency of 13.7 mT and 3 Hz for drug-release motion,
and it could stably release the drug as shown in Fig. 10(b). In
the experiment, the HR with the drug could unclog the CaCOj3
in 90 s, while the HR without the drug took 300 s to unclog the
CaCQOs;. This experiment shows the possibility that the proposed
HR could deliver drug without leakage and effectively unclog
tubular structures in the human body.

V. CONCLUSION

We developed a novel HR that can perform targeted drug-
delivery without drug leakage. We utilized two orthogonal
ERMFs along the moving direction to generate navigating,

drilling, and drug-release motions. In the navigating and drilling
motions, the magnetic torque and the attractive magnetic force
between RMs and FMs tightly seals the nozzles in the drug
chamber. In the drug-release motion, we applied an ERMF or-
thogonal to the moving direction to eccentrically rotate the RMs
due to the interaction of the FMs in such a way that the drug in
the slot of the front RMs is squeezed and discharged through the
front nozzle. At the same time, the external fluid near the rear
RM is sucked through the rear nozzle. We designed and pro-
totyped the HR to verify its targeted drug-delivery capability.
We performed several experiments and verified the navigating,
drug-release, and drilling capabilities. This research will con-
tribute to treating the diseases required to deliver drug through
the tubular structure of human body such as targeted anticancer
drug delivery to liver cancer or antihemorrhagic agent delivery
to brain hemorrhage or lung to cause hemoptysis. There are still
several technical challenges before clinical trial or commercial-
ization of magnetic robots such as developing a multifunctional
magnetic robot, an MNS to generate strong magnetic field, and
real-time visualization or tracking of a magnetic robot inside
human body.
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