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Magnetic spiral-type microrobots, which are driven by a rotating magnetic field, have excellent locomotive

abilities, whereas their medical applications are limited in the terms of function, such as the ability to drill in

blood vessels. In this study, we propose a new robot with superior applications using a magnetic spiral-type

machine. The proposed robot can be applied to stent transportation and installation without a catheter. In

particular, the robot can be applied to the cardiovascular system, cerebrovascular disease, and nonvascular

stent applications depending on the robot size. The robot consists of two independent spiral-type machines and

four magnets in total. We controlled directions of thrust force of the two machines, respectively, for active

locomotion with a task. We conducted a preliminary validation of the proposed robot for stent transportation

and installation through experimental analyses.
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1. Introduction

Multiscale magnetic robots and their magnetic mani-

pulation systems are innovative approaches for the

diagnosis and therapy of minimally invasive medicine [1-

5]. The best advantage of magnetic robots is wireless

control and being battery-free on the body because of

magnetic field controls. In addition, the multi-scale fabri-

cation of magnetic robots is provided up to micro/nano

scales [2, 6]. Medical magnetic robots have been applied

to targeted drug delivery, drilling in blood vessels, and a

robotic capsule-endoscope for diagnosis and therapy [7-

10]. 

One representative application for minimally invasive

medicine is a stent application. Typically, stents are divid-

ed into five classes: the coronary stent, peripheral stent,

neurovascular stent, stent graft, and nonvascular stent. In

particular, a cerebral aneurysm rupture has been one of

the most dangerous disorders threatening people’s health,

and with those current medical facilities, aneurysms are

possible to be detected before a rupture. Endovascular

intervention is a therapeutic minimally invasive approach

to treating a cerebral aneurysm from inside the vessel by

using various interventional devices (guidewire, catheter,

balloon, stent, and so on). As the process of the treatment

of an aneurysm also has a high risk that may cause severe

damage to the patient, medical doctors are faced with a

hard decision of whether to treat those aneurysms or not

[11]. In addition, it is very difficult for medical doctors to

know advanced techniques and get experience. To over-

come these issues, a new approach is required. In this

paper, we propose a new solution for stent transportation

and installation using a magnetic robot based on a mag-

netic spiral-type mechanism without interventional devices.

The performances of previous magnetic spiral-type

machines have been reported [12-14]. The proposed robot

consists of both left-handed and the right-handed screw

mechanisms. Each spiral-type machine includes two

magnets to generate propulsive forces and attractive force

between two robot bodies, respectively. The robot is

driven within a three axis Helmholtz coil system using

magnetic torque (a uniform rotating magnetic field). Using

the manipulation system, we conducted various experi-

mental analyses and verified the capability of the active
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locomotion of the robot mechanism and stent transpor-

tation through installation in a silicone tube with air.

2. Robot Mechanism and Principle 
of Manipulation

The proposed robot consists of two independent spiral-

type machines on the robot body (both the left-handed

and right-handed screw mechanism, respectively). Each

spiral-type machine includes two magnets to generate

propulsive forces Fp1 and Fp2 from M1 and M4 with

attractive force Fatt between M2 and M3, respectively, as

shown in Fig. 1(a). For stent transportation, the robot

utilized directions of the thrust force of the two spiral

mechanisms on the robot body. Because the installed

magnets (M1 and M4) have a radial direction of a

magnetic moment, the two spiral-type machines are syn-

chronized by the applied rotating magnetic field. Under

this condition, a clockwise rotating magnetic field causes

both the clockwise (CW) rotation of machine1 and the

counter-clockwise (CCW) rotation of machine2, respec-

tively. Thus, the generated thrust forces (Fp1 and Fp2) are

in the opposite directions, as shown in Figs. 1(a-1) and

(a-2).

The applied rotating magnetic field (CW) produces

forward locomotion because the blade pitch P1 on machine

1 is shorter than P2 on machine. In addition, magnetic

torque of the machine 1 is higher than that of the machine

2 at the same angle θ between the magnetization and the

applied field when the two machines are synchronized by

the applied field. 

Therefore, the total propulsive force of the forward

locomotion becomes Fp = Fp1 − Fp2. On the other hand,

the applied rotating magnetic field (CCW) results in a

separation of the robot body because of each direction of

the machine’s propulsive force. Then, the transported

stent will be installed at a target position. Under the

condition, the combined force direction (Fp1 and Fp2) is

like repulsive force, which is higher than Fatt. The

designed robot has the same mechanical properties as the

spiral mechanism, whereas the magnetic moments of M1

and M4 are different to create a different torque with

propulsive force for active locomotion using magnetic

torque control within the rotating magnetic field. The

generated magnetic torque can be expressed as follows:

T = M × Bext,  (1)

where M is the magnetic moment and Bext is the applied

external magnetic field density. When the robot acts

forward locomotion at X axis and the plane of the rotating

magnetic field is changed from the YZ plane to the XYZ

plane, the driving rotating magnetic field density can be

expressed as follows [15]: 
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Fig. 1. (Color online) (a) Robot mechanism: (1) conceptual design and configuration of the robot body (initial condition); (2) mech-

anism of forward movement with stent transportation; (3) mechanism of separation of the body for stent installation; and (b) control

procedure of the robot for stent transportation and installation.
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The driving magnetic torque (Eq. 1) for 3D locomotion

can be rewritten as follows:

, (3)

where m0 is a magnitude of the magnetic moment: m =

(0, m0 cosθ, m0 sinθ ). H is a rotating magnetic field with

strength H0 and the angular velocity ω of the current

source: μ0 denotes the permeability of free space. α and ζ

represent the zenith and azimuth angles of the plane of

the magnetic field. In addition, mechanical thrust force of

the robot is expressed as follows:

 (4)

where Ff is the friction force opposing the movement on

the thread surface: Ff = μs·Fn, Fn is the reactive force (Fn

= Ft /(cosθncosα − μssinα), and θn and α is the thread

angle and the lead angle, respectively. Magnetic attractive

force (Fatt) between M2 and M3 can be analyzed by

Gillbert model. In this method, Fatt can be expressed as

follows [15]:

 (5)

where Ms is the magnetization, R is the magnets radius, x

is the distance between magnets, t is the thickness of the

magnet, and r is the lateral displacement. If t1 = t2 = t and

r = 0 then F can be rewritten as follows:

 (6)

When t << x, Eq. (5) is reached at .

Figure 1(b) illustrates the procedure of active loco-

motion and stent transportation with installation by

controlling the rotating magnetic field. To reach the target

point, we apply a rotating magnetic field (CW) to the

robot. Then, the direction of the forces Fp1 and Fp2 with

Fatt maintains the combined robot body during forward

movement, as shown in Fig. 1(b-1), whereas the applied

field (CCW) produces an opposite direction of the Fp1

and Fp2. When the generated forces (Fp1 and Fp2) are

greater than Fatt, the robot body is separated and the stent

is installed through self-extension, as shown in Fig. 1(b-

2). The extended stent has a wider diameter than that of

the robot body. Therefore, the extended stent becomes the

moving path of the robot after installation. After stent

installation, the applied field (CW) results in the recombi-

nation of the two separated bodies because of the changed

direction of forces (Fp1 and Fp2). Furthermore, the attrac-

tive force (Fatt) between M2 and M3 is acting and increas-

ing to combine the two machines, when the distance

between the two machines is closer for the recombination.

The forward or backward movement of the recombined

robot is determined by the applied rotating magnetic field

CW or CCW, respectively, as shown in Fig. 1(b-3 and 4).

The robot can be applied to vascular and nonvascular

stent applications according to the robot size. Therefore,

we fabricated three prototypes of the robot, as shown in

Fig. 2. Figure 2(a) shows the utilized two self-extended

type stents (nonvascular and vascular stents); the extend-

ed diameters of nonvascular and vascular stent are 10 mm

and 5 mm, respectively. Hence, the diameters of the robot

are less than those of the stents. We implemented three

types of robots according to the robot size, as shown in

Fig. 2(b).

Type 1 and 2 included a nonvascular stent and Type 3

installed a vascular stent. In case of Type 1, the length

and diameter are 40 mm and 9 mm, respectively. Spiral

pitch P1 is 3.5 mm on the machine 1 and P2 is 4.5 mm on

the machine 2. Table 1 shows the specification of the four

magnets in Type 1 of the robot. M1 and M4 generate the

rotation of the two machines by magnetic torque; the
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Fig. 2. (Color online) (a) Types of stents: the extended stents;

(b) prototypes of the robot.

Table 1. Specification of four magnets at prototype (Type 1).

M1 M2 M3 M4

Diameter [mm] 4.8 Inner: 4.5

Outer: 8

Inner: 4.5

Outer: 8

3.4

Length [mm] 10 1 2 7.7

Magnetization 

(M) [Am2]

0.0492 0.01 0.0056 0.0176

Direction of M Radial Axial Axial Radial

Material Nd-Fe-B Nd-Fe-B Nd-Fe-B Nd-Fe-B

Type Cylindrical ring ring Cylindrical
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magnetic moments of M1 and M4 are 0.0492 Am2 and

0.0176 Am2, respectively. Under the condition, the thrust

force of machine 1 is higher than that of machine 2 for

forward movement. In addition, an air gap of 6 mm

between the two machines produces a constant attractive

force to maintain separation during forward movement. In

addition, the force accelerates the recombination of the

separated body after stent installation.

3. Experimental Analysis

We conducted various performance evaluations within

an electromagnetic manipulation system based on three

axis Helmholtz coils, as shown in Fig. 3. In the experi-

ments, the robot of Type 1 is performed in a silicone tube

without liquid. Therefore, the robot depends on the fric-

tion between the threads on the robot body and inner wall

in the silicone tube for active locomotion and separation

of the robot body. If the robot is driven in liquid, the

friction between the machines and stent is important

factor for stent installation. For the preliminary validation,

we utilized an electromagnetic manipulating system based

on the three-axis Helmholtz coil, where the robot is

controlled by magnetic torque. First, we investigated the

thrust force of forward movement according to changes in

the magnetic field strength (4.77, 6.36, and 7.95 kA/m)

and frequency (2, 4, 6, 8, and 10 Hz), where the direction

of the rotating magnetic field is CW. Under these condi-

tions, the robot created a maximum thrust force (Fthrust) of

0.097 N at 10 Hz and 7.95 kA/m, and the minimum Fthrust

is 0.0094 N at 2 Hz and 4.77 kA/m, as shown in Fig. 4(a).

The total thrust force (Fthrust) for forward locomotion

becomes FP1-FP2. A higher frequency and higher magnetic

field causes an increase in thrust force. 

In the equivalent driving conditions, we observed move-

ment velocity, as shown in Fig. 4(b). In the results,

increasing ration of movement velocity depended on the

driving frequency rather than variations in magnetic field

strength. The applied magnetic field determines a step-out

point. In the results, the robot was not fully synchronized

because of sliding motion at the starting point. Thus, the

movement velocities were different at each frequency

Fig. 3. (Color online) Experimental apparatus: 3 axis electro-

magnetic manipulation system.

Fig. 4. (Color online) (a) Observation of total thrust force for forward movement; (b) movement velocity of forward movement; (c)

variations in the driving magnetic torque according to changes an angle θ between the magnetic field and the direction of magnetic

moment; (d) An attractive force between M2 and M3 according to changes in air gap; (e) force relationship between thrust forces

and attractive force for separation of the robot body.
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according to changes in the magnetic field.

When we changed the driving frequency, a maximum

difference between 2 Hz and 10 Hz was 3.95 times at

4.77 kA/m, whereas a maximum difference in the velocity

between 4.77 and 7.95 kA/m was 1.17 times the fixed fre-

quency of 10 Hz. Under the observation, the driving

frequency up to 10 Hz showed an increase in the velocity,

while the exceeded 10 Hz resulted in unsynchronized

rotation and a slightly declined velocity because of a

decrease in magnetic torque. If the robot produces suffi-

cient torque, the robot will show synchronized rotation

with increasing velocity at exceeding 10 Hz. For active

locomotion, the robot has operational ranges, when mag-

netic field is between 4.77 kA/m and 7.95 kA/m and

frequency is up to 10 Hz. We estimated the magnetic

torque using Eq. (1) according to changes in an angle θ

up to 90° at the fixed magnetic moment. Minimum driving

magnetic torque was 0.38×10−4 Nm at θ of 10° and 4.77

kA/m. Maximum magnetic torque was 3.64×10−4 Nm at θ

of 90° with 7.95 kA/m, as shown in Fig. 4(c). The results

showed the establishment of driving torque range for

forward movement. 

In the robot mechanism, one of the remarkable mech-

anisms is the attractive force (Fatt) between M2 and M3.

Fatt performs two functions to prevent separation of the

two bodies during forward movement and to accelerate

recombination of the separated body after stent installation.

In the case of Type 1, the initial distance between M2 and

M3 is 6 mm and its attractive force is 0.053 N. Figure 4

(d) shows variations in attractive force according to

changes in the air gap between M2 and M3 (up to 16

mm). A Fatt of 0.053 N becomes the threshold for

separation of the robot body. If thrust forces of the two

machines are less than 0.053 N within the rotating mag-

netic field (CCW), the robot body cannot be separated.

Figure 4(e) shows the relationship between Fatt and the

thrust forces of the two machines within a rotating mag-

netic field (CCW) according to changes in the driving

frequency. The increase in the magnetic field results in

the increased driving frequency because the increased

magnetic field causes an increase in magnetic torque up

to step-out point. Therefore, a higher driving magnetic

field provides a wider driving range of the driving fre-

quency for separation of the body. To separate the robot

body, sum of the two thrust force must exceed 0.053 N

because 0.053 N is an attractive force between M2 and

M3. The driving magnetic field of 7.95 kA/m allows the

separation of the body at the driving frequency of 2 Hz,

whereas 4.77 and 6.36 kA/m cannot separate the robot

body at 2 Hz. When the driving frequency was reached at

8 Hz, the robot body can be separated at a low driving

magnetic field of 4.77 kA/m. 

We conducted a preliminary validation of stent trans-

portation with installation, as shown in Fig. 5. In the

experiment, the robot was driven by a magnetic field of

7.95 kA/m and a frequency of 2 Hz. Figures 5(a) and (b)

shows the forward movement by the CW the rotating

magnetic field. When the robot reached the desired position,

the rotating magnetic field is changed from CW to CCW

for separation of the robot (Fig. 5(c)). Then, the stent is

extended by self-extension. Next, the applied magnetic

field is changed from CCW to CW for the recombination

of the robot, and Fatt accelerates the recombination.

Because of the increased Fatt, the recombined time was 1

s (Fig. 5(d-e)). Finally, the CCW rotating magnetic field

caused backward movement (Fig. 5(f)).

4. Discussion and Conclusion

In this study, we proposed a new magnetic robot

Fig. 5. (Color online) Robot manipulation: (a) to (c) are forward movements by a CW magnetic field of 7.95 kA/m and a driving

frequency of 2 Hz in a silicone tube; (c) separation of the robot body and the extended stent within the CCW magnetic field for

stent installation; (d) and (e) are recombination of the robot body by the CCW magnetic field; (f) return to the starting point by the

CCW magnetic field.
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mechanism for stent transportation and installation using

magnetic wireless manipulation for minimally invasive

treatment. Through an external magnetic field, the robot

was controlled by magnetic torque, which determines the

direction of thrust forces of machines 1 and 2, respec-

tively. In addition, the two magnets (M2 and M3) are

creating an attractive force for the recombination of the

separated body. To verify the proposed mechanisms and a

facility for stent transportation with installation, we per-

formed various experimental analyses. Although we could

not conduct an in-vivo test, we were able to verify the

preliminary validity of the robot mechanism. Vascular

robots have potential risk if not precisely controlled. In

particular, if the robot scratches cerebrovascular inner

wall, it is fatal to life because cerebrovascular inner wall

is very thin. However, if the robot apply to cardiovascular

system or nonvascular system, the scratch is not fatal to

life. When we consider the robot size, the application of

the robot is suitable for use in cardiovascular system or

nonvascular system. 

Our ongoing work is focused on developing the enhanced

mechanism for actual clinical application and precision

control. In addition, we will conduct the experiments in

various environments (fluid flow and various viscosities)

to investigate mobility. Through future works, we will

develop an advanced robot based on the mechanism. The

robot will be applied to multiple functions, such as

diagnosis and therapy through a combination of drilling

or a capsule-type endoscope or drug delivery. 
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