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This paper presents a new multifunctional active guidewire system for medical applications that uses a

magnetic microrobot. The study demonstrated that the proposed microrobot system could swim and be

controlled under Low-Reynolds-number (Re) environments in blood vessel models. The prototype of the

robotic guidewire, which is driven within a three-axis Helmholtz coil system, consists of a guide-wire, spiral

blade, drilling tip, and permanent magnet. The spiral-type microrobot showed stable active locomotion between

3 kA/m and 9.1 kA/m under driving frequency up to 70 Hz in a silicone oil (of viscosity 1000 cst). The

microrobot produced a maximum moving velocity of 8.08 × 10−3 m/s at 70 Hz and 9.1 kA/m. In particular, the

robotic guidewire produced 3D locomotion with drilling in the three-axis Helmholtz coil system. We verified

active locomotion, towing of guidewire, steering, and drilling of the proposed robotic guidewire system through

experimental analyses.
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1. Introduction

Multiscale magnetic robots and their magnetic mani-

pulation systems are innovative approaches used for

diagnosis and therapy in minimally invasive medicine [1-

3] The greatest advantages of magnetic microrobots are

wireless control and battery-free operation inside the

human body through the control of external magnetic

fields [4, 5]. In addition, multi-scale fabrication of mag-

netic robots is possible up to micro/nano scales [6, 7].

Medical magnetic robots have been applied in targeted

drug delivery, drilling in blood vessels, and robotic capsule-

endoscopy for diagnosis and therapy [8-11].

One representative application in minimally invasive

medicine is an active catheter and guidewire system.

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). 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. As the process of the treatment

of aneurysms involves a high risk that may cause severe

damage to the patient, medical doctors are faced with a

hard decision of whether to treat aneurysms or not [12].

Conventional catheterization requires a certain human

skill because doctors have to control the tip of the catheter

or the guide wire by moving it from the outside the

patient’s body. To overcome these problems, system using

active catheters and guidewires has been developed to

achieve controllable steering [13]. The tip of active catheter

and guidewire system is controlled from outside the body

and moves like a snake by utilizing a multi-joint mech-

anism with distributed shape memory alloy (SMA) actuators

[14, 15]. The catheter can perform several motions, not

only bending but also torsional, and can be extended by

changing the configuration of the SMA actuators and bias

springs. However, such systems are limited in terms of

functions.

Typically, magnetic microrobots utilize rolling, rotating,

oscillating, and biomimetic mechanisms for active locomo-
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tion within alternating or rotating magnetic fields [16, 17].

The magnetic spiral-type mechanism utilizes a rotating

magnetic field for free-swimming in liquid environments.

The applied rotating magnetic field creates a magnetic

torque that causes the rotation of the magnetic spiral-type

machines. The magnetic torque and the rotation then

generate a propulsive force in the environment.

In this study, we proposed a new approach for medical

applications based on multifunctional active guidewire

system with a magnetic spiral-type microrobot. The study

demonstrated that the proposed microrobot system could

swim and be controlled under Low-Reynolds-number

(Re) environments in blood vessel models. The prototype

of the robotic guidewire, which is driven within a three-

axis Helmholtz coil system, consists of a guidewire, spiral

blade, drilling tip, and permanent magnet. The proposed

robotic guidewire system is capable of active locomotion,

steering, towing guidewire, and drilling. Various experi-

mental analyses were performed to verify these functions.

2. Mechanism and Wireless 
Magnetic Manipulation

2.1. Mechanism of robotic guidewire

The concept of the proposed guidewire is shown in Fig.

1 (a). The guidewire, which is driven by a uniform

rotating magnetic field, includes a spiral-type magnetic

microrobot with a drill tip for active locomotion and

drilling blood clots in blood vessels, respectively. The

magnetic microrobot consists of a cylindrical NdFeB

permanent magnet (vector product of magnetic moment

M is 1.1 × 10−3 Am2, BHmax is approximately 310 kJ/m3,

and coercive force Hcb and Hcj are approximately 880

kA/m and 960 kA/m, respectively), a tungsten wire (Φ

0.24 mm) for a spiral blade, an Fe-based drilling tip, and

a joint for connecting the guidewire, as shown in Fig. 1

(b). The mechanism of the spiral blade is the right-handed

screw. The blade angle and pitch are 50° and 2.2 mm,

respectively. The direction of the magnetic moment in the

robot is the radial direction. Therefore, the microrobot

generates rotational motion within the rotating magnetic

field. Thus, the spiral-type magnetic microrobot creates a

propulsive force that facilitates active locomotion in

various fluid environments. The joint connects the micro-

robot and the guidewire and prevents the rotation of the

guidewire.

2.2. Wireless magnetic manipulation of robotic guide-

wire

The proposed guidewire system generates active loco-

motion of the spiral-type magnetic microrobot within the

rotating magnetic field. Figure 2 (a) shows a magnetic

manipulation system based on three-axis Helmholtz coils.

The control system generates a uniform rotating magnetic

field. Because of the uniform magnetic field, the proposed

robotic guidewire is driven by a magnetic torque. There-

fore, the end-effector of the guidewire system is syn-

chronized by the applied rotating magnetic field. 

The plane of the rotating magnetic field was controlled

Fig. 1. (Color online) (a) Concept of the proposed robotic

guidewire system and (b) the proposed mechanism and pro-

totype of the robotic guidewire.

Fig. 2. (Color online) (a) Wireless magnetic manipulation sys-

tem based on three-axis Helmholtz coils, (b) Steering method

using the three-axis Helmholtz coils: α and ζ represent the

zenith and azimuth angles of the plane of the magnetic field.
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through control of the two angles of α and ζ for realizing

three-dimensional steering function, as shown in Fig. 2

(b). The two angles determine the moving direction within

the three-axis Helmholtz coils because of changes in the

direction of magnetic torque. 

The applied rotating magnetic field is expressed by the

sum of the vectors of the magnetic fields from three-axis

Helmholtz coils. The applied current signals for controll-

ing active locomotion with steering are expressed as follows:

 (1)

where Ix, Iy, and Ix denote the input current of the

Helmholtz coils current signals. Im is the maximum input

current. Figure 3 shows the calculated current signal

according to changes in the steering angles of α and ζ at

1 Hz. The initial plane of the rotating magnetic field is

YZ plane, and Iy and Iz signals were activated, whereas

α = 45o and ζ = 45o generated Iy, Iz, and Ix. Therefore, the

plane of the rotating magnetic field is changed from the

YZ plane to the XYZ plane. Because of the input current

signals, the magnetic fields of a three-axis Helmholtz

coils are written as follows:

 (2)

where H0 is the field strength: H0 = nImR2/(R2 + x2)3/2, n is

the number of coil turns, and R and x are the radius of the

Helmholtz coil and the distance between one pair of

Helmholtz coil, respectively. The magnitude of the

rotating magnetic field can be expressed as follows:

 (3)

Figure 2 (b) shows a magnetic moment vector m rotat-

ing in the YZ plane at the home position: m = (0, m0cosθ,

m0sinθ) Therefore, the driving torque of the robot for

steering within the manipulating system is expressed as

follows (See Fig. 2) [18]:

 (4)

where μ0 denotes the permeability of free space. When

the applied rotating magnetic field is clockwise, the end-

effector of the guidewire generates forward locomotion,

whereas counter-clockwise magnetic field causes back-

ward locomotion because of the right-handed screw mech-

anism on the robot body. When the rotating magnetic

field is on plane YZ, the robotic guidewire produces

thrust force toward X-axis by the spiral-type blade. The

thrust force (Ft) of the robot is expressed as follows:

 (5)

where Ff is the friction force opposing the movement on

the blade surface: , F
n
 is the reactive force

( ), μs is the friction

coefficient, and βn, δ are the blade angle and the lead

angle, respectively, as shown in Fig. 4.

3. Experimental Analysis

To verify the proposed mechanism, various experimental

analyses using the magnetic manipulating system were

conducted. Figure 5 shows the variations in movement

velocity according to the changes in the driving frequency

up to 100 Hz at the applied rotating magnetic field of
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Fig. 3. (Color online) (a) Calculated current signal for 4.579

kA/m at α = 0o and ζ = 0 and (b) Current signals at α = 45o

and ζ = 45. Fig. 4. (Color online) Force analysis on a screw mechanism.
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4.579, 6.869, and 9.159 kA/m in a silicone oil (of visco-

sity 1000 cst).

The applied fields of 4.579, 6.869, and 9.159 kA/m

produced maximum velocities of 3.26 × 10−3, 5.58 × 10−3

and 8.08 × 10−3 m/s at the driving frequency of 30, 50,

and 70 Hz, respectively. The driving frequencies of 30, 50

and 70 Hz become maximum frequencies for linearity at

each magnetic field. If the viscosity is changed, maximum

frequencies are changed at the equivalent magnetic fields.

Through the results, stable operating ranges were observed.

When the driving frequencies exceeded the maximum

points, movement velocities were dramatically decreased

by decreasing driving torque because the exceeded maximum

frequencies caused a decrease in the angle between the

magnetic moment and the applied magnetic field. The

driving frequency at which the robot reaches its maximum

velocity is called the step-out frequency. In this range, the

velocity decreases dramatically, while the frequency

increases. The step-out ranges are different according to

the input frequency and magnetic field, because of the

different magnetic torque. 

For an active guidewire, the most important function is

steering with active locomotion. Figure 6 shows the steer-

ing angle of the robotic guidewire. The initial position of

the plane of the rotating magnetic field is plane YZ, as

shown in Fig. 6 (a). The plane of the rotating magnetic

field was changed from plane YZ to plane YZX accord-

ing to the changes in angle ζ, that is 30°, 60°, and 90° at

magnetic fields of 4.579, 5.724, 6.869, and 8.014 kA/m

respectively, as shown in Fig. 6 (b). In the results, the

stronger magnetic field was found to cause a higher steer-

ing angle. When angle ζ was 30° at 4.579 and 6.869 kA/

m, actual steering angles were 20.24° and 21.84°, respec-

tively.

In this case, steering accuracy achieved was 67.5 and

72.8 %, respectively, when angle ζ was 60° at 4.579 and

6.869 kA/m, the steering angle of the robotic guidewire

became 24.32° and 26.54°, respectively. Under these condi-

tions, steering accuracy was decreased up to 40 and 44.2

%, respectively. Angle ζ = 90° resulted in the highest

steering angle, whereas the steering accuracy was the

lowest: steering angle was 41.79° and accuracy was 46.43

% at 8.014 kA/m. The reason of the results is the tension

of the guidewire. These results show that a gradual rate of

change of angle ζ is required to achieve higher precision

steering. 

Figure 7 shows in-vitro tests of active locomotion,

steering, and drilling abilities of the proposed robotic

guidewire system. First, active locomotion with steering

was verified, as shown in Fig. 7 (a). For active locomotion,

a magnetic field of 4.579 kA/m and driving frequency of

8 Hz was applied when angle ζ = 0° (plane YZ). Bifur-

cation geometry mock-up of the artificial blood vessel,

which is made from 3D print using a blood vessel model,

has a diameter of 2.5 mm and bifurcation angle of 50°. To

reach the steering angle of 50°, angle ζ was gradually

increased at an interval of 10°. Figure 7 (b) shows active

Fig. 5. (Color online) Results of moving velocity according to

changes in driving frequency at the applied rotating magnetic

fields of 4.579, 6.689, and 9.159 kA/m, respectively.

Fig. 6. (Color online) (a) Experimental method for steering in

the magnetic manipulating system. ζ denotes the rotational

angle of plane of rotating magnetic field. (b) Results of steer-

ing angles in the magnetic manipulating system according to

changes in the applied magnetic fields with angle ζ = 30°,

60°, and 90°, and, respectively.
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locomotion with drilling function in agar jelly. To fabri-

cate the agar jelly, 1 g of agar powder was mixed with

200 ml of water. For drilling in the agar jelly, magnetic

field of 4.579 kA/m and 10 Hz was applied. Under these

conditions, movement velocity of the robotic guidewire

was 0.34 × 10−6 m/s. At the equivalent driving conditions,

the robotic guidewire showed movement velocity of

0.8 × 10−3 m/s in a silicone oil. When the robotic guide-

wire conducted drilling with active locomotion, the driv-

ing frequencies of 10 and 20 Hz created thrust force of

approximately 6.5 × 10−3 and 14.5 × 10−3 N, respectively,

at the applied field of 4.579 kA/m and 10 Hz.

4. Discussion and Conclusion

In this study, a robotic guidewire system based on the

spiral-type magnetic microrobot was proposed. The robotic

guidewire, which is controlled by an external rotating

magnetic field, performed active locomotion, steering,

towing of guidewire, and drilling. To verify these func-

tions, various experiments were performed in a silicone

oil and agar jelly. Because the robotic guidewire is syn-

chronized by the applied rotating magnetic field, move-

ment velocity depends on the driving frequency. In addi-

tion, driving magnetic fields determine the linear ranges

of driving frequency. Steering is the most important func-

tion of an active guidewire. As regards precision steering

of the robotic guidewire, a rapidly changing angle of

plane of the magnetic field caused higher steering error.

That is a low rate of change of plane of the magnetic field

results in high-precision steering. These results were veri-

fied through in vitro study. The previously reported most

active guide-wires only conduct steering without active

locomotion, whereas the proposed guide-wire shows

steering, active locomotion, and drilling. In particular, the

end-effector (microrobot) was able to fabricate under a

diameter of 1.5 mm.
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