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This paper presents a new nonmechanical rehabilitation system driven by magnetic force. Typically, finger

rehabilitation mechanisms are complex mechanical systems. The proposed method allows wireless operation, a

simple configuration, and easy installation on the hand for active actuation by magnetic force. The system

consists of a driving coil, driving magnets (M1), and auxiliary magnets (M2 and M3), respectively, at the finger,

palm, and the center of coil. The magnets and the driving coil produce three magnetic forces for an active

motions of the finger. During active actuations, magnetic attractive forces between M1 and M2 or between M1

and M3 enhance the flexion/extension motions. The proposed system simply improves the extension motion of

the finger using a magnetic system. In this system, the maximum force and angular variation of the extension

motion were 0.438 N and 49°, respectively. We analyzed the magnetic interaction in the system and verified

finger’s active actuation.
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1. Introduction

Stroke is a serious problem that is rapidly increasing

throughout the world. One major symptom of stroke is

hand injury. Even when there is significant improvement

in the patient’s condition, rehabilitation training is most

important for post-stroke care. For hand rehabilitation

training, various assistive devices have been reported [1-

3]. The majority of these assistive devices are mechanical

systems, such as robot-assisted therapy [4, 5]. Most

mechanical systems for hand rehabilitation have draw-

backs, such as complex configurations, the difficulty of

installing them on a finger, and their large volume. They

are divided into hard types and soft types, such as robotic-

gloves [6, 7]. In general, the hard type devices consist of

electrical motors, wires, frames, and various mechanical

components. However, the hard type devices provide

active actuation (external force) using motors (electrical

or pneumatic actuators) [8, 9]. Soft type devices (flexible

gloves) have a relatively simple configuration, they are

difficult to install on the fingers. These the devices are

also driven by the stroke patient’s own hand force, using

a virtual reality system or computer graph [10]. Typically,

the degree of freedom (DOF) of robotic glove systems is

limited, which also then limits the flexion and extension

motions. To increase the DOF of finger movement, the

number of actuators must increase, resulting in the system

becoming more and more complex and inconvenient. 

To avoid these issues, we proposed a novel method

based on the magnetic actuation of a hand rehabilitation

system using an electromagnetic system with permanent

magnets. The system mainly utilizes magnetic attractive

and repulsive forces between the driving coil and the

permanent magnet and between the permanent magnets

themselves. The magnetic force becomes an energy source

for wireless control. The wireless magnetic controls have

been used for magnetic microrobots [11-13]. The pro-

posed method, which has higher DOFs of motion than

those of robotic gloves due to magnetic force directions,

does not require mechanical components (as does a kinetic

system). The developed system consists of a driving coil,

permanent magnets on a finger and the palm, and permanent
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magnets inside coils. The magnetic force causes active

flexion/extension motions or twist motions of the finger

according to changes in the force direction. Various experi-

mental analyses were performed to verify active finger

rehabilitation training.

2. Description of Control Method 
and System Configuration 

The proposed system is driven by magnetic force as a

wireless operation. Figure 1(a) shows the principle of

magnetic actuation between magnets or between a magnet

and an electromagnet. Magnetic force is divided into an

attractive force and a repulsive force. The developed

system utilized cylindrical permanent magnets (M1, M2,

and M3) and a circular coil, as shown in Fig. 1(b). The

permanent magnets M1, M2, and M3 are installed,

respectively, on a finger, on the palm, and inside the coil.

M1 and M3 are equivalent magnets; their diameter is 20

mm, and their thickness is 6 mm. M2 has a diameter of

10 mm and a thickness of 3 mm. Table 1 shows the

magnetic properties of the installed magnets. Br is the

residual magnetic flux density. Bs is the surface magnetic

flux density. (BH)max is the maximum energy product.

Hcb is the coercive force. The inner and outer diameters

of the driving coil are 10 cm and 15.3 cm, respectively.

The number of turns of the coil is 250. Figure 1(c) shows

the coordinate system of the finger and the magnetic

forces for flexion and extension motions of the finger.

The initial posture of the finger is 55° (φe = θ1 + θ2 + θ3).

In the system, the magnetic forces are divided into three.

First, FM1,2 and FM1,3 are attractive forces between M1

and M2 and between M1 and M3, respectively. FM1,EM is

the magnetic force between M1 and the driving coil. FM1,2

and FM1,3 are always attractive force because of the fixed

configuration of the magnets, whereas FM1,EM is either an

attractive force or a repulsive force according to the direc-

tion of current at the driving coil.

For flexion motion at the reference posture, we applied

a current signal from 0 to 10 A. When this occurs, FM1,EM

becomes a repulsive force, which causes a flexion motion.

In addition, when M1 is closed to M2, FM1,2 becomes an

attractive force, and FM1,EM is diverted from a repulsive

force to an attractive force. For extension motion from the

reference posture, we applied a current from 0 to −10 A.

Under these conditions, FM1,EM first becomes an attractive

force, and FM1,3 enhances the extension motion as an

attractive force. At the maximum flexion and extension

Table 1. Magnetic properties of the magnets.

 M1=M3 (N52) M2 (N35)

Br [mT] 1430-1480 1170-1220

Bs [mT] 313 287

(BH)max [kj/m
3] 394-422 263-287

Hcb [kA/m] ≥ 796 ≥ 868

Fig. 1. (Color online) (a) Principle of magnetic actuation in the proposed system, (b) system configuration, and (c) mechanism of

extension and flexion motions of the finger by magnetic forces in the proposed configuration.
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motion, M1 and M2 have restricted air gap of 1.9 cm, and

M1 and M3 have a restricted air gap of 4.5 cm, to main-

tain the force of the restoration of flexion and extension

motion, because a larger attractive force cannot generate a

repetitive exercise of the finger. FM1,EM causes weak flexion

and extension motion, and FM1,2 and FM1,3 enhance the

flexion and extension motion.

The general magnetic force between the cylindrical

magnets is analyzed using the Gilbert model [14]. In this

method, if the cylindrical magnets are far from each other,

the magnetic interactive force is expressed as follows

[15]:

 (1)

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, as shown in Fig.

2(a). If t1 = t2 = t and r = 0 then F can be rewritten as

follows:

 (2)

When t << x, Eq. (2) is reached at .

Eqs. (1) and (2) can be utilized at a linear distance. On the

other hand, when there is no linear distance of the

magnets, as shown in Fig. 2(b), their interactive force can

be analyzed by magnetic dipole-dipole interaction. In the

global coordinate system the interactive force can be

expressed as follows [14,16]:

 (3)

where μ0 denotes the permeability of free space. m1 and

m2 are the dipole moment, and r is the distance vector

between m1 and m2. In the proposed system, the position

of the magnetic dipole moments (m1 and m2) can be

observed by a kinetic analysis of the finger, as shown in

Fig. 1(c). Magnets M2 and M3 and the driving coil have a

fixed position, while M1 shows movement by an external

magnetic field. The position of M1 is . A

finger consists of three joints and links. In this case, the

position of an end-effector (M1) is expressed as follows:

 (4)

Where the length of links is l1, l2, and l3, and θ1, θ2, and

θ3 are the joint angles; and xe and ye are the x and y

positions of the end effector. φe is the angle of the end

effector. Thus, all magnetic forces in the system can be

applied to Eqs. (1) to (4) for the flexion and extension

motions of the finger. 

3. Experimental Analysis

To verify the proposed mechanism, we conducted a

performance evaluation through magnetic simulation, force

analysis, and motion analysis using a video recording. In

order to generate flexion and extension motion, we ap-

plied a current signal to the driving coil up to ± 10 A.

Figure 3(a) shows the simulation results of the driving

coil at the applied current of 10 A. The driving coil

generated an average field of 11 kA/m and 7.2 kA/m, at

the heights of 4.5 cm and 8.5 cm, respectively. Figure

3(b) shows the measured results according to changes in

height and current. A height of 4.5 cm represented a

maximum extension point of the forefinger in the system,

and a height of 8.5 cm represented a maximum point

during flexion motion. When we compared the magnetic

field strength between the simulation and the measure-

ments, the measured results were lower than those in the

simulation at high current, because an increase in the

temperature of the driving coil caused a decrease of field

strength at high current. Therefore, the measured fields at

4.5 cm and 8.5 cm were averaged at 9.6 kA/m and 6.2

kA/m, respectively.

Figure 4 shows the trajectory of the forefinger and the

magnetic field strength from the driving coil according to

the trajectory. The H to A points are variations in the

extension motion, and the H to O points are variations in

the flexion motion. Because point H is the reference, the

magnetic field strength of point H is zero. To start the
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Fig. 2. (Color online) (a) Magnetic axial coupling for force

analysis and (b) two separated dipoles.
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flexion motion, a magnetic field strength of 2.3 kA/m was

required, whereas the extension motion required a minimum

of magnetic field strength of –5.08 kA/m. Because of

musculoskeletal characteristics, extension motion requires

a higher force than flexion motion. When the forefinger

reached the maximum extension point A and the flexion

point O, the magnetic field strengths were −9.13 kA/m

and 5.56 kA/m, respectively.

We conducted a magnetic force analysis, as shown in

Fig. 5. In the results, a plus symbol on the forces denotes

an attractive force, whereas a minus symbol means a

repulsive force. For the force analysis, we considered all

magnetic forces in this system (FM1,2, FM1,3, and FM1,EM).

The total force is expressed by the sum of all magnetic

forces. For extension motion, FM1,EM and FM1,3 become

attractive forces in the proposed system. Therefore, points

from H (the initial point) to A showed extension motion.

Point A is the maximum extension motion. In this case,

the applied magnetic field was −9.13 kA/m, and FM1,EM

was 0.315 N. To reach a maximum, the magnetic field

and FM1,EM gradually increased. In the case of flexion

motion, FM1,EM represented two forces, both an attractive

force and a repulsive force, as shown in Fig. 5(a). The

repulsive force of FM1,EM pushed M1 and caused a rotation

of the finger joint. When M1 reached point M, the S pole

on M1 and the N pole on the electromagnet (driving coil)

were face-to-face. Thus, the points from M to O gene-

Fig. 3. (Color online) (a) Magnetic field simulation of the

driving coil at input current of 10 A and (b) measurement

results of magnetic field strength on the driving coil according

to changes in height and input current.

Fig. 4. (Color online) (a) Trajectory of forefinger and (b)

magnetic field strength according to the trajectory.

Fig. 5. (Color online) Magnetic force analysis for extension

and flexion motions: (a) force variations by FM1,EM, (b) mag-

netic force (FM1,2 and FM1,3) analysis without FM1,EM, and (c)

total force analysis of extension and flexion motions. A to O

denote positions of finger.
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rated an attractive force. The maximum of FM1,EM was

0.159 N in the flexion motion at point O. Figure 5(b)

shows the magnetic force between magnets (FM1,2 and

FM1,3). The points from H to A are influenced by the

attractive force of FM1,3 between M1 and M3 during exten-

sion motion. The points from I to O show the attractive

force of FM1,2 during flexion motion. Because the distance

between M1 and M3 is longer than that between M1 and

M2. FM1,2 is higher than FM1,3. At point A, the distance

between M1 and M3 is 4.5 cm, whereas the distance

between M1 and M2 is 1.9 cm at point O. The maximums

of FM1,3 and FM1,2 were 0.119 N and 0.36 N, respectively.

FM1,3 and FM1,2 enhanced the extension motion and flexion

motion based on the two motions by FM1,EM. Figure 5(c)

shows the total force for the two motions. In the flexion

motion, the total points of repulsive force decreased from

I to K because of the sum of the force between FM1,2 and

FM1,EM. The starting force and maximum force were 0.094

N and 0.438 N at points G and A, respectively. During

flexion motion, the starting force was −0.019 N at point I,

and the maximum flexion was 0.474 N. As mentioned

before, in general, the generation of extension motion is

difficult to compare flexion motion of stroke patients.

Thus, the extension motion requires a higher threshold

force than that of flexion motion. When we compared

forces from E to G (extension) and from I to K (flexion),

Fig. 6. (Color online) (a) Hysteresis characteristics of extension and flexion motions in the system and (b) motion captures accord-

ing to variations in finger angle and the driving current.
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the extension force was, on average, six times higher than

the flexion force.

Finally, we performed motion analysis according to

changes in the applied current signal. In particular, we

compared the influence of FM1,3 and FM1,2 on finger

motions. Figure 6(a) shows variations in finger movement

according to changes in the input current signals. The

dashed line indicates the results, including the impact on

FM1,3 and FM1,2, and a solid line shows the results of

FM1,EM without M2 and M3. The driving current was

controlled by three conditions: 0 to 10 A, 10 to −10 A,

and −10 to 10 A. Under these conditions, the finger motion

produced hysteresis movements in the system. Because

type 1 utilized only FM1,EM, the driving force was weaker

than that of type 2. Therefore, the variations in the finger’s

angle were lower than those of type 2. In addition, the

magnetic force of FM1,3 and FM1,2 in type 2 maintained

maximum extension and flexion motions. In particular,

the maintained extension motion (ⓘ to ⓛ) provided a

stretching effect.

In type 1, the maximum flexion angle was 134° (the

angular variation was 79°), and the minimum extension

angle was 49° (the angular variation was 6°), as shown

Fig. 6(c), whereas type 2 generated a maximum flexion

angle of 151° (the angular variation was 96°), and the

minimum extension angle was 6° (with an angular varia-

tion of 49°), as shown in Fig. 6(b). These differences

between type 1 and type 2 resulted from FM1,3 and FM1,2.

In particular, FM1,3 significantly improved the extension

motion. Figure 6(b) shows the finger movements in type 2.

The points from ⓐ to ⓒ denote the flexion motion

(Ftotal = FM1,EM + FM1,2), ⓒ to ⓕ show the maintained

maximum flexion (FM1,2 >> FM1,EM + Freact), where Freact

denotes a reaction force of the tendon, ⓕ to ⓘ show the

motion conversion from flexion to extension motions

where the conditions are divided into  +

Freact  and  + Freact +

FM1,3 , ⓘ to ⓛ show the maintained

extension motion, where FM1,3 >> FM1,EM + Freact, and ⓛ

to ⓒ show rapidly converted motion from extension to

flexion motion, where driving conditions are divided into

 + Freact  and

 + FM1,2 + Freact . 

The reaction force from the tendon acted in the total

force, but we ignored the reaction force in the total force

analysis. As mentioned above, the method can produce

twist motion of the finger by the position between M1

and the driving coil. Figure 7 shows twist motion of the

finger. The direction of the magnetic moment of M1 is

perpendicular to the driving coil at the reference angle of

0°. The driving currents of 10 A and −10 A caused the

twist angles of −32° and 26°, respectively.

4. Discussion and Conclusion

In this study, we proposed a nonmechanical hand

rehabilitation method using magnetic force. Most hand

rehabilitation mechanisms depend on mechanical system,

such as robotic hands. Because of the mechanical compo-

nents, their configuration is very complex, and installation

on the hand is difficult. The proposed method simply

installed a magnet on the finger without using mechanical

components, and we controlled the magnetic field strength

and the direction of the driving coil for extension and

flexion motions. In the system, the magnetic force FM1,EM

between M1 and the driving coil generated a weak exten-

sion motion. In finger rehabilitation, extension motion is

important and it is not easy to generate such motion for

stroke patients. To solve this problem, we installed magnet

M3 in the driving coil. As a result, the additional force

FM1,3 improved the extension force to a maximum of 9.8

times the force. In addition, the magnet M2 enhanced

flexion motion by FM1,2. Furthermore, we verified twist

motion of the finger by the changed orientation of the

hand. Through various experiments and analyses, we

verified the active actuation of the finger by magnetic

interaction for finger rehabilitation. Although our experi-

ment was conducted on a normal human, we were able to

FM1,2 FM1,EM≤

55
o

θ 151
o

≤ ≤( ) FM1,2 FM1,EM≤

6
o

θ 55
o

≤ ≤( )

FM1,3 FM1,EM≤ 6
o

θ 55
o

≤ ≤( )

FM1,3 FM1,EM≤ 55
o

θ 151
o

≤ ≤( )

Fig. 7. (Color online) Twist motions of a finger according to changes in driving currents.
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observe the external force and active actuations for finger

rehabilitation. In the near future, we will confirm the

effects of the proposed method through clinical application.

In particular, we will consider increase of DOFs for the

finger motion. Because of the limited hand motion of

stroke patients, the position of the hand is limited at a

single coil. Therefore, to improve DOFs of finger motion,

three axis coil system is required. The three axis coil

system can cause finger movement in all directions.
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