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In this paper, we developed a portable and spring-guided hand exoskeleton system for
exercising flexion/extension of the fingers. The exoskeleton was designed with a simple
structure to aid finger motion with one degree of freedom (DOF). The desired joint tra-
jectory of the exoskeleton was determined based on the user joint ROM and general fin-
ger motion obtained by the hand flexion/extension experiments. The design of the linkage
structure was optimized to maximally satisfy the desired trajectory. A spring attached to
the structure generates the force to guide the fingers toward the desired posture when
they deviate from the desired position. We used a finite element method (FEM) to analyze
the transmitted moments for MCP and PIP joints. A prototype of the device was fabricated,

Hand rehabilitation and the performance of the system was experimentally verified. The experimental results
of the finger motion indicated that the proposed system provided good guidance for flex-
ion/extension of the fingers. Furthermore, the results of the force distribution experiment
verified that the joint moments by the system are matched to the expected moments by
FEM analysis. Thus, the CPM device successfully guided the users fingers along the desired

trajectory and distributed the expected moments to the joints.

© 2019 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

As the population ages, the number of people suffering from muscle impairment following a stroke or other nerve dis-
order is also increasing. Rehabilitation is becoming crucial so that patients can continue to carry out daily tasks [1-3]. As
many patients have difficulties exercising their impaired body parts alone, continuous passive motion (CPM) is employed
along with physical therapy. CPM reduces the muscle spasticity [4] and activates the sensorimotor cortex in chronic stroke
patients [5]. CPM is also helpful for reducing edema following surgery or trauma and for maintaining the range of motion
(ROM) and joint flexibility [6-8]. Rehabilitation based on robotic technologies enables repetitive and intensive treatment, in
contrast to conventional therapies [6,9,10]. Hence, robotic rehabilitation systems have been actively studied [11,12].

The hand is essential for activities of daily living (ADL), as many of our interactions with the environment and with
day-to-day objects are performed via the hand [13-15]. However, the research for the hand typically encounters a number
of difficulties due to the intricate mechanical characteristic of hands including their relatively small size, high degrees of
freedom (DOFs) and complex structure. To actuate many DOFs in the hand, most hand rehabilitation devices have been
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Fig. 1. Previously developed hand rehabilitation systems [17-20].

developed with large numbers of sensors and actuators as shown in Fig. 1 (a) and (b) [16,17]. This enables various finger
motions, but typically results in heavy and complex structures. To distribute the weight, these devices have been developed
as desk-mounted systems or wrist splint-mounted systems, but the user may feel uncomfortable moving his/her arm when
wearing these devices.

To reduce the system size on the hand while maintaining the high DOFs, many hand rehabilitation devices have been
developed based on cable-driven mechanisms, as shown in Fig. 1 (c) and (d) [18,19]. The weight of the system on the
hand is reduced because the actuators are located on the exterior of the exoskeleton structure. However, cable transmission
structures are required alongside the links. This leads to bulky and complex systems. Additionally, externally located actuator
modules for cable-driven mechanisms reduce the mobility of the system.

In this paper, we proposed a portable and spring-guided hand exoskeleton for exercising flexion/extension of the fingers.
A linkage structure with one degree of freedom (DOF) was designed for exercising four fingers excluding the thumb. Gen-
eral finger motions were obtained from the finger flexion/extension experiment by four subjects. The design of the linkage
structure was optimized based on the users hand and joint ROM for comfortable exercises. Also, a spring attached to the
structure generates guiding forces for the fingers when they deviated from the desired position. Without a complicated force
generation algorithm, the spring acts as a physical impedance and the system can generate the forces for finger exercise.
The system performance for finger motions and force distribution by the spring was verified by experiments.

The work presented in this paper is organized as follows. In Section 2, we describe the design of the hand exoskeleton
structure. The optimized design of the exoskeleton structure and spring mechanism is explained in Section 3. The system
prototype is explained, and, the performance of the exoskeleton with respect to finger motions and force distribution is
validated in Section 4. Our conclusions are discussed in Section 5.

2. Design of the hand exoskeleton design

The hand exoskeleton was developed to help exercise the flexion/extension capabilities of the fingers. Generally, each
finger, excluding the thumb, have 4 DOFs (1 DOF of abduction/adduction and 3 DOFs of flexion/extension). We reduced the
size of the system by omitting consideration of the abduction/adduction motions of the fingers. Also, because the distal
interphalangeal (DIP) joint is dependent on the proximal interphalangeal (PIP) joint, we only considered the metacarpopha-
langeal (MCP) and PIP joints. The exoskeleton is driven by a single motor to ensure that the system is simple. Therefore, we
designed the structure to allow natural finger motions with one active joint.

Fig. 2(a) shows how the two rotational joints of the finger are moved by the linkage structure. The designs of the links
connecting the finger to the exoskeleton are shown in Fig. 2(b). The structure of the exoskeleton is controlled by the linear
motor located on the back of the hand. Each combination of phalanx and connecting link forms a triangular plane, and
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Fig. 2. Proposed kinematic design.

the rotations of these planes cause the finger joint to rotate. We introduced four links and two rotational joints to control
the joint angles using the four-bar linkage mechanism shown in Fig. 2(c). With this design, the MCP and PIP joints are
controlled independently, as it is impossible to control the finger joints uniquely using a single actuator. Thus, we fixed
the angle created by the two four-bar linkages so that the movement of the PIP corresponded to that of the MCP joint,
as shown in Fig. 2(d). This design produces natural flexion/extension motions with 1 DOF in the active joint because the
resulting structure consists of two linkages involving the MCP and PIP joints.

Fig. 3 shows the proposed design, which is composed of two four-bar linkages (shown in green and blue linkages). The
green and blue links determine the angles of the MCP and PIP joints, respectively. Because both the green and blue links
are connected to a bent link with three rotational joints, the PIP joint is flexed when the MCP joint is flexed. The green
link moves as the length of the motor stroke increases, which in turn affects the movement of the blue links. Because the
four-bar linkages are combined with the bent link, the movement of the motor stroke controls the MCP and PIP joint angles
simultaneously.

3. Optimized design of the exoskeleton structure
3.1. Hand flexion/extension experiments

The goal of this effort was to enable patients to exercise their impaired hands using the exoskeleton structure. Thus,
during the exoskeleton design process, it was important to determine how to make the user’s finger move naturally.

We reviewed previous studies on finger motions to investigate a comfortable trajectory for finger flexion/extension. Kam-
per et al. studied fingertip trajectories during grasping objects [21]. They found that the DIP joint angle varied linearly with
the PIP joint angle, but there was no characteristic relationship between the MCP and PIP joint angles. Conti et al. measured
a normal person’s finger joint trajectories and developed a hand exoskeleton that follows the measured motions [22]. Yang
et al. studied a tendon-driven finger exoskeleton based on finger motion coupling [23]. They captured the joint angles of a
normal person’s index finger and investigated the relationship between the angles of the MCP and PIP joints during hand
flexion/extension motions.

Since the fingers should adapt to the object’s size or shape during grasping objects, it is difficult to find the relation be-
tween MCP and PIP joint angles. In addition, as the finger motions by many people are various according to the individual
habits, many researchers have focused on the one person’s finger trajectory. However, it is difficult to know whether this
movement is applicable to others. Thus, in this paper, we evaluated hand flexion/extension in numerous people to deter-
mine the general relationship between the angles of the MCP and PIP joints. To reduce the impact of individual features of
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Fig. 3. Kinematic scheme of the proposed structure.

Table 1

Range of motion (ROM) obtained in the experiment.
Joint Range of motion (ROM)
MCP (°) 0-70
PIP (°) 0-106

grasping motions, subjects followed the hand flexion/extension instructions described in Fig. 4(a). There are three hand pos-
tures: flexion, relaxed hand, and extension. The relaxed hand has a partially flexed posture, which is induced by the passive
recoil force generated by the flexor digitorum profundus [24]. As shown in the instructions, the subject relaxed his/her hand
from the flexion posture and used minimal force to move their fingers into the extension posture. By contrast, the subject
with an extended hand relaxed his/her hand, then moved the hand into a flexion posture. By using the minimum force and
natural contraction of the fingers, the potential for idiosyncratic motions was minimized. Hence, we captured the general
characteristics of finger motions.

In total, four subjects (aged: 25.3 4 1.71 years) participated in the hand flexion/extension experiment. Markers were
attached to the joints of subjects’s right index fingers, and they proceeded to flex/relex/extend their hands for 1 min per
trial, followed by a 1-min rest between trials. There were three trials in total. The angles of the finger joints were calcu-
lated using the positions of the markers, which were measured using a motion capture system (Prime 13, Optitrack, USA).
All experiments were conducted with the approval of the institutional internal review board (IRB) (IRB approval number:
UNISTIRB-17-23-A).

Fig. 4(b) shows the results of the experiment for each of the subjects’ MCP and PIP joint angles. The black dots indicate
the angles of the joints for each subject. The finger motion data followed curvilinear trends, which some deviation. The red
line shows the polynomial curve that we fitted to the experimental data. The equation for the fitted polynomial was as
follows:

y = —0.0004239x3 4 0.0392x + 0.8507x (1)
where x and y represent the angles of the MCP and PIP joint, respectively. The range of motion (ROM) data are summarized
in Table 1.

3.2. Optimization of the exoskeleton structure

We based our design on the relationships between the joints. However, we needed to reconsider the joint ROM because
the CPM device should satisfy the full ROM of the user [8]. We adjusted the equation to satisfy each user’s individual ROM
while maintaining the relationship between the joint angles.
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Fig. 4. Hand flexion/extension experiments.

Table 2
User information.
Index finger  Length(mm) Proximal phalanx 40
Middle phalanx 24
Range of motion (°)  MCP joint 0-60
PIP joint 0-90

The polynomial fit was revised by multiplying the joint angles by the ratio between the maximum ROM according to
the experimental results and the user’s maximum ROM. The adjusted MCP and PIP joint angles were expressed as x' and y’,

respectively. Thus, we transformed the angle variables as follows:

X= %X’, y= %y’ 2)
where X and Y represent the maximum MCP and PIP joint angles, respectively, according to the polynomial fitting, and X’
and Y’ represent the user’s maximum MCP and PIP joint angles, respectively. We calculated the equation of the adjusted
polynomial fit by substituting (2) to (1).

The user data for the finger are summarized in Table 2. We adjusted the polynomial fit because the maximum MCP and
PIP joint angles were 60° and 90°, respectively, as shown in Fig. 5. We used the adjusted equation to calculate the ROM of

each individual joint to design a suitable exoskeleton for each user.
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Fig. 5. Adjusted joint relationship.

When the exoskeleton is worn, the finger motions should faithfully replicate the desired finger motions, as specified by
the adjusted equation. Thus, it was required to develop an optimization algorithm for the exoskeleton.

Fig. 6 shows the design variables of the proposed exoskeleton structure. I, and Iy are the lengths of the user’s finger
phalanges, expressed in Table 2, and Iy is the stroke length of the linear motor. There were 14 link-length parameters
(l; ~li1,1p) and 5 angle parameters (« ~ €); however, we used 9 independent variables in the optimization algorithm because
we excluded the predefined or dependent parameters. The design variable vector for the optimization algorithm was defined
as follows:

li=lh 4y Isls I; I Iy a €] (3)

Through the optimization algorithm, the [; vector that generates the motion most similar to the desired motions is se-
lected. The difference between the desired finger motions and the motions generated by the exoskeleton is expressed as a
cost function. Here, x; is the angle of the MCP joint induced by the exoskeleton as a function of the motor stroke length
lact, and y; and rq are the angles of the PIP joint induced by the exoskeleton and the desired PIP joint angle, respectively.
These variables were expressed as functions of the design variable vector [; and the motor stroke length Iy as follows:

x1 = fuep (i, lact)

B Ip I, sinyr
= B + arccos (214) + arctan <11+lzcosw

224121242041
_arccos (A2 TG 1hcosy -7 (4)
214\/1% + l% + 2l11; cos 1//'

y1 = frr(li, lact)
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Fig. 6. Parameters considered when designing the exoskeleton system.
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+ arccos E+E+E—Il5+2glscosw ) - (5)
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r = g(x;) = —0.0004239x3 + 0.0392x2 + 0.8507x; (6)

where fycp and fpp are the motion-generation functions for the structure, and g is the function that produces the desired
motion. The angles ¥ and w in these equations were calculated as follows:
—_ 2

lo 1120 + 1121 act
Y = € — B + arccos I + arccos BT P (7)
1011

b

(8)

w=2y —Ot+arccos<l12+1% -5 _1421+21112C051/f)

2151,

The joint ROM is also an important factor for determining finger motion. y, and r, are the ROM of the PIP joint while
using the exoskeleton and the desired ROM, respectively. These variables also affect the cost function.

y2 = [min(y;) max(y,)] (9)

r, = [min(r;) max(rq)] (10)

Thus, the difference between the joint angles generated by the design variables and those of the desired motions is ex-
pressed as the cost function as follows:

y=Myl (11)

r=[rn] (12)
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Table 3
The optimized design vector.
Variable 173 Iy Is Is Iy Iy I o €
Value 66 mm 54 mm 35 mm 39 mm 23mm 93 mm 34 mm 132° 33¢
z=[w; wy]ly —1] (13)
_ ST
J=zz (14)

where w; and w, are weights for the relationships between joints and the ROM, respectively, and J is the cost function of
the design variable vector. The optimized design for maximally satisfying the desired motions was obtained by finding the
design variable vector with the minimum cost.

Fig. 7 shows the process of the optimization algorithm. The optimized design variable vector was obtained through a
numerical method because the cost function is a multivariate nonlinear function. If the finger structure by the selected
design vector collides with the finger, the design variable vector was selected again. Since the collision occurs when the
finger is the most flexed, the finger structure in only flexion posture was checked. If the structure does not collide with the
finger, the cost function was calculated. After investigating all variable vectors, the design variable vector with the minimum
cost was selected as the optimized design. If any of the elements of the vector was at the lower or upper bound of this
motion, the ranges of the design variables were adjusted, and the optimization process was performed again to obtain an
optimized vector with a locally minimal cost.

Table 3 describes the optimized design vector. The ratio of I, and l;; connected to the same joint is important to generate
full ROM with the limited motor stroke I,.. Thus, the I, value was determined to be about twice the [;; value to satisfy the
wide ROM of the joints with a small motor stroke (30 mm). In addition, since the length of the proximal phalanx is 1.7 times
longer thanthat of the middle phalanx, the link Is, lg, and I; forming 4-bar linkage around the PIP joint are smaller than the
link I, and I around MCP joint. The determined length of [, is 93 mm which can be put on the back of the hand. The angle
o and e affects to the relation between MCP and PIP joint angle and the starting angle of the MCP joint, respectively. These
angles were determined to maximally satisfy the desired joint relation and ROM.

The finger motions obtained by the optimized exoskeleton structure are shown in Fig. 8. The line with stars is the desired
finger motion, and the line with dots is the joint angle obtained using the optimized exoskeleton structure. The finger
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motions generated by the exoskeleton were very similar to the desired motions. This indicates that the optimized structure
with 1 DOF can guide general finger motions well. This design process enabled us to optimize the hand rehabilitation device,
thus enabling the user to carry out flexion/extension exercises for the fingers.

3.3. Spring mechanism

Many hand rehabilitation systems force the fingers to follow a given trajectory; this is the case with continuous passive
motion (CPM) devices [17,25]. However, as intended users of the device have problems with moving their fingers freely,
guidance systems based on impedance control are better than those based on position control. Thus, we installed a spring to
provide the proposed system with passive impedance; the spring force served to guide the finger when the finger deviated
from the desired posture. This guidance forces can be generated by the spring installed in the exoskeleton structure without
the need for a complex force generation algorithm.

We attached a spring to the bend link, as shown in Fig. 9(a). The spring is compressed when the user extends the finger
farther than desired posture. Thus, a spring force is generated in the direction of extension, causing the finger to return
to the desired posture. Rather than requiring a large torque sensor, the guiding force is calculated by a potentiometer that
measures the spring deflection.

The application of the spring force is determined by how far the finger deviates from the desired posture. Because the
amount of spring force by given deflection is dependent on the spring constant, we needed to determine the appropriate
value for the spring constant. The spring component of the exoskeleton structure was designed to generate a maximum force
of 12N when the MCP and PIP joint angles deviated from the desired joint angles, by averages of 5° and 15°, respectively.
Depending on the patient’s condition, the spring constant of the device can be adjusted by replacing it with another spring.

Fig. 9(b) shows finger postures as a function of spring deflection. The line-patterned area indicates finger postures al-
lowed by the proposed structure. The line with the stars shows the finger postures adopted when wearing the exoskeleton
structure if the spring is at its normal length. The lines with the circles and dots are the finger postures adopted when the
spring is fully compressed and fully stretched, respectively. The finger is guided along the line patterns (in the direction of
the red arrow) so that it returns to its intended posture upon deviating from its desired trajectory.

Physically, the spring mechanism can be considered as an impedance control mechanism [26]. One of the most widely
known methods for calculating impedance is in terms of the potential field, and the gradient of the potential field can
be considered as the impedance [11,27]. Hence, we calculated the potential field representing the spring force around the
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desired joint trajectory. Assume that x is the end-point of the spring determined by the human finger posture and xy is
the end-point of the spring calculated by the motor stroke length. The potential field was defined as a quadratic function of
the difference between xy and x,; as follows:

P= %k(XH —XM)Z (]5)

where k is the parameter of the quadratic function. The impedance force, F, based on the potential field defined in (16) is
calculated by differentiating (15), as follows:

F=—k(xy — xm) (16)

The parameter k can be interpreted as a spring constant. The negative sign means that the user feels the spring force in the
direction opposite to the deviation in the motion. Fig. 9(c) shows the potential field for the spring force; we have enlarged
the section where the MCP joint angle is 10-40° for clear expression. As the position of the finger deviates from its desired
posture, the guidance force increases depending on the gradient of the potential field.

The magnitude of the spring force transmitted to each finger joint is proportional to the deviation of the finger. Thus, we
analyzed the distribution of the force to determine how the spring force is divided between finger joints. Fig. 10(a) shows a
free body diagram of the finger structure. The force generated by the spring is defined as Fs, and the force applied to each
rotation joint is F,. We also indicate the five links required for the analysis of force distribution. The moments transmitted
to the MCP and PIP joints are denoted as My,cp and My,cp, respectively.

Since the finger structure includes an indeterminate linkage, we analyzed the force distribution using the finite element
method (FEM). We derived the finite element equations based on the principle of minimum potential energy [28]. The spring
force is determined by the spring constant and the deflection length. The equation was derived from (16). The links in the
finger structure are expressed as stiff bodies that depend on the Young's modulus (E), cross-sectional area (A), length (L),
and moment of inertia (I). The variation in the displacement (u, v) and slope (q) of the joint by the distributed forces was
calculated using the following equations:

[K][Q] = [F] (17)

where K is the stiffness matrix of the links, Q is the displacement vector of joints, and F is the force vector. Each matrix can
be expressed as follows:

K =[f(E AL, L)], i:structure link (18)
Q = [ujv;q;...]", j:rotation joint (19)
F=[ER] (20)

where Fs is the spring force, and F; is the unknown force transmitted to the joints. We introduce the matrix M to combine
all of the unknown variables (unknown displacements (Q) and forces (F,)) into one vector, and then solve the resulting
equations using linear algebra. Thus, the above equation can be rewritten as follows:

e wfg)-[]

[g] K M [’g] (22)

We used these equations to calculate the unknown displacements and forces. We also calculated the moments of the
finger joints based on the forces transmitted to the joints as follows:

—_— — =

Mpicp = o1 x Fyo (23)
— —_

Mpp = li127 x Fy (24)

The distributed moments were affected by both the lengths and the cross-sections of the links. We evaluated the effect
of the cross-sectional area of the links on the force distribution, by calculating the sensitivity of the moment of the joint to
the area. The sensitivity of joint moment means the change in joint moment due to the change in cross-sectional area of
each link and it can be calculated as follows:

AM/M
M A /A

where M is the moment of the joint, and Ay is the cross-sectional area of link n.

(25)
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Fig. 11. Prototype of the proposed hand exoskeleton system.

We calculated the sensitivity of the moment to the cross-sectional area of the link, as shown in Fig. 10(b) and (c). This
graph shows the sensitivity of the MCP and PIP joint moments when the cross-sectional area of the selected link varies from
9 mm? to 36 mm? while that of other links are constant as 9 mm?2. The joint moments were affected by only links 2-4.
In particular, the moment of the PIP joint decreases dramatically as the cross-sectional area of link 3 increases and that of
link 4 decreases. The reason is that the inertia of the structure according to the cross-sectional area and the length of the
link plays a significant role in the force distribution and the link 3 and 4 are longer than other links. As the link 3 becomes
thicker, the inertia of the structure around MCP joint increases, which increases the moment transmitted to the MCP joint.
Similarly, the moment transmitted to the PIP joint depends on the thickness of link 4. Thus, we made link 3 slim, while
ensuring that it supports the system, and link 4 was made thicker while making sure not to increase the system size. We
designed the finger structure to distribute the spring force to each joint by adjusting the cross-sectional area of each link.

The moments of the joints induced by the designed finger structure are shown in Fig. 10(d) and (e). These figures show
the moment transmitted to the MCP and PIP joints when the spring is compressed or stretched in the available finger
postures. The negative value means the joint moment in the extension direction and the positive value means the joint
moment in the flexion direction. The transmitted moment is up to 230 Nmm for the MCP joint and up to 35 Nmm for the
PIP joint. Since the middle phalanx is more bent than the proximal phalanx, the moment of the PIP joint is much smaller
than that of the MCP joint.

4. Performance verification
4.1. Implementation of the hand exoskeleton system

We designed and manufactured a hand exoskeleton system for exercising hand flexion/extension, as shown in Fig. 11(a)
and (b). The device was designed for exercising four fingers, excluding the thumb. The wearing part was designed to make
four fingers move together like a mitten. The silicone layer was added to the wearing part to compensate the difference of
the phalanx height because of various finger lengths. The system is actuated by a linear motor to ensure that its structure
is simple and light in weight. We reduced the number of actuators and the complexity of the system by actuating the
structures for four fingers with a single linear motor. We used an embedded potentiometer to measure the motor stroke
length to estimate finger postures.

We installed a spring on the bent link to generate and deliver forces to guide the fingers. We calculated the guidance
forces by measuring the deflection using a potentiometer attached to the top of the spring case. We expect the distributed
moments to be consistent with the results of the FEM analysis.

We used a compact and light linear motor as the actuator (L12-P, Actuonix, Canada), and used 3D printing to fabricate
the links in the exoskeleton. For ease of wearing, we used Velcro and rubber bands around the palm and attached adjustable
silicone bands to the finger phalanges. The dimensions of the device are 120 x 195 x 78 mm, and the weight including the
motor, is 156 g.

4.2. Finger motions wearing the hand exoskeleton

We verified the finger motions generated by the exoskeleton structure, by asking a non-impaired user to wear the device
with a relaxed hand and follow the device as the actuator moved. The data for the user are summarized in Table I. We
designed the exoskeleton structure for the user by following the proposed design process. Fig. 12 shows the experimental
setup used to measure the motions of the finger joints. We attached markers to the structure and tracked the movements
using a motion capture system. We calculated the finger joint angles of the exoskeleton by analyzing the movement of
markers.
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Fig. 12. Experimental setup.
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Fig. 13. Finger joint angles induced by the proposed device.

Fig. 13 shows the finger joint angles traversed by the user as they followed the movement of the exoskeleton. The red
dots are the user’s finger joint angles, and the solid line is the desired trajectory of the device. The user’s joint angles were
similar to the desired trajectory, with maximum deviations of 5°. This means that the hand rehabilitation device effectively
guides the natural flexion/extension motions of the fingers along the desired trajectory.

4.3. Force distribution experiment

We validated the joint moments calculated by the FEM analysis by fabricating an artificial hand structure and making
appropriate measurements. Fig. 14 shows the artificial hand with the finger structure. When a linear motor has a constant
motor stroke and the spring is at its normal length, the posture of the artificial hand shows the desired posture according
to the design in Section 3.2, so no moment was applied to MCP and PIP joints. The spring was activated, and it applied
moments to the joints as the angles of the finger joints deviated from the desired posture. We ensured that the angles
of the joints on the artificial finger remained deviated by calculating the finger angles corresponding to compressing or
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Fig. 14. Experimental setup.

Table 4
Force distribution experiment.
Spring condition Desired posture (°)  Given posture (°)  Joint moment (Nmm)
FEM Experiment
MCP  PIP MCP  PIP MCP PIP MCP PIP
4mm stretched (12N) 8.1 104 12.7 25.0 190.2 19.4 183.7 14.4
16.7 22.7 21.2 379 162.9 12.8 154.8 10.6
258 384 30.2 53.8 123.6 53 1171 4.2
4mm compressed (12N)  16.7 22.7 12.0 79 -2193  -278 -214.1 —24.0
258 384 213 229 -194.1 -204 -1743 172
35.7 57.6 314 422 -1528 -10.7  -1431 -71

stretching the spring by 4 mm, then attaching fixtures that realized the calculated angles on the artificial hand. The spring
deflected the artificial hand to guide the deviation in posture. We then measured the moments transmitted to the joints
using a torque sensor.

Table 4 shows the joint moments according to the results of the FEM analysis and the experimentally measured values.
These results are in good agreement. Thus, we validated the design process used to adjust the cross-sections of links. We
also confirmed that the designed moment was transmitted to the user’s hand.

5. Conclusion

In this paper, we proposed a portable and spring-guided hand exoskeleton system for exercising flexion/extension of
the fingers. The design of the exoskeleton, in which two linkages were combined, was proposed for underactuation. We
investigated the general finger motions of several subjects by conducting grasping experiments. The design of the linkage
structure was optimized based on the users finger, joint ROM, and the obtained general finger motions. The spring, attached
to the finger structure, generates the guidance force to the fingers; the magnitude of this force depends on the fingers
deviation from the desired posture. We conducted FEM analysis to analyze that the transmitted moment to MCP and PIP
joints. The prototype of the wearable hand rehabilitation device was built with consideration of its wearability and its
performance was experimentally verified. The results of our measurements of the finger motion confirmed that the hand
rehabilitation device guided the hand in a manner that would help the user to perform general flexion/extension motions.
We also carried out a force distribution experiment to verify that the moments generated were similar to the results of
the FEM analysis. Thus, the system successfully guided the users fingers along the desired trajectory and distributed the
expected moments to the joints.
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The research for the thumb was excluded in this paper because of its complex structure and wide ROM. As future work,
the system including the structure for the thumb exercise will be developed for full exercise of all fingers.
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