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Exo-Glove Shell: A Hybrid Rigid-Soft Wearable Robot
for Thumb Opposition with an Under-Actuated
Tendon-Driven System
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Abstract

Usability and functionality are important when designing hand-wearable robots; however, satisfying both
indicators remains a challenging issue, even though researchers have made important progress with state-
of-the-art robot components. Although hand-wearable robots require sufficient actuators and sensors con-
sidering their functionality, these components complicate the robot. Further, robot compliance should be
carefully considered because it affects both indicators. For example, a robot’s softness makes it compact
(improving usability) but also induces inaccurate force transmission (impacting functionality). To address
this issue, we present in this paper a tendon-driven, hybrid, hand-wearable robot, named Exo-Glove
Shell. The proposed robot assists in three primitive motions (i.e., thumb opposition motion, which is
known as one of the most important hand functions, and flexion/extension of the index/middle fingers)
while employing only four actuators by using an under-actuation mechanism. The Exo-Glove Shell was
designed by combining a soft robotic body with rigid tendon router modules. The use of soft garments
enables the robot to be fitted well to users without customization or adjustment of the mechanisms; the
metal routers facilitate accurate force transmission. User tests conducted with an individual with a spinal
cord injury (SCI) found that the robot could sufficiently and reliably assist in three primitive motions
through its four actuators. The research also determined that the robot can assist in various postures with
sufficient stability. Based on the grasp stability index proposed in this paper, user stability—when
assisted by the proposed robot—was found to be 4.75 times that of an SCI person who did not use the
Exo-Glove Shell.
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Introduction

T he human hand has crucial roles in activities of daily
living (ADL), relying on its ability to generate high

DOF motions. Unfortunately, individuals who have lost
hand function owing to spinal cord injury (SCI),1 cerebral
palsy,2 or stroke3 face significant limitations when engaging
in ADL. To address it, researchers have shown keen interest
in hand-wearable robots, recognizing their potential to
enhance the quality of life.4–13

Researchers investigating hand-wearable robots have
prioritized minimizing size and weight, acknowledging the
need for user comfort while wearing the robot.14 To
achieve compactness, lightweightness, and portability,
some researchers have developed wearable robots using
soft material, called soft wearable robots (SWRs), which
can easily adapt to the user’s body without extra mecha-
nisms.15–25 They have also incorporated tendon transmission
in their robots to fully leverage its benefits, simplifying the
robot end-effector (See Supplementary Appendix S1
for other transmissions used in SWRs).26,27 Although these
approaches have reduced the complexity and weight of
the robot, developing tendon-driven soft wearable robots
(T-SWRs) capable of accommodating versatile hand func-
tions has presented challenges.

They sometimes generate inaccurate postures when the
tendon causes unwanted deformation of the robot body
(Supplementary Video S1)—that is, the tendon deforms
the robot body (e.g., when extending the finger (Fig. 1b) if
deforming the robot requires less energy than that when
extending the finger; the unwanted deformation is not pre-
ferred because it induces inaccurate posture by reducing
the tendon moment arm. As the robot body is made of soft
material, preventing unwanted deformation during actua-
tion has proven to be challenging.28,29

The difficulties of the robot fabrication process are other
issues that make robot development challenging. Fabric-based
robots require manual sewing, which demands delicate hand
skills, whereas silicone-based robots involve time-consuming
manual molding. Moreover, these fabrication methods are irre-
versible, making it difficult to modify the robot after produc-
tion. To simplify fabrication, some researchers have turned to
3D printers for building robots.5,30–33 However, despite allevi-
ating fabrication difficulties, reducing the thickness of the robot
remains challenging with this method, because 3D-printed
parts tend to be weaker compared to fabric-based structures
when thin. Considering the narrow space between fingers, the
thickness is a crucial factor in ensuring usability.

Another challenge in developing T-SWRs pertains to the
number of required actuators.34–37 As tendons only transmit
tensile force, the robot necessitates two actuators for each
joint.14 Although there exist smart methods to reduce the
number of actuators, they require researchers to carefully
consider the physical properties (such as joint stiffness or fin-
ger size) of the users before fabricating the robot (Supple-
mentary Appendix S1).35,37

In light of existing challenges, we have developed a
T-SWR considering the following issues:

1. Prevention of unwanted robot body deformation, par-
ticularly at the points where tension is applied, to
ensure accurate hand-posture assistance.

2. Fabricating a reliable yet low-profile structure with
minimal fabrication difficulties to expedite the design
iteration.

3. Exploration of methods to minimize the number of
actuators, as the tendon can only transmit tensile force.

In this paper, to address the above considerations, we
propose Exo-Glove Shell, a T-SWR developed to assist

FIG. 1. Two main design features of the Exo-Glove Shell: hybrid rigid-soft wearable robot design (a–d) and under-
actuated tendon routing for three primitive motions with four actuators (e–g). (a) shows how the metal router is
attached to the robot using router hanger; (b) and (c) show possible problems that can occur when the robot is not fixed
well to the user body; (d) shows the Exo-Glove Shell fabricated with both a soft garment and metal router; (e) shows
the specifically designed actuator for the under-actuation mechanism without complicating the robot end-effector;
(f) and (g) shows how the tendons are routed along the glove to enable the desired motions with less actuators.
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individuals with SCI to perform ADL. The robot (Fig. 1)
consists of a soft garment that enables a simple wearing part
and metal ring structures that allow for accurate force trans-
mission. The inclusion of metal rings dramatically reduces
difficulties in fabrication as they can be attached after the
glove is fabricated. Further, by incorporating an under-
actuation mechanism between the fingers, the proposed robot
operates with the minimum number of actuators required to
assist essential grasp motions encountered in daily life. The
following are the detailed design methods and research
contributions:

1. Hybrid design with a soft glove and metal routers for
functional decoupling

Our soft robotic glove ensures easy wearing and a
comfortable fit for the user. Composing the routers,
which fix the tendon path, with a metal structure
enables to route of the tendon firmly, enabling accu-
rate force transmission. As these metal routers are
strong enough even with the thin structure, develop-
ing the robot to have a thin profile is also possible.

2. Three-step fabrication for ease of manufacturing and
enabling design changes

The glove used in our robot can be easily manufac-
tured owing to their design similarity to general-use
gloves made for nondisabled individuals. This is
because tendon routers can be attached after the
glove’s fabrication. Further, the riveting used to
attach the metal routers to the glove is an easier
method as compared with other bonding methods
(e.g., sewing or silicone adhesion) used in other
SWR fabrication. The decoupled functions of the
two robot components also facilitate design modifi-
cations, such as changing the tendon routing by
simply detaching the original metal router and
attaching the other metal router with a different
structure. Previously, because modifying the design
after fabrication was difficult when the robots were
made by sewing or molding, any change required
the fabrication of new robot.

3. Assistance with three primitive motions with only four
actuators

To reduce the number of actuators, we extended
the use of the under-actuation mechanism to use it
between the fingers; in contrast, most SWRs use it
inside the finger. This approach enables the robot
to assist in three primitive motions (thumb opposi-
tion and index/middle finger flexion/extension)
with four actuators. The motions to be assisted
were chosen according to biomechanic studies
demonstrating the importance of thumb opposi-
tion.38 The actuator count was derived through
simulation (Section 4.1) and confirmed by experi-
mental validation.

Design

The proposed robot’s wearing part is designed with two
essential components: the “robot body” and the “tendon
router.” This is because they have significant impacts on the
robot’s performance, yet they have contrasting requirements.
To address these requirements, we fabricated the robot body

as a fabric-based soft glove, ensuring a lightweight, compact,
and easy-to-wear wearing part. In contrast, the tendon router
was developed as a metal router, securely fixing the tendon
path to enhance actuation reliability. The fabrication process
involved separately producing the robot body and tendon
router, followed by their combination. This functional
decouple and three-step fabrication method offers the fol-
lowing advantages: 1) easy wearing and improved actuation
reliability; 2) reduced difficulties in the robot fabrication;
and 3) modular design (design approach that enables
researchers to design the part differently for each body part,
considering the different requirements of each setting) of the
tendon router.

Design of fabric-based glove

The robot body is designed with the following considera-
tions: it should 1) be easily wearable for individuals with dis-
abilities; 2) have a compact size and be lightweight; and 3)
fix the tendon router without occupying a large conjunction
volume. For easy wearing, the robot body is fabricated in a
glove form using a thin, stretchable, and low-friction fabric.
It is important to note that our novel design approach, which
incorporates metal routers to complement the actuation sta-
bility, enables us to use such fabric. Without reliable routers,
the use of such fabric could result in unsteady movement
caused by deformation in robot bodies (Supplementary
Video S1). The robot body has a unique component called
router hanger (Fig. 2c and Supplementary Appendix S2). It
is made of a herringbone tape and is sewn at the glove to
enable compact and easy attachment of the tendon routers.

Design of metal-based shell router

In contrast to the design requirements for the fabric-based
glove, we focused on the reliable actuation and modular
design when designing the tendon router. For improved
actuation reliability, routers are made of metal to prevent
unwanted robot deformation that could lead to inaccurate
force transmission (See Fig. 1b, c and Supplementary
Video S1). For compact conjunction and modular design, the
router was designed to consist of two components, a router
base and a router cover (Fig. 2a and b), to attach the router
to the glove through riveting.

The attachment process involved placing the router base
under the router hanger (Fig. 2d-1), with two horns of the
base piercing the router hanger. Next, the router cover was
positioned on the two horns of the base that protruded
through the router hanger (Fig. 2d-2). Finally, the routers
were fixed to the glove by riveting the horns (Fig. 2d-3).

Riveting allowed for modularization of the tendon router
design because we could attach the tendon router to the
glove as long as there are two holes in the router cover. Con-
sequently, the router covers can be developed differently
depending on their intended attachment locations as shown
in Figure 2b. This feature expanded our opportunities to sat-
isfy varying requirements based on their installation
positions.

Routers for the index/middle finger were designed to
avoid interference with other routers, considering the narrow
space between the fingers. The thumb MCP router was
developed to ensure a firm fixation, employing a ring-type
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metal structure. The thumb CMC router was designed to be
deformable for a better fit with various hand shapes. Further
details are provided in Supplementary Appendix S2.

Under-actuated tendon routing

Previous research that examined pulley-based tendon
transmissions has shown that n + 1 number of actuators
can make n-DOF motions.26 Accordingly, it is reasonable
to use four actuators for the Exo-Glove Shell because it is
designed to assist three primitive motions. However, the
Exo-Glove Shell uses suspended tendon transmission
rather than pulley-based transmission owing to the com-
pactness, raising the possibility that four actuators may not
be sufficient (Supplementary Appendix S3). To determine
the adequacy of using four actuators in our case, we con-
ducted both simulations (Subsection 4.1) and experiments
(Subsection 4.3).

Based on the simulation result (Section 4.1), which showed
that four actuators are sufficient, we developed the Exo-Glove
Shell with an under-actuation mechanism between the fingers.
It is worth noting that despite the use of under-actuation, the
wearing part of the robot remains simple because specific
actuators designed for under-actuated tendon routing were uti-
lized for robot development.39 The actuators pull eight tendons
(Fig. 1g) as follows: Actuator1—thumb, index, and middle fin-
ger flexors; Actuator2—a thumb abductor; Actuator3—index
and middle finger extensors; and Actuator4—a thumb extensor

and an adductor. Among several possibilities to configure ten-
dons, we used this configuration owing to several reasons. The
under-actuation mechanism is applied in the flexion of three
fingers to make an adaptive grasp. For the thumb abduction,
we decided to pull the abductor with a single actuator due to
its crucial role in forming the hand’s posture before grasping.
The extensor of the index and middle fingers was designed to
be pulled by a single actuator based on satisfactory perform-
ance observed in our previous research.28,37 The remaining
tendons for the thumb adduction and the thumb extension were
also designed to be pulled by an actuator via an under-
actuation mechanism.

Method

Target motion definition

Following the previous research,40,41 we divided the grasp-
ing process into the pre-grasp phase and the actual grasp
phase. This paper specifically focuses on two diffe-rent grasp
postures, namely the power grasp and the lateral pinch grasp.

During the pre-grasp phase of power grasp assistance, our
objective was to position the thumb on the opposite side of
the other fingers. To achieve this, we took the index finger
plane (represented by a dotted line in Fig. 3a) as a reference.
The pre-grasp for the power grasp was designed to meet the
following conditions:

FIG. 2. Design of the glove and tendon routers. (a) shows the shell base of the tendon router and (b) shows the shell
cover of the router. From the left, the figure shows the shell cover of the index/middle tendon router, thumb CMC joint
router, and thumb MCP joint router. (c) shows the robot basement in the shape of a glove; (d) shows the overall pro-
cess of attaching the metal router to the glove (a more detailed explanation is in Appendix); (e) shows the overall ten-
don routing of the Exo-Glove Shell, where IE/ME, TD, TE, and TB represent index extensor/middle extensor, thumb
adductor, thumb extensor, and thumb abductor, respectively; IF, MF, TF, and TB represent index flexor, middle flexor,
thumb flexor, and thumb abductor, respectively. (f) and (g) show a magnified picture that describes the tendon routing
of the thumb routers, whereas (h) shows the tendon routing of the index/middle router.
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hthumb � 0

minðCthumbÞ¼minð/ðẐ IF, ẐTÞÞ
(1)

where Ẑ IF and ẐT are the z-axis of the index finger and the
thumb represented in the global frame, respectively; hthumb
is the height of the thumb defined in the index coordinate
(i.e., the distance between the thumb and index finger
plane); Cthumb is the angle between thumb normal vector
and the index finger normal vector. We wanted to mini-
mize Cthumb because it makes more stable grasp, as
explained in the Supplementary Appendix S1. These varia-
bles are visualized in Figure 3a.

The robot locates the thumb in a position such that the
thumb height (ẐT ) is below zero at the pre-grasp phase to
guarantee stability in the actual grasp phase. Specifically,
when the thumb height is zero, the thumb faces the index
finger, whereas a negative height causes it to face the other
fingers. We can also infer that minimizing the angle
between two vectors (Ẑ IF and ẐT in Eq. (1) improves the
grasp stability.

In the lateral pinch assistance, our objective during the
pre-grasp stage was to pre-position the thumb in such a way
that it could exert force on the side of the index finger during
the actual grasp phase. Specifically, we aimed for the esti-
mated thumb position in the actual grasp phase, denoted as
PT,IF (as depicted in Fig. 3b), to be located within the work-
space of the index finger. Therefore, in the pre-grasp phase,
we wanted the robot to locate the user thumb at PT (as shown
in Fig. 3b). Details on desired thumb location in lateral pinch
grasp (including the relationship between thumb position at
pre-grasp and actual grasp phase) are elaborated in Supple-
mentary Appendix S4.

Experimental design

We designed four experiments to prove our hypothesis
about metal routers and under-actuated tendon routing. The
metal router experiment involved one healthy subject,
whereas the other experiments were performed with an
SCI subject who does not have hand mobility (See

Supplementary Appendix S4 for detailed experimental pro-
tocols). All procedures were approved by the Institutional
Review Board of Seoul National University (IRB No.
22014/001-004).

The first experiment is designed to show the anchoring
ability of the metal router; it measures how much the router
tilts against the finger when repeating the flexion/extension
of the index finger. To see the benefits of using metal routers,
the tilted angle of the router of both the proposed robot
(Exo-Glove Shell) and the previous robot (Exo-Glove) was
measured.

We conducted the second experiment to show whether the
Exo-Glove Shell can assist three primitive motions, using
indicators that represent three primitive motions. The indica-
tors were defined as

QTABD¼ qCMC:ABD

QTFE ¼meanðqCMC:FE,qMCP:FE,qIP:FEÞ
QMIFE ¼meanðqI:FE,qM:FEÞ

(2)

where, qjoint,direction is the joint angle in a specific direction.
For the third experiment, we aimed to evaluate the effec-

tiveness of our robot in assisting ADL by focusing on
power grasp and lateral pinch grasp explained in Subsec-
tion 3.1. To prove whether Exo-Glove Shell assists power
grasp properly, we measured how the thumb height and the
orientation angle (defined in Eq. (1)) vary when the robot
assists the pre-grasp. For the lateral pinch grasp assistance
performance, an experiment is conducted to simultane-
ously measure the index finger workspace and the thumb
location to obtain PT,IF and PT defined in Figure 3. Both
experiments about power grasp and lateral pinch grasp
measure the joint angle indicators defined in Eq. (2) to
show how our robot assists the user during the entire grasp-
ing process.

The last experiment validates whether the robot can assist
the user in making a firm grasp. To measure the grasping
force, we designed a custom experimental setup (Fig. 4) that
measures the sum of the contact force applied to the object,
deviating from other methods used in previous studies.28,37

The rationale behind employing the new setup is elaborated
in Supplementary Appendix S4.

Using this experimental setup, we measured the grasp
performance factor (Pforce) in the force domain, which is
defined as

Pforce ¼ +
n

i¼ 1
Fc, i

≃FL=lk

(3)

where Fc, i is a contact force applied at the contact point i, FL

is the force measured at the loadcell, and lk is a friction coef-
ficient between the robot and the object.

Results

Simulation 1—Simulation to determine a proper number of

actuators for the Exo-Glove Shell

Unlike previous studies,26 we cannot analytically derive
the required number of actuators to make n DOF motions in
the case of the Exo-Glove Shell. This difference occurs

FIG. 3. Variables to represent targeted hand postures in
the pre-grasp phase. (a) shows variables to describe the
targeted hand posture in the pre-grasp phase of the power
grasp. Here, the Ẑ of each coordinate is parallel to the
normal vector from the finger skin. The dotted line at the
center of the index finger represents the index finger
plane. (b) shows the variables used to describe the tar-
geted hand posture in the pre-grasp phase of the lateral
pinch grasp. The tip of Thumb (PT) should be located
where it can press the side of index finger (PT,IF) at the
actual grasp stage.
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because our robot has a suspended tendon routed system that
induces a nonlinear relationship between the joint angle and
the actuation input.26,29 Therefore, we investigated the
robot’s performance according to the number of actuators
through simulation. The simulation was conducted with
an objective function as a volume of the opposition work-
space.42 This is because the main objective of the Exo-
Glove Shell is to assist the opposition motion.

Using the simulation process (Supplementary Appendix
S3), the opposition workspace planes for different numbers
of actuators (ranging from one to six) were compared with
the workspace of the case that uses six actuators (Fig. 5). We
also calculated the area of each of the opposition workspace
results, as shown in Table 1. According to the ratio described

in this table, we observed a significant increase in the vol-
ume of the workspace as the number of actuators increased
from three to four. As the performance of the robot that uses
four actuators reached 96% of that of the robot when using
six actuators, we concluded that using four actuators is rea-
sonable for the development of the Exo-Glove Shell.

Experiment 1—Experiment to measure router performance

We measured the tilted angle of the router (htilt) for 50 times
(25 for each robot) (Fig. 6). The averages of htilt were
0.257 (rad) and 0.074 (rad) when Exo-Glove and Exo-
Glove Shell were used, respectively, whereas the variances
were 0.016 (rad) and 0.066 (rad), respectively. The smaller
average and variance of htilt indicate a small shift of the
router, suggesting that the Exo-Glove Shell has better reli-
ability in robot operation compared to the previous design.
The impact of the router’s anchoring ability on the actual
robot performance can be observed in the Supplementary
Video S1.

Experiment 2—Experimental analysis of three

primitive motions

In this experiment, we measured joint angle indicators
(defined in Eq. 2) when assisting the thumb abduction/
adduction motion (Fig. 7a and d), the thumb flexion/exten-
sion motion (Fig. 7b and e), and the flexion/extension motion
of the middle/index fingers (Fig. 7c and f).

The results show that the Exo-Glove Shell can independ-
ently assist fingers in three directions with four actuators,

FIG. 4. Experimental setup used to validate the grasping
force. (a) shows a schematic of the grasping force mea-
surement setup; (b) shows how the real experiment was
conducted using the proposed robot.

FIG. 5. Opposition workspace according to the number of actuators. The gray area in the figure shows the opposition
workspace (Space where the thumb’s workspace and the index/middle fingers’ workspace overlap) when six actuators
are used, and the blue area shows the opposition workspace when each specific number of actuators was used. The red
lines in the six-actuator case describe the estimated flexion/extension motion of the index/middle finger.
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confirming our findings from the simulation results. The
upper figures show the angle indicators in the time domain
conducted five times. The lower figures describe the average
and variance of the angle indicators obtained at each trial.
Although there is a small amount of coupled motion, it is
negligible in practice (Supplementary Video S1 and Supple-
mentary Appendix S3).

Experiment 3—Experiment that verifies the grasp assistance

of the Exo-Glove Shell

The results (Fig. 8a) indicate that the thumb height
(hthumb), represented in the index coordinate system,
becomes negative as the thumb abductor pulls the thumb.
This signifies that the proposed robot effectively assists the
pre-grasp phase of the power grasp by positioning the thumb
to face the other fingers. The thumb abduction also reduces
the thumb orientation angle, Cthumb (Fig. 8a). From the rela-
tionship between the thumb height and the orientation angle
(Fig. 8b), we can infer that the robot decreases the orienta-
tion angle between the thumb and the other fingers during
the pre-grasp phase. This decreased angle makes a more sta-
ble grasp during the actual grasp phase.

The entire grasping process of the power grasp assistance
can be found in Figure 8c with joint angle indicators defined

in Eq (2). Our robot assists the pre-grasp at time T0 by
abducting the thumb. After making the pre-grasp posture,
the robot initiates the actual grasp assistance at time T1,
involving the flexion of three fingers. Subsequently, the
robot finishes the grasp assistance by extending all fingers at
time T2 to complete the grasping process.

For the lateral pinch grasp assistance, we measured the
thumb location (PT and PT,IF defined in Subsection 3.2) as
shown in Figure 9a. It shows that the Exo-Glove Shell effec-
tively locates the thumb in a position where it can exert force
on the side of the index finger. Similar to the power grasp
experiment, the joint angle indicators are obtained (Fig. 9b).
The result shows entire lateral grasp assistance as follows:
initially, at time T0, the robot assists thumb adduction and
extension to position the thumb appropriately within the
index finger’s workspace. It is worth noting that due to
under-actuated tendon routing of the Exo-Glove Shell, it can
be simply done by pulling a single actuator (Input 2 in
Fig. 1g). Subsequently, at time T1, the robot flexed the index
and middle fingers so that the orthographic projection of the
thumb (PT,IF) toward the index plane can cross the index fin-
ger. At the time T2, the robot further assisted thumb flexion,
thereby enabling the actual grasp. Finally, the robot concluded
the grasp assistance by extending the thumb at time T3.

We also have obtained the detailed duration time for two
different grasp assistances (Table 2). In addition, to vali-
date the practical applicability of the Exo-Glove Shell for
individuals with spinal cord injuries, we conducted an
experiment involving the grasping of various objects as
depicted in (Fig. 10).

Experiment 4—Experiment to measure grasping force

The grasp performance (Pforce) was assessed by com-
paring the measurements obtained when the user was
assisted by the Exo-Glove Shell with those measured
when the user did not utilize the robot. To examine the
influence of different grasp postures on performance, we con-
ducted experiments using both a cylinder-shaped object (that is
grasped by power grasp) and a card-shaped object (that is
grasped by lateral pinch). The results are presented in Table 3,
indicating that the grasp stability achieved with the assistance
of the robot was 4.75 times greater than that of an individual
with SCI who did not use the robot.

Discussion & Conclusion

This paper proposes the Exo-Glove Shell, a novel tendon-
driven hybrid soft-rigid wearable robot with a focus on bal-
ancing functionality and usability. The research introduces
two key contributions: 1) the integration of a soft-garment-
based wearing part with rigid-metal-based tendon routers
and 2) the incorporation of an under-actuation mechanism

TABLE 1. OPPOSITION WORKSPACE SIZE ACCORDING TO THE NUMBER OF ACTUATORS

Number of actuators

1 2 3 4 5 6

Area (mm2) 699.5 1355.2 1812.1 3862.2 3975.8 4004.2
Ratio 0.175 0.338 0.453 0.956 0.993 1

FIG. 6. Experimental results that show the performance
of the metal routers. Results of Experiment 1 that show
how much the router shifts when the robots (Exo-Glove
Shell and Exo-Glove) operate repeatedly. The straight
lines mean the average values of the tilted angle of the
Exo-Glove and Exo-Glove Shell. A larger average means
the router is more unstable because it is tilted more away
from the user’s body. Please see the Supplementary Video
to see why a tilted angle harms the stability.
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to find an ideal number of actuators for desired primitive
motions.

Recent studies have used materials with different stiffness
to augment the capabilities of SWRs.4,43,44 Building on top
of these approaches, our research demonstrates the efficacy
of a hybrid rigid-SWR design framework in enhancing the
reliability of force transmission. The contribution of this
paper lies not only in the integration of metal structures into
wearable robots for reliable force transmission but also in
the systematic categorization of robotic functions and the

development of specialized design and fabrication techni-
ques tailored to each function.

We contend that our findings provide a foundation for
other researchers to create wearable robots for diverse body
parts utilizing standard clothing patterns available online.
This approach reduces the need for extensive expertise in
wearable robot fabrication. A pivotal aspect of this process
is the incorporation of soft hangers. Subsequently, the
researchers can develop their own wearable robots by attach-
ing modularized rigid routers, components that are

FIG. 7. Experiment results that show that the proposed robot can assist in three primitive motions independently. (a) and
(d) show how the fingers move when assisting the thumb abduction/adduction motion; (b) and (e) show the joint motions for the
thumb flexion/extension motion; (c) and (f) show the joint motions of the flexion/extension motion of the middle/index finger. The
graph legend in (c) is for (a)–(c) and the legend in (f) is for (d)–(f); F/E and AB/D indicate flexion/extension and abduction/adduc-
tion; FL and EX indicate flexion and extension; ABD and ADD mean abduction and adduction. In this analysis, flexion and adduc-
tion were expressed as angles with negative values, and extension and adduction were expressed as angles with positive values.

FIG. 8. Experimental results that show how the proposed robot assists with a power grasp. (a) shows how the pro-
posed robot positions the thumb during the pre-grasp phase when assisting the power grasp; it shows that the thumb
height reduces from a positive value to a negative value to be aligned to the other fingers. (b) shows how the thumb
direction changes depending on the thumb position; the reduced orientation means that the thumb is more facing to the
other fingers. (c) shows how three joint angle indicators defined in Eq (2) change when assisting the power grasp with
the proposed robot. DT s in the graph represent the duration time of each stage; the exact values can be seen in Table
2. The height (hthumb) and orientation (Cthumb) of the thumb in this figure are defined in Eq (2).
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customized according to the specific characteristics of the
body part they are designed for, to the soft hanger; our quali-
tative result (Supplementary Appendix S4) also shows the
efficacy of metal routers, which are designed considering the
thumb biomechanics, in assisting the thumb.

Addressing the question, “How many actuators are opti-
mal in hand-wearable robots?” has emerged as a compelling
research topic for hand-wearable robot researchers. In pur-
suit of using the least number of actuators necessary, some
researchers have adopted the concept of postural synergy or
under-actuation mechanisms. Conversely, others, focusing
on developing a robot that can assist dexterous hand move-
ments, have used actuators without specific limitations on
their count. Distinct from these approaches, our study seeks
to determine an ideal number of actuators that achieve a bal-
ance between usability and functionality. For this approach,
we first determined to assist three primary motions based on
hand biomechanics research: thumb abduction/adduction,
thumb flexion/extension, and index/middle finger flexion/

extension. Subsequently, through both simulation (Fig. 5)
and experimental results (Fig. 7), we have identified the ideal
number of actuators necessary to independently enable these
motions; from these results, the Exo-Glove Shell is devel-
oped with four actuators.

Overall, the Exo-Glove Shell demonstrated the capabil-
ity to assist various postures with adequate grasping force.
The proposed grasping force performance index showed
that a disabled individual experienced an average increase
of 4.75 times in grasping ability when using the Exo-Glove
Shell compared to unassisted grasping.

Our study’s limitations include the absence of sensors on
the wearable part, leading to heuristic control of the user’s pos-
ture. Future work will integrate cameras for better joint angle
estimation and intention detection, enhancing performance and
usability. Although our robot, with a low-level controller using
empirically found desired position/force, has assisted various
motions with four actuators, the experiments were limited to a
single SCI subject such as other pilot study papers.5,12,45–48 To

FIG. 9. Experimental results that show how the proposed robot assists with a lateral pinch grasp. (a) shows how the
proposed robot positions the thumb, index, and middle finger during the pre-grasp phase when assisting with a lateral
pinch grasp. Here, the red areas at the upper side show the location of the tip of the thumb and the red areas at the
lower side show the CMC joint of the thumb; blue lines show the trajectory of the tip, DIP joint, and PIP joint of the
index finger; the dotted line shows the estimated appearance of the thumb. (b) shows how three joint angle indicators
defined in Eq (2) change when assisting the lateral pinch grasp with the proposed robot. DT s in the graph represent the
duration time of each stage; the exact values can be seen in Table 2.

TABLE 2. DURATION OF TIME WHEN ASSISTING POWER GRASP AND LATERAL PINCH GRASP

Power grasp Lateral pinch grasp

Grasp stage Duration Grasp stage Duration

Pre-grasp (thumb abduction) 1.56 (s) Pre-grasp 1 (thumb adduction) 2.04 (s)
(DT0 in Fig. 8c) (DT0 in Fig. 9b)
— — Pre-grasp 2 (index/middle finger flexion) 3.69 (s)

(DT1 in Fig. 9b)
Actual grasp (index/middle finger flexion) 3.66 (s) Actual grasp (thumb flexion) 1.52 (s)
(DT1 in Fig. 8c) (DT2 in Fig. 9b)
Release (index/middle finger extension) 2.61 (s) Release (index/middle finger extension) 1.37 (s)
(DT2 in Fig. 8c) (DT3 in Fig. 9b)
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ensure broader applicability and robustness, future studies will
conduct experiments with more subjects after developing a
new version of the robot with a high-level controller adaptable
to different human physical characteristics.

We hope that this research will provide the practical appli-
cation of wearable robots beyond laboratory settings. We
believe this research makes an important step in that direc-
tion because the proposed design methodologies have suc-
cessfully solved the trade-off issue between the robot’s
usability and functionality.
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