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Abstract—Soft robotic gloves have been widely researched to
enhance the quality of life of people who cannot use their hands
freely. Despite significant advancements in this field, most existing
solutions have not adequately addressed adaptability to various in-
dividuals and tasks. Our robot overcomes these challenges through
a novel passive extension mechanism, which enables adjustment
of assistance torque for each finger joint adequately to various
situations. To enable diverse assistance torque profiles without the
need for extra actuators, two passive extensors with different mo-
ment arms for each finger joint have been implemented. A variable
stiffness passive extensor adjuster (VSPE adjuster) is designed to
change the stiffness and tension of each passive extensor easily.
We’ve thoroughly verified the performance of each component
through simulation and experiments. In the final demonstration of
its feasibility, the robot was tested on three healthy participants and
one participant with spinal cord injury, exhibiting its adaptability
and promising potential for future real-world applications.

Index Terms—Rehabilitation robotics, tendon/wire mechanism,
wearable robotics.

I. INTRODUCTION

THE hand serves a significant role in daily life; however,
some individuals with disabilities have limited hand func-

tion, resulting in a diminished quality of life [1]. Soft robotic
gloves have emerged as a possible solution for these individuals.
By utilizing various soft actuation methods and components,
these robotic devices can efficiently assist hand movement while
adopting the complex shape of the hand and minimizing harm
or injuries [2], [3], [4], [5], [6], [7], [8]. Furthermore, extensive
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research has been conducted on several elements of soft robotic
gloves, including their structure, wearability, control mecha-
nisms, and intent recognition [9], [10], [11].

Despite its advancements in numerous aspects, further devel-
opment is still required to enhance its adaptability across various
individuals and tasks. The biomechanical properties of each
finger joint exhibit variability among individuals, particularly
among those with disabilities [12], [13], [14], hence making it in-
adequate to apply for the same assistance across various people.
Moreover, the divergence of muscle activation patterns among
impaired individuals highlights the necessity of customized
changes to joint assistive torque [15], [16]. Furthermore, it is
crucial to carefully adjust the assistive torque to align with the
training session, as the motions, assignments, and training type
may differ depending on the tasks users need to perform [17].
For example, in some exercises like finger hook, the motion of
the distal phalange requires to be prior to the proximal one, but
in some other exercises like pinch grasping, the sequence or
importance reverses [18]. Because of these factors, for a soft
robotic glove to be utilized properly, the robot is required to be
able to tailor assistive torque to each joint corresponding to the
individual and tasks.

However, as many soft robotic gloves are designed as an
under-actuated system for compact and efficient assistance, [9],
it is hard to generate adequate assistance torque at each joint,
considering each individual’s distinct properties and require-
ments related to the target tasks [12]. To mitigate these varia-
tions, numerous researchers have conducted research for adjust-
ing the assistance torque in response to diverse individuals and
tasks. One straightforward solution is increasing the rank of the
control input of the under-actuated system or making the system
a fully-actuated system by adding additional actuators [5], [7],
[19], [20], [21]. Although this strategy can control assistance
torque magnitude and ratio at each joint, it requires a significant
number of actuators and requires a complex system. An alter-
native method involves developing a modular glove capable of
adjusting the torque at each finger joint by changing the actuator
modules of the robot at each joint [2], but time-consuming for
module replacement and limited adjustment torque range which
depends on the number of modules are limitation of this method.

Although the previous approaches focused on actuators, the
assistance provided by a soft robotic glove is not only com-
posed of the torque generated by the actuator alone. Passive
components (e.g. spring or rubber bands) have also been used to
generate efficient assistance to the mild to moderately impaired
disabled people while minimizing the number of actuators and
improving the usability [5], [22], [23], [24]. These robotic sys-
tems usually provide users with the capability to modify the
levels of assistance, allowing a certain degree of customization.
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Fig. 1. Overall design of the proposed soft, cable-driven robotic glove with
novel passive extensor mechanism.

Nevertheless, the existing passive components in soft robotic
gloves solely possess the capability to modify the overall level
of assistance, hence hard to regulate the assistance ratio between
each joint. Some research groups suggested customization of the
passive components by measuring the spasticity levels at each
finger joint [25], but it is hard to tune in real-time depending on
tasks.

In this letter, we introduce a soft robotic glove featuring a
unique passive extensor mechanism. This mechanism allows
for tailoring the assistance torque at individual finger joints,
making it adaptable to various task-specific needs and a wide
range of people with mild to moderate hand disabilities. Our
design deploys dual passive extensors for each finger, utilizing
different moment arms at each joint, which contrasts with tradi-
tional designs that incorporate a single passive extensor. Also,
Variable Stiffness Passive Extensor adjusters (VSPE adjusters)
have been developed, which modify the stiffness and tension of
each extensor by changing the length of the passive cable and
locking the change automatically. Through this, the assistance
torque applied at each joint can be easily adjusted without the
need for supplementary actuators. The viability of the suggested
methodologies has been validated through simulations and ex-
periments. Finally, we applied our robot to four human subjects
and showed its feasibility. The paper’s structure is outlined as
follows: Section II of the paper presents the design of the robot,
with a particular focus on the dual passive extensor and VSPE
adjuster. The simulation, experimental methodology, and results
are presented in Sections III and IV, respectively, while the
overall conclusion of the research is described in Section V.

II. DESIGN

The overall design of the glove is illustrated in Fig. 1 and
the various finger motions with different extensor states are pre-
sented in Fig. 2. The proposed robotic glove has been designed
to target mild to moderate hand-impaired people (e.g. people
with spinal cord injury (SCI) or stroke without high spasticity)

considering the effectiveness of the passive components and
preventing excessive tension. The key components of the glove
are dual passive extensors and VSPE adjusters. Passive Extensor
1 (PE 1; red dashed line in Fig. 3) has a higher moment arm at the
proximal interphalangeal (PIP) joint, whereas Passive Extensor
2 (PE 2; blue dashed line in Fig. 3) has a higher moment arm
at the metacarpophalangeal (MCP) joint. Therefore, the torques
generated by each extensor have different torque ratios at each
joint, and depending on the various hand properties of users
and target tasks, assistance torques can be tailored by adjusting
the stiffness or tension of each passive extensor. The state of
each passive extensor (stiffness and tension) is modulated by
the VSPE adjuster which winds and unwinds the extensor on
the spool to alter the length of the extensor. Through these
mechanisms, the glove can generate various finger motions
without increasing the number of actuators. The overall glove
design and detailed mechanisms will be explained in this section.

A. Main Glove

The glove is designed as a modular glove divided into finger
units and a body part to adapt to various sizes. The body part
works as an anchoring part by holding the glove in its place and
the finger part of the glove transmits force to the finger. An active
flexor (Dyneema, Netherlands) and two passive extensors (TPU
cord, Crystal Tec, Korea) are inserted into the thimble. The flexor
passes through the volar side of the finger, mimicking the flexor
digitorum profundus tendon of the human. The two passive
extensors go through the extensor routers and are inserted into
the VSPE adjusters. The extensor routers are attached on the
dorsal side of the finger through velcro to adjust the location of
the router depending on the user. The distal end of the VSPE
adjuster and flexor sheath are inserted and attached to the slot
located at the wrist, which performs as a tendon anchoring
support [4]. The overall glove is manufactured using fabric and
3D printed parts (HP Jet Fusion 5200, HP, USA) to withstand
the tension of the tendons with thin structures. The glove can be
easily donned due to its modular design: around 2 minutes are
required to put a finger unit and body part on an SCI participant
with quadriplegia (50 seconds for a finger unit, less than 30
seconds for a body part, 45 seconds for connection). Following
the previous study [3], the glove has been designed into four
different sizes (S, M, L, XL) in both length and width, for
covering various users.

B. Variable Stiffness Passive Extensor Adjuster

To modulate the assistance torque to each finger joint depend-
ing on the individual and task, both the magnitude of the overall
joint torque and the torque ratio between each joint should be
adjustable. To adjust them easily, two techniques are applied
to the robot: variable stiffness passive extensor adjuster (VSPE
adjuster) and dual passive extensor.

Firstly, the VSPE adjuster is designed to modify the magni-
tude of the assistance. Fig. 4 shows the detailed design of the
proposed adjuster. Each extensor is affixed and wound around
the adjuster’s spool, with the extensor length being altered as the
spool rotates. A torx-shaped moving key is located at the center
of the VSPE. The moving key can slide up and down (Fig. 4(b)),
and lock the angular position of the spool at 60-degree intervals
(around 3.5 mm intervals of the extensor length). To rotate the
spool, users should initially depress the moving key using the
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Fig. 2. Variation of the index finger motion occurred by the robot. The state of each passive extensor is different at (a), (b), and (c), and so does the finger move
differently at each extensor state. The whole motion occurs without the voluntary movement of the wearer.

Fig. 3. Detailed explanation of the finger part. Two passive extensors are
inserted into the design. In Passive Extensor 1 (PE 1, red dashed line), the
moment arm at the PIP joint is higher compared to the MCP joint. In passive
extensor 2 (PE 2, blue dashed line), the moment arm at the MCP joint is higher
compared to the PIP joint.

spool driver before turning the driver. Once the spool driver
is withdrawn from the spool, the moving key moves upward,
inserted into the keyhole of the spool, automatically locking the
spool’s rotation and securing the extensor at the desired length.
This mechanism supports the comfortable adjustment of each
extensor’s stiffness as well as the initial pre-stretched length.

The principle of how the extensor’s pretension and stiffness
are modified can be explained through mathematical modeling.
At first, the tension of the passive extensors can be represented
as:

Fp = f(E, ε) (1)

where E represents Young‘s modulus of the extensor cable, and
ε represents the strain of the extensor. As Young‘s modulus is
determined by the material of the extensor, the force applied
by the passive extensor is mostly determined by the strain of
the extensor. In previous soft robotic gloves, the tension on the

Fig. 4. (a) Overview of the VSPE adjuster mechanism. (b) Two different states
of the moving key. When the key moves up, the keyhole on the spool, the moving
key, and the keyhole on the bottom surface are connected to each other, and the
rotation of the spool locks. When the key moves down, the moving key does
not contact with the keyhole on the spool, so the spool can rotate with the spool
driver.

passive extensor is often modulated by pre-stretching the cables.
This method can be modeled as:

Fp = f(E, ε) = f(E, (s+ s̃)/L0) (2)

where s denotes the stretched length of the extensor by finger
movements, s̃ denotes the pre-stretched length, and L0 denotes
the initial length of the extensor when tension is zero.

On the other hand, since the VSPE adjuster winds and un-
winds the cable around the spool, it can be perceived as changing
the initial length of the extensor. When the tension is applied,
the portion of the extensor wound around the spool will not
be elongated due to the friction between the extensor and the
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spool. This non-participant portion can be assumed to be fixed
to the spool and has the same effect of decreasing the length of
the spring (extensor). Therefore, although the tendon stretched
from L0 to L0 + s̃, this non-participant portion of the extensor
decreases the initial length of the extensor from L0 to l0(s̃),
making the force on the passive extensor as

Fp = f(E, ε) = f(E, (lw(s̃)− l0(s̃) + s)/l0(s̃)) (3)

where lw(s̃) is the stretched length of the extensor due to wind-
ing. As can be seen in (3), the proposed mechanism changes not
only the length of the spring but also the stiffness of the extensor,
which is different from the previous research and amplifies the
assistance force change.

C. Dual Passive Extensor Tendon Routing

The assistance torque applied to the finger through the robot
is the summation of the torque generated by both the extensor
(τe) and flexor (τf )

τassist = τe + τf (4)

Thus, modifying the direction of either τe or τf can change the
ratio of the assistance torque applied at each joint.

The torque generated by the two passive extensors can be
represented as [26]:

τe = −JT
e (q)Fe =

[
JT
e1
(q) JT

e2
(q)

] [Fe1

Fe2

]
(5)

where Jei(q), Fei denote the Jacobian and tension of the ith

extensor, respectively. To generate various extensor assistance
torque, Je1(q) and Je2(q) should not be parallel. Given that each
component of Jei(q) is the moment arm of the tendon at each
joint, cable height at each joint is designed differently at PE1
and PE2. We have designed the extensors primarily focusing
on the modulating torque ratio between PIP and MCP joints
(τMCP /τPIP ). PE 1 has been designed to have a greater moment
arm at the PIP joint compared to the MCP (h1DIP

= 3 mm,
h1PIP

= 10 mm, h1MCP
= 0.5 mm), so increasing tension on

PE1 will decrease τMCP /τPIP . In contrast, PE 2 has a greater
moment arm at the MCP joint (h2DIP

= 1 mm,h2PIP
= 0.5 mm,

h2MCP
= 10 mm) and increasing tension of PE2 will increase

τMCP /τPIP . Therefore, the robot can generate either higher PIP
extension assistance by increasing PE1 engagement (e.g. stroke
patients with high PIP joint stiffness) or higher MCP extension
assistance by tensioning PE2 more (e.g. individuals with flexed
MCP joint). The height of each extensor is designed to minimize
the overall height of the glove while covering the joint stiffness
variation of the PIP and MCP joint (0.75 ≤ kMCP /kPIP ≤ 2
in [5]). By designing the tendon path of PE1 and PE2 as above,
changing the tension of each passive extensor can alter not only
the magnitude but also the direction of τe, and consequently,
the ratio of assistance torque by the robot without increasing the
number of actuators.

III. EXPERIMENTS

A. Variable Stiffness Passive Extensor Adjuster

The performance of the VSPE adjuster has been verified by
demonstrating how the tension-elongation curve of the extensor
varies depending on the number of windings around the spool.
Tensile tests have been obtained using a linear stepper motor

Fig. 5. Experiment setup for measuring assistance torque modulation. A finger
mockup with force sensors embedded in each phalange is covered with a finger
glove.

(FSL40, FUYU, China). The initial length of the passive exten-
sor was set as 200 mm, and the passive extensor connected to
the adjuster was pulled 100 mm. Six different winding states
were tested (0, 1, 2, 3, 4, 5 times), and each trial was repeated
five times. Before each trial, the initial length of the tensile
machine was set as the tension generated by the extensor was
under 0.05 N.

B. Dual Passive Extensor

We investigated whether the proposed dual passive extensor
tendon routing is able to deliver various torque ratios to each fin-
ger joint. Both simulation and experiment have been conducted
to show how the torque applied to each joint changes according
to the state of the passive extensor, especially at the PIP and
MCP joints. The indexes of the performance of the dual passive
extensors were set as the torque proportion applied to the PIP and
MCP joints (τpropPIP , τpropMCP ), and the torque ratio between the PIP
and MCP joints (τMCP /τPIP ). The proportion of the assistance
torque at each joint is defined as the ratio of the assistance torque
at the target joint to the magnitude of the torque vector torque at
the whole finger joints (τtarget/|τwhole|).

Experiments have been conducted using a finger mockup
(Fig. 5) to show the torque modulation performance of the dual
passive extensor. The joint radii of the mockup were set as 8 mm,
10 mm, and 12.5 mm at the DIP, PIP, and MCP joints, and
the length of each phalange is 23 mm, 28 mm, and 43 mm
respectively (from distal to proximal). The joints were designed
using steel pins and ball bearings. A bar is attached at the
proximal side of each phalange and protrudes along the proximal
direction. As the torque is applied, the bar pushes the force sensor
(Singletact, U.K.) located at the next phalange, changing the
applied torque to the linear compression force. Given that the
length of each bar is identical at all phalanges, the torque ratio
at each joint can be assumed to be the same as the ratio between
measured force at each force sensor. Three different configu-
rations have been selected for experiments: one ordinary con-
figuration (q = (qDIP , qPIP , qMCP ) = (π/6, π/6, π/6)), and
two extreme configurations (q = (0, π/2, 0), (0, 0, π/2)). To
demonstrate the glove’s ability to change the torque ratio, each
VSPE adjuster winds the extensor 0–5 times. Six trials have been
conducted for each extensor combination. Each passive extensor
was stretched over 10 times beyond 100 % of its initial length
before starting the experiment considering the cyclic softening of
the TPU cord, and the data was recorded after the force reached
a saturated state.
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TABLE I
NUMBER OF WINDINGS OF EACH PASSIVE EXTENSOR

The simulation used a 2D quasi-static kinematic model of
the finger-glove system. The geometry of the simulated finger
and glove are the same as the one used in the mockup experi-
ments. The elongation-tension relationship is derived from the
measurements. The routing paths of extensor cables were set to
be identical to those of the proposed extensors in the robot. The
initial length of each passive extensor was set as 200 mm. The
simulation was conducted using Matlab software (MathWorks,
USA).

C. Glove Performance

The robotic glove has been applied to three healthy partic-
ipants with no known impairments and one SCI participant
with quadriplegia who cannot move fingers voluntarily to verify
its performance. The experimental protocol obtained approval
from the institutional review boards at Seoul National University
(IRB No.2307/003-006), and each participant provided written
informed consent before participating. The experiment was de-
signed to be immediately stopped if participants complained
about severe discomfort or pain.

Two scenarios have been devised considering the situation
where the glove could be used. The first scenario simulated the
execution of Continuous Passive Motion (CPM) exercises by
the robotic glove (CPM scenario). The glove passively flexed
and extended the index finger of each user using both passive
extensors and an active flexor. Before starting the experiments,
the excursion length of the flexor was set for each individual.
During the experiments, the closed-loop position control was
applied to move the flexor from the initial position to the de-
termined length.The second scenario was designed to simulate
active finger rehabilitation for people with spasticity or dystonia
in finger flexors (Active finger rehabilitation scenario). Such
individuals often struggle to perform finger extension or desired
hand movement due to the higher tone on the flexor. Thus,
providing adequate assistance on the extension could enhance
the hand function. Therefore, to see whether the glove could
generate various hand motions while cooperating with the sub-
jects, only passive extensors exerted assistance onto the finger,
and the flexor was kept slack during the scenario. The second
scenario was conducted by only the healthy participants as an
SCI participant cannot move the finger voluntarily.

Prior to the experiment, each participant was equipped with
a well-fitted glove for their right hand. For healthy participants,
two EMG sensors (Trigno, Delsys, USA) have been applied on
the forearm to monitor the activities of the participants. They
were then instructed about the correct upper limb posture to
maintain during the experiments, consisting of a neutral wrist
and forearm position.

The first experiment, aiming to replicate a CPM exercise,
required participants to remain relaxed for the duration and the
activation of the finger muscles has been monitored through
EMG sensors. A unique combination of passive extensors, as
listed in Table I, was chosen and assigned to the glove differently
for each iteration. The active flexor then operated to pull and

Fig. 6. Elongation and tension relationship at six different winding states of
the passive extensor. The solid line represents the average value of the tension
measured in the same elongation at each winding, and the standard deviation of
each data point is represented as shaded areas around the solid line.

release the flexor tendon five times, generating a full flexion
range for the index finger using a Slider-Tendon Linear Actua-
tor [27] with a DC motor (2224B006S, Faulhaber, Swiss). This
process was repeated for all combinations of passive extensors
listed in Table I, where the orders were randomized. After
the first experiment, three healthy participants were asked to
perform the second scenario after a short break. The process
of the experiment is similar to the first one, but participants
were instructed to perform a series of finger flexion movements
with their index finger on their own without considering the
configuration of their fingers.

The performance index is derived from measuring the joint
angle trajectories of the index finger under various passive
extensor combinations, as enumerated in Table I. Joint angles of
the index finger were recorded during the experiments using the
motion capture system (PrimeX 13 W, Optitrack, NaturalPoint,
Inc., USA). Three reflective markers were positioned on each
finger phalange, each set forming the local coordinates for each
phalange. The coordinate of each phalange is defined as follows:
Z axis is aligned with the flexion-extension axis of each joint, X
axis is aligned with the longitudinal axis of the phalange. Each
joint angle was determined using ZYX Euler angles between the
proximal and distal local coordinate systems.

IV. RESULTS

A. Variable Stiffness Passive Extensor Adjuster

Fig. 6 illustrates the tension-elongation relationship of the
passive extensor fixed to the VSPE adjuster. As can be seen in
the graph, the stiffness of the extensor changes depending on
the number of windings of the extensor around the spool. As
the number of windings on the adjuster increases, the tension
applied on the extensor at the same elongation increases, which
means that the stiffness of the extensor increases. Furthermore,
the absence of abrupt tension changes around the graph indicates
that the moving key mechanism effectively maintains the wind-
ing state of the adjuster stably. Consequently, the VSPE adjuster
allows the users to modify the assistance level and stiffness of
the structures easily.
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Fig. 7. Heatmap of the torque ratio from experiments in different configura-
tions. (a) q = (π/6, π/6, π/6) (b) q = (0, π/2, 0) (c) q = (0, 0, π/2).

Fig. 8. Heatmap of the torque proportion and ratio. (a) Simulation results
of the τpropPIP . (b) Experiment results of the τpropPIP . (c) Simulation results of
the τpropMCP . (d) Experiment results of the τpropMCP . (e) Simulation results of the
τMCP /τPIP . (f) Experiment results of the τMCP /τPIP .

B. Dual Passive Extensors

The results of the torque ratio experiment are depicted in
Fig. 7. For more understanding of the torque transmission ratio
changes in dual passive extensors, further analysis of the results
and comparison with the simulation have been conducted on
the ordinary configuration q = (π/6, π/6, π/6), and the results
are plotted in the Fig. 8. To show the tendency more intuitively,
several data points are plotted as a 2D graph (Fig. 9). These data
points correspond to the blue diagonal line in Fig. 8, where the
sum of the winding angle of two spools of the VSPE adjusters
is the same.

Examining the results, we can confirm that the torque ratio
applied to each joint changes according to the state of the
extensors. As we move from left to right in the heatmaps, the
torque corresponding to the PIP joint gradually brightens, while
the torque corresponding to the MCP joint gradually darkens.
This means that as PE 1 (higher moment arm at the PIP) is
wound more and the tension on PE1 becomes stronger, more
torque would be applied on the PIP joint compared to the
MCP. Conversely, as we move from bottom to top, the torque
corresponding to the MCP joint gradually brightens, while the
torque corresponding to the PIP joint gradually darkens. This
means that if PE 2 (higher moment arm at the MCP) is wound
more on the adjuster and the tension applied on PE2 becomes
stronger, the proportion of the MCP torque increases. This

Fig. 9. (a) 2D plot of the torque proportion at each joint. (b) 2D plot of the
torque ratio between PIP joint torque and MCP joint torque when the sum of
total winding times of two extensors is 5 times (blue dotted line in Fig. 8).

tendency can be observed regardless of the joint configuration
(Fig. 7) and is consistent in both experiments and simulations
(Fig. 8). These results show that dual passive tendon routing can
effectively change the torque ratio applied to each joint without
additional actuators. Furthermore, this phenomenon follows the
height (moment arm) differences of the extensors at each joint,
which means that the tendency of change can be predicted based
on the height of the extensor at each joint, allowing therapists
or users to use this system more intuitively.

Some differences exist between the results of the simulation
and the experiment. One of the factors is the friction between the
routers and the extensors. The tension of the extensor decreases
from proximal to distal due to friction on the cable path, which
explains why the DIP torque ratio is somewhat lower in the
experimental value than in the simulation. Additionally, the
stiffness of the glove’s fabric itself might have influenced the
torque applied to each joint in the actual experiment, which
was not considered in the simulation. This factor explains the
difference between the experiments and the simulation results
where the extensor tension is low (in the case of fewer windings
at both extensors). However, the overall trends of the experimen-
tal results and the simulation are similar, and the trend of the
experimental results for the PIP and MCP joint torques follows
the tendency of the simulation results.

C. Glove Performance

The results of the index finger movements of the participants
with the robotic glove are depicted in Fig. 10 (CPM scenario) and
Fig. 11 (Active finger rehabiltation scenario). The movement of
the index finger in the CPM scenario is a movement generated
solely by the robot, without any voluntary movements from the
participants. As can be seen in Fig. 10, the robot can generate
both flexion and extension movements of the finger, even when
applied to diverse individuals. Throughout the experiment, the
discomfort or pain that participants felt was checked periodi-
cally, and none of them complained about it.

A key observation is that finger movements can be modified by
altering the number of windings of each passive extensor on the
adjuster. As VSPE winds PE 1 more (e.g. trial 1), the graph shifts
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Fig. 10. Movement of PIP-MCP joints of index finger during CPM scenario. (a) Finger joints movement of participant 1. (b) Finger joints movement of participant
2. (c) Finger joints movement of participant 3. (d) Finger joint movements of the participants with SCI.

Fig. 11. Movement of PIP-MCP joints of index finger during active grasping rehabilitation scenario. (a) Finger joints movement of participant 1. (b) Finger joints
movement of participant 2. (c) Finger joints movement of participant 3.

towards the upper-left side. This suggests that as the stiffness
and tension of PE 1 increase, the PIP joint is relatively more
extended than the MCP joint during finger flexion and extension.
Conversely, when PE 2 is wound more on the adjuster (e.g.
trial 3), the finger movement tends to be located on the lower-
right side of the graph, which means that the MCP joint is more
extended than the PIP joint during operation. These phenomena
correspond with the moment arm ratios of each extensor and are
consistent with both simulation results and mock-up experiment
results in the previous section.

Another interesting point is that the trends of the movement
are consistent, even if the robot was applied to different partic-
ipants (even with hand disabilities), adjacent fingers interfere
with movements of the index finger (especially at the SCI
participant), or the scenario changes. While hand movements
vary due to individual hand characteristics, the tendency of
each joint movement is similar across the subject. Increasing
assistance through PE1 resulted in a more pronounced extension
movement in PIP while increasing tension on the PE2 led to a
more pronounced extension movement in MCP. Furthermore,
the finger joint movement trend does not stand out only in the
CPM scenario where the robot exclusively drives the finger
movement. It is also prominent in the active finger rehabilitation
scenario where participants actively bend their fingers. This
suggests that the introduced dual passive extensor can provide

necessary assistance in a variety of situations predictably. There-
fore, in real applications, the clinicians or users can customize
the assistance only changing the VSPE of each PE considering
the hand biomechanical properties or residual functions. For
example, if someone needs more assistance in PIP extension,
winding the VSPE adjuster of PE1 more would be an appropriate
approach. Or if someone has higher flexor tone or rigidity on the
MCP joint compared to other joints and thus requires additional
extension assistance on the MCP, making PE2 stiffer by winding
the VSPE spool connected to PE2 more would be a solution.

V. CONCLUSION

This letter introduces a customizable, soft, cable-driven
robotic glove that is designed for people with mild to moderate
hand disabilities. For the robot to adapt to the user’s needs in
various situations, the robot implements a dual passive extensor
mechanism and VSPE adjuster to tune the assistance torque at
each joint. By allocating different moment arm ratios between
joints for each extensor, the assistance torque profile can be
altered by modifying the stiffness and tension of each passive
extensor. Simulations and experiments have confirmed that the
proposed dual passive extensor mechanism can adeptly modu-
late the assistance torque profile without the need for additional
actuators. The robot’s feasibility was demonstrated by applying
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it to individuals across two potential scenarios. The robot suc-
cessfully assisted hand movements and the configuration of the
finger has been adjusted in response to changes in the assistance
torque profile through the extensors. Moreover, as most of the
glove is designed with soft and flexible materials, participants
can get assistance through the robot without experiencing dis-
comfort or pain.

Several areas remain to be addressed in the future. Firstly,
while our current research proposes a method to adjust the
assistance torque profile depending on the situation, a method-
ology to determine optimized parameters for a specific situation
is not fully developed. In future studies, it will be necessary
to develop a customization algorithm capable of identifying
these parameters based on given circumstances. Additionally,
although the participants did not show any discomfort, the
tensioned extensor continuously compressed the finger joint, so
the long-term effects of this compression should be analyzed.
Moreover, the proposed mechanism would be hard to apply to
severely impaired patients, so further research is needed to apply
the robot to more diverse people. Lastly, the robot was tested on
a small number of individuals to show its feasibility, so it should
be applied to a larger and more diverse number of people for
clinical validation.

REFERENCES

[1] D. G. Kamper, “Restoration of hand function in stroke and spinal cord
injury,” Neurorehabilitation Technology. Berlin, Germany: Springer, 2016,
pp. 311–331.

[2] S.-S. Yun, B. B. Kang, and K.-J. Cho, “Exo-glove PM: An easily cus-
tomizable modularized pneumatic assistive glove,” IEEE Robot. Automat.
Lett., vol. 2, no. 3, pp. 1725–1732, Jul. 2017.

[3] L. Cappello et al., “Assisting hand function after spinal cord injury with
a fabric-based soft robotic glove,” J. Neuroeng. Rehabil., vol. 15, no. 1,
pp. 1–10, 2018.

[4] B. B. Kang, H. Choi, H. Lee, and K.-J. Cho, “Exo-glove poly II: A polymer-
based soft wearable robot for the hand with a tendon-driven actuation
system,” Soft Robot., vol. 6, no. 2, pp. 214–227, 2019.

[5] D. H. Kim, Y. Lee, and H.-S. Park, “Bioinspired high-degrees of freedom
soft robotic glove for restoring versatile and comfortable manipulation,”
Soft Robot., vol. 9, no. 4, pp. 734–744, 2022.

[6] T. Bützer, O. Lambercy, J. Arata, and R. Gassert, “Fully wearable actuated
soft exoskeleton for grasping assistance in everyday activities,” Soft Robot.,
vol. 8, no. 2, pp. 128–143, 2021.

[7] P. Tran et al., “FLEXotendon Glove-III: Voice-controlled soft robotic
hand exoskeleton with novel fabrication method and admittance grasping
control,” IEEE/ASME Trans. Mechatron., vol. 27, no. 5, pp. 3920–3931,
Oct. 2022.

[8] T. Bagneschi, D. Chiaradia, G. Righi, G. D. Popolo, A. Frisoli, and D.
Leonardis, “A soft hand exoskeleton with a novel tendon layout to improve
stable wearing in grasping assistance,” IEEE Trans. Haptics, vol. 16, no. 2,
pp. 311–321, Apr.–Jun. 2023.

[9] B. Noronha and D. Accoto, “Exoskeletal devices for hand assistance and
rehabilitation: A comprehensive analysis of state-of-the-art technologies,”
IEEE Trans. Med. Robot. Bionics, vol. 3, no. 2, pp. 525–538, May 2021.

[10] C.-Y. Chu and R. M. Patterson, “Soft robotic devices for hand rehabilitation
and assistance: A narrative review,” J. Neuroeng. Rehabil., vol. 15, no. 1,
pp. 1–14, 2018.

[11] M. Zhu, S. Biswas, S. I. Dinulescu, N. Kastor, E. W. Hawkes, and Y. Visell,
“Soft, wearable robotics and haptics: Technologies, trends, and emerging
applications,” Proc. IEEE Proc., vol. 110, no. 2, pp. 246–272, Feb. 2022.

[12] D. H. Kim, S. W. Lee, and H. S. Park, “Development of a biomimetic
extensor mechanism for restoring normal kinematics of finger movements
post-stroke,” IEEE Trans. Neural Syst. Rehabil. Eng., vol. 27, no. 10,
pp. 2107–2117, Oct. 2019.

[13] S. Park, L. Bishop, T. Post, Y. Xiao, J. Stein, and M. Ciocarlie, “On the
feasibility of wearable exotendon networks for whole-hand movement
patterns in stroke patients,” in Proc. IEEE Int. Conf. Robot. Automat.,
2016, pp. 3729–3735.

[14] C. J. Nycz, T. B. Meier, P. Carvalho, G. Meier, and G. S. Fischer, “Design
criteria for hand exoskeletons: Measurement of forces needed to assist
finger extension in traumatic brain injury patients,” IEEE Robot. Automat.
Lett., vol. 3, no. 4, pp. 3285–3292, Oct. 2018.

[15] F. Scotto di Luzio et al., “Modification of hand muscular synergies in
stroke patients after robot-aided rehabilitation,” Appl. Sci., vol. 12, no. 6,
2022, Art. no. 3146.

[16] S. W. Lee, K. Triandafilou, B. A. Lock, and D. G. Kamper, “Impairment
in task-specific modulation of muscle coordination correlates with the
severity of hand impairment following stroke,” PLoS One, vol. 8, no. 7,
2013, Art. no. e68745.

[17] B. Sheng, J. Zhao, Y. Zhang, S. Xie, and J. Tao, “Commercial device-based
hand rehabilitation systems for stroke patients: State of the art and future
prospects,” Heliyon, vol. 9, 2023, Art. no. e13588.

[18] H. Hoffman, “25 hand exercises for stroke recovery,” Saebo, Accessed:
Aug. 31, 2023. https://www.saebo.com/blog/reclaim-your-dexterity-
with-hand-exercises-for-stroke-recovery/

[19] S. W. Lee, K. A. Landers, and H.-S. Park, “Development of a biomimetic
hand exotendon device (biomHED) for restoration of functional hand
movement post-stroke,” IEEE Trans. Neural Syst. Rehabil. Eng., vol. 22,
no. 4, pp. 886–898, Jul. 2014.

[20] P. Agarwal, J. Fox, Y. Yun, M. K. O’Malley, and A. D. Deshpande, “An
index finger exoskeleton with series elastic actuation for rehabilitation:
Design, control and performance characterization,” Int. J. Robot. Res.,
vol. 34, no. 14, pp. 1747–1772, 2015.

[21] B. C. Vermillion, A. W. Dromerick, and S. W. Lee, “Toward restoration of
normal mechanics of functional hand tasks post-stroke: Subject-specific
approach to reinforce impaired muscle function,” IEEE Trans. Neural Syst.
Rehabil. Eng., vol. 27, no. 8, pp. 1606–1616, Aug. 2019.

[22] K. H. Heung, R. K. Tong, A. T. Lau, and Z. Li, “Robotic glove with
soft-elastic composite actuators for assisting activities of daily living,”
Soft Robot., vol. 6, no. 2, pp. 289–304, 2019.

[23] P. Tran, S. Jeong, S. L. Wolf, and J. P. Desai, “Patient-specific, voice-
controlled, robotic flexotendon glove-ii system for spinal cord injury,”
IEEE Robot. Automat. Lett., vol. 5, no. 2, pp. 898–905, Apr. 2020.

[24] R. Alicea, M. Xiloyannis, D. Chiaradia, M. Barsotti, A. Frisoli, and L.
Masia, “A soft, synergy-based robotic glove for grasping assistance,”
Wearable Technol., vol. 2, p. e4, 2021.

[25] C. B. Park and H.-S. Park, “Portable 3D-printed hand orthosis with spatial
stiffness distribution personalized for assisting grasping in daily living,”
Front. Bioeng. Biotechnol., vol. 11, 2023, Art. no. 895745.

[26] R. Ozawa, H. Kobayashi, and K. Hashirii, “Analysis, classification, and
design of tendon-driven mechanisms,” IEEE Trans. Robot., vol. 30, no. 2,
pp. 396–410, Apr. 2014.

[27] B. Kim, U. Jeong, B. B. Kang, and K.-J. Cho, “Slider-tendon linear ac-
tuator with under-actuation and fast-connection for soft wearable robots,”
IEEE/ASME Trans. Mechatron., vol. 26, no. 6, pp. 2932–2943, Dec. 2021.

Authorized licensed use limited to: Seoul National University. Downloaded on August 23,2024 at 11:09:16 UTC from IEEE Xplore.  Restrictions apply. 

https://www.saebo.com/blog/reclaim-your-dexterity-with-hand-exercises-for-stroke-recovery/
https://www.saebo.com/blog/reclaim-your-dexterity-with-hand-exercises-for-stroke-recovery/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


