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Exo-Glove Pinch: A Soft, Hand-Wearable Robot
Designed Through Constrained Tendon
Routing Analysis

Byungchul Kim", Member, IEEE, Useok Jeong

Abstract—Developing tendon-driven soft hand-wearable robots
requires reducing the actuator counts to manage system complexity
and functionality. Researchers have leveraged the tendons’ in-
herent ability to apply position or force constraints to the joints,
enabling the use of fewer actuators. Considering these constraints
is important as they significantly affect the robot’s motion charac-
teristics such as adaptability and force capability. In this letter, we
introduce the Exo-Glove Pinch, which utilizes two active tendons—
a flexor and an extensor—to assist individuals with spinal cord
injuries (SCI) in performing power grasps (enclosing objects with
adaptable motion) and pinch grasps (applying sufficient contact
force at the fingertip). By co-contracting the flexor and extensor,
the system expands achievable joint torque manifolds, increasing
maximum fingertip force by changing the direction of the contact
force as verified through analysis and simulation. Preliminary
testing with an individual with a spinal cord injury (SCI) suggests
that the proposed robot is a promising solution for assisting in
grasping variously shaped objects with adaptable power grasps
and improving pinch grasp strength, generating fingertip forces
1.36 times greater than the previous actuation strategy.

Index Terms—Tendon/wire mechanism, wearable robotics,
mechanism design, soft robot applications, rehabilitation robotics.
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1. INTRODUCTION

DVANCEMENTS in sensing, actuation, and control tech-
A nologies have significantly expanded the scope of robotic
applications. Among these, soft hand-wearable robots have
emerged to assist individuals with spinal cord injuries (SCI),
stroke, or cerebral palsy, enhancing their quality of life by sup-
porting essential hand functions [1], [2], [3], [4], [5]. For these
robots, usability—affected by size, weight, and complexity—
is just as crucial as performance, emphasizing the need for
comfortable, practical solutions.

To manage system complexity, researchers have focused on
reducing the number of actuators while maintaining perfor-
mance in soft hand-wearable robots. From this perspective,
tendon transmission has become popular due to its ability to
make motions with fewer actuators [6], [7], [8], [9], [10]. How-
ever, unlike fully actuated systems, tendon-driven systems with
fewer actuators face limitations in independently controlling
joint positions or forces. These design approaches introduce
constraints that cause adaptability issues (Fig. 1(a)) [11] and
fingertip force capability issues (Fig. 1(b)) [12].

While increasing the number of actuators could alleviate
these limitations, the challenge lies in finding the right balance
between reducing actuators and ensuring appropriate motion
capabilities. However, most prior work has concentrated on
minimizing actuator numbers, often neglecting issues such as
adaptability and fingertip force capabilities.

In this letter, we introduce the Exo-Glove Pinch, a soft hand-
wearable robot designed to assist with two essential grasps:
power grasp, which encloses objects through adaptable motions
to create multiple contact points, and pinch grasp, which gen-
erates a perpendicular force on the contact plane with sufficient
force capabilities. The robot achieves these motions through
co-contractions of two tendons: a flexor, and an extensor. Further
analysis and simulations validate that this tendon configuration
enables adaptable movements with sufficient force capabilities.
In a case study with an individual with a SCI, it demonstrated
the ability to assist in grasping diverse objects with adaptable
power grasps and to enhance pinch grasp strength, generating
fingertip forces 1.36 times greater than the previous actuation
strategy.

II. PREVIOUS WORKS
Constrained Tendon Routing:' The underlying principle be-
hind reducing the number of actuators is constraining the

'Readers may be more familiar with a term under-actuated tendon rout-
ing [13], [14] rather than constrained tendon routing. However, we use a term
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Addressing adaptability and force capability issues in robots with fewer actuators. (a) Position constraints at the joints lead to adaptability issue—when

Link?2 is blocked, Link1 cannot move under this constraint type; force constraints should be used to solve this issue as will be explained in section 2. (b) Force
constraints raise force capability issues—Ilimited control over fingertip force direction may cause objects to slip from the hand. (c) These issues arise from the
constraints applied by the tendon, which is inherent in designs with fewer actuators. (d) The proposed robot only applies force constraints, allowing adaptable
power grasp (upper images) and adaptable pinch grasp (lower images). (e) Co-contraction of the flexion and extension tendons prevents slippage and generates
sufficient fingertip force. The upper images show slipping when only the flexor is used, while the lower images show the finger not slipping against the force sensor

with co-contraction of the tendons.

joints [15]. When the actuator pulls tendons with a motor, each
tendon length is predetermined causing position constraints. If
the actuator pulls a single tendon that passes multiple joints, the
tendon imposes force constraints on the joints as the tension
remains the same in the tendon (Fig. 1(c)). From this per-
spective, we can categorize tendon routings for fewer actuator
use into position-constrained tendon routings (PTR) or force-
constrained tendon routing (FTR) depending on constraints
applied to the joints. These routings have shown different motion
characteristics as they apply different types of constraints to
the joints. This letter aims to develop a soft hand-wearable
robot by thoroughly understanding these routings, referred to
as constrained tendon routing.

Force-constrained Tendon Routing: An intuitive example of
this routing is a routing that pulls serially connected joints with a
single tendon. The tension remains the same within the tendon,
so the force applied to the joints is the same. These routings
are known by various names, including under-actuated tendon
routing [13], [14], tendon transmission with series transmission
matrix [16], differential mechanism [17], [18], and adaptive
synergy [19].

Robots using FTR generate unique motion pattern, known as
adaptable motion, when interacting with the external environ-
ment. This pattern is useful in applications related to grasping
motion by increasing the number of contact points [20], [21].

constrained tendon routing to encompass a broader range of tendon routings.
Under our definition, under-actuated tendon routing falls within the category
of FTR since it imposes force constraints on the joints. In contrast, constrained
tendon routing, which includes both FTR and PTR, captures a wider spectrum of
tendon routing approaches with fewer actuators. It would be also inaccurate to
categorize PTR as under-actuated tendon routing, because PTR directly reduces
the system’s degrees of freedom (DOF) rather than utilizing the redundant DOFs.

Therefore FTR has been used in robotic gripper, prosthetic hand,
and hand-wearable robots. However, these routings require care-
ful consideration of achievable torque manifolds because joint
torque is not fully controllable [15]. The limited manifold may
induce the lack of force capability.

Position-constrained Tendon Routing: Another routing
method pulls multiple tendons with an actuator. This routing,
known as postural synergy [6], [19] or branch tendon [22], is
inspired by patterns of human movement [23]. These constraints
are implemented by pulling multiple tendons with a set of
spools connected in parallel [6], [19] or tying them into a single
tendon [22]. This routing has benefits in controlling joint angles
as the excursion length of each tendon can be strictly defined
from the radii of motor spools.

Application to single/multi fingered robot: In practical ap-
plications, researchers have preferred FTR over PTR when
applying it to the robots with single-finger due to its simplicity
and effectiveness-i.e., FTR is easily implemented by pulling a
tendon that passes through the joints and also enable the robotic
system to generate adaptable motions.

For multi-finger setups, two distinct approaches have been
used. The first approach actuates all joints across the fingers
using a single tendon, similar to the FTR method. Therefore,
the tendon imposes force constraints on all joints within in-
dividual fingers and between fingers. We term this routing as
Force-Force-constrained Tendon Routing (F-FTR) in alignment
with other nomenclatures used in this letter as it enforces
force constraints both within and across fingers. F-FTR can
be implemented by using various design methods including
movable pulleys [24], fixed pulleys at the end of linkages
(known as augmented adaptive synergy [19], [25] or soft ten-
don routing [13]), and specific actuation modules [26], [27].
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However, these approaches have suffered from practical issues
such as size, friction, and elongation issues due to the complex
tendon routings [28]. Recently, a method of combining both
fixed pulleys and remote mechanisms, known as Dual-Tendon
Routing, has been proposed to overcome the above practical
issues [28].

The second approach increases the number of tendons actu-
ated by a motor, akin to methods used in PTR. Each tendon
only actuates the joints of a single finger, while the system
can actuate multiple fingers by pulling multiple tendons with a
motor. This routing is referred to as Position-Force-constrained
Tendon Routing (P-FTR) in this letter, as it enforces force
constraints within joints in each finger while introducing po-
sition constraints across fingers. P-FTR has garnered interest
because it allows for the actuation of multiple fingers without
complicating tendon routing, merely by adding more tendons.
However, P-FTR limits the adaptability of motion due to the
additional position constraints imposed across the system.

P-FTR can be used to make bidirectional motion [3], [29],
[30] or to make motions of multiple fingers [9], [10], [31]. In
some cases, researchers have even developed their robot to make
the bi-directional motion of multiple fingers using only a single
motor with this routing [6].

Distinction from Prior Work: Our prior works [3], [13], [28]
primarily focused on generating adaptable grasp postures using
under-actuated tendon routing, particularly for power grasps.
More recent studies [5], [32] introduced diverse thumb postures
using additional actuators or position constraints, but contin-
ued to emphasize posture generation over stable contact force
application.

In contrast, the present work enhances contact force after
posture formation through co-contraction of flexor and exten-
sor tendons, validated in both simulation and real-robot ex-
periments. This enables both power and pinch grasps without
increasing system complexity, offering improved versatility and
grasp stability beyond prior efforts.

Extension tendon for grasp stabilization: Biomechanical
studies on human hand motion have revealed an interesting ob-
servation that humans use extensors to stabilize their grasps [33].
This observation provides us with a hypothesis that we can also
develop the robot to stabilize the grasp with an extensor. The
Exo-Glove Pinch is developed from this hypothesis as it was
proven by our analysis and simulations.

III. ANALYSIS ON CONSTRAINED TENDON ROUTING

This section presents an analysis to help understanding the
actuation characteristics of constrained tendon routing to use
them when developing the robot. It starts by defining the tendon
Jacobian [14], [16], which represents the relationship between
the joint and the actuator position as

i=Jq+RH (1)

where,1 € R™1, J; € RN q € RV*L, R € R™™,and 6 €
R™>*! are the tendon length, tendon jacobian, joint angle, radius
of the motor spool, and motor displacement, respectively. n,
N, and m are the number of tendons, the number of joints, and
the number of motors, respectively. We assume that m is smaller
than IV, as this letter focuses on methods for reducing the number
of motors.
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A. Adaptability

The robot with FTR has fewer tendons than the number of
joints. Therefore, the tendon Jacobian in (1) has a null space.
Consequently, the infinitesimal change in joint angle (dq) is
defined as

dq = J;'Rd0 + aN(J;) )

where N(A) and AT represent null space and pseudo-inverse
of the matrix A, respectively. « is arbitrary real number that
represents span of the null-space and it is determined by the
contact torque applied by the external environment [14].
Therefore, the postures of robots using FTR are not fully
defined by motor positions. While this may poses challenges in
certain scenarios, researchers have found clever ways to leverage
the existence of null space. They have used this null space to
create a unique motion pattern known as adaptable motion when
interacting with the external environment. For instance, joints
can continue to move even if other joints are blocked thanks
to the null space of the jacobian (Fig. 1(b)). This adaptability
is particularly beneficial in robotic grasping, where it helps
increase the number of contact points between the robot and
the object, leading to a more stable grasp with force closure.
However, the system using PTR is not adaptable to the external
environment because the null space of the tendon Jacobian does
not exist. Therefore, all joint angles are strictly determined by
motor displacement, and remain unaffected by external forces.
In contrast, the robots using FTR face challenges in achieving
precise postures since joint positions are governed by force
equilibrium. Consequently, they are highly affected by external
forces such as friction and gravity. PTR, on the other hand, en-
ables the robot to create accurate posture due to the well-defined
kinematic relationship between actuator position and joint angle.

B. Force Capability

Adaptability in robots can be thought of as their ability to
adjust the motions in response to external environments. How-
ever, this characteristic does not always produce the desired
outcome. For instance, when grasping flat, cube-shaped objects
(e.g., books, tablets, plates, trays, laptops), increasing tendon
tension may not stabilize a grasp by either creating adaptive
motion or increasing contact force. Instead, the increased tension
could cause the object to slip out of the hand (Fig. 1(e)). The
capacity to generate sufficient contact force without slipping is
known as force capability [34].

To increase the contact force without slipping, it’s important
to consider the direction of the contact force. The force must be
directed within the friction cone to prevent sliding on the object.
However, in systems with fewer actuators, controlling the force
direction becomes challenging due to the limited controllability.
For instance, when using a tendon to actuate two joints, the joint
torques can be expressed as

TT:JJTT

=[nT 1]’ 3)

Consequently, it may not always be possible to generate the
exact joint torque required to direct the contact force within the
friction cone.

Force capability can also be understood through a achievable
torque manifold, representing a set of joint torques the robot can
generate in torque space. When only a single flexor is used, as
inferred from (3), the manifold is expressed as a straight line
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Fig. 2. Achievable torque manifolds in joint torque space. (a) shows the
mechanically achievable torque manifold when using a single flexor, while (b)
shows the torque manifold (blue region) achievable with both a flexor and an
extensor.

in the joint torque space (Fig. 2(a)). If the joint torque, to keep
the contact force within the friction cone, does not lie on this
realizable torque manifold (straight line in this case), the grasp
may become unstable.

The issue of insufficient force capability may be addressed
by optimizing the design parameters of the robot [15]. However,
this approach is not suitable in tendon-driven soft hand-wearable
robot (TSHR) for the following reasons: 1) estimating appropri-
ate contact points—key parameters in optimization—is chal-
lenging as the user, not the robot, controls the arm’s movement
toward the object; 2) even if the design parameters are optimized
under certain assumptions, the results may not be effective
in wearable robots since joint stiffness fluctuates with wrist
position, which the robot cannot control.

IV. METHODS

A. Exo-Glove Pinch Development

The analysis in section III provides insights into improving
TSHR. As shown in Fig. 2, using both flexor (which assists in
flexing the fingers by applying positive joint torque) and extensor
(which assists in extending the fingers by applying negative joint
torque) significantly expands the achievable torque manifolds.
Based on this insight, we developed an improved version of
the Exo-Glove [13], incorporating two tendons to enhance the
robot’s force capability (Fig. 1(e)).

Section III-A demonstrates that removing position constraints
is beneficial for achieving adaptable motions. For this reason,
we used F-FTR to route the extensor, whereas our previous
design used P-FTR. In our earlier development [13], we pre-
ferred P-FTR as the extensor was not used during grasp; it was
only used to return the hand to fully extended posture and the
position constraint improved posture accuracy at that moment.
However, in the current design, where the extensor is used even
during grasping, we opted for F-FTR to enhance adaptability.
Accordingly, the robot can assist with adaptable power grasps
(upper images of Fig. 1(d)) and adaptable pinch grasps (lower
images of Fig. 1(d)).

Building on the tendon routing strategies obtained from the
analysis, the Exo-Glove Pinch is developed with practical de-
sign features as follows. It is designed to actively assist the
index/middle fingers (using F-FTR) as this approach has been
proven to be beneficial for assisting individuals with SCI [3].
Both flexor and extensor are actuated by Slider-Tendon Lin-
ear actuators [26] that are located away from the glove using
Bowden cable to simplify the wearing part. For flexor routing
(Fig. 3(f)), Dual-Tendon Routing [28], a variant of F-FTR, is

implemented as it a_Pepli_es low friction and elonﬁation at the
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tendon compared to other F-FTR methods. Conversely, extensor
routing (Fig. 3(g)) employs F-FTR with a remotely located
actuator [26], chosen for its simplicity in implementation. While
this routing may cause issues under high-tension actuation due
to elongation, this is not a concern for the extensor as it operates
under low tension [28].

A passive thumb fixation unit (red boundaries in Fig. 3)
was fabricated using thermoplastic fabric as its benefits have
been proved in our previous works [3]. Furthermore, metal
routers (green boundaries in Fig. 3) are used in place of soft
routers, providing greater actuation stability [35]. This approach
addresses the potential deformation of routing caused by the
co-contraction of tendons.

B. Simulation Conditions for the Validation

1) Model Definition: We developed a TSHR model for the
simulation with following simplifications: 1) The glove is as-
sumed to be tightly attached to the user’s body; 2) The ring
and little fingers are excluded, as they are not actuated in the
proposed robot; 3) The thumb is fixed in a specific position,
reflecting its fixed state in our robot; 4) The finger sizes are based
on measurements from our experimental participant and 5) The
mass and joint stiffness of the fingers are defined according to
previous biomechanics studies [36], [37]. The simulation was
conducted using MuJoCo, a widely used platform that supports
tendon-driven actuation [38].

2) Simulation Condition - Adaptability: The first simula-
tion examines how position/force constraints affect adaptability
when grasping objects of varying sizes and shapes. Here, F-FTR
and P-FTR are validated, as they are the major routings used in
TSHRs. We simulated two key metrics: 1) the number of contact
points and 2) the scalar sum of the contact force at these points.
This is because they are closely related to the grasp stability and
the force closure [39], [40].

We used only sphere and cylinder shapes, omitting the cube
shape structure. This is because the contact at the vertices
or edges became unstable when applying position constraints
between tendons; the constraints were implemented using Mu-
JoCo’s internal function. In addition to the basic structures, we
combined them to create more complex structures, resulting in
6 objects (Fig. 4(a)—(f)) for the simulation.

3) Simulation Condition - Force Capability: Previous anal-
yses show that FTRs may experience unstable grasp due to the
limited force capability. This usually happens when grasping
cube-shaped objects with some ranges of thickness as explained
in section III-B. Our solution is using an extensor in grasping
because it sufficiently expands the achievable torque manifold.
Therefore, we simulated how extensor control can enhance the
force capability by using two robots: a robot that only pulls
the flexor and a robot that also sets the extensor’s tension to be
85% of the flexor’s tension. This ratio was chosen after testing
different ratios through the simulation and selecting the one
that maximized the contact force. The maximum contact force
was measured when the robots grasped the box (Fig. 4(g)) with
different thicknesses (increasing in 5 mm increments from 10 to
70 mm). Since we didn’t simulate P-FTR, simulating with the
box shape didn’t cause issues.

4) Simulation Condition - Grasp Performance: The pro-
posed robot’s ability to assist with power and pinch grasps allows
users to select the appropriate grasp based on an object’s size
and shape. If the hand can fully enclose an object, a power
grasp provides greater contact points, enhancing grasp stability.

Conversely, for flat, cube-shaped objects, a pulp pinch grasp is
'¥4:59 UTC from IEEE Xp?ore. Re]strictions gpplg/). p grasp
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Extensor

Actuator

Exo-Glove Pinch designed to assist with power grasp, enabling object enclosure through adaptable motions, and pinch grasp, providing sufficient contact

force via tendon co-contraction. (a) and (b) show the overall view of the robot; (c) and (d) show the flexor and extensor tendon routing, respectively. (e) shows the
actuator used for the robot. Tendon is connected to the actuator through the Bowden cable. The red boundaries highlight the thumb fixation unit, which stabilizes
the thumb passively; green boundaries indicate the metal routers ensuring stable extensor routing. (f) and (g) provide schematic representations of the robot. In
practical use, the thumb is fixed in the opposition position using the fixation unit as shown in (a) and (b); however, in the schematic, it is shown in a repositioned
state for better visualization of other components. The letter ‘M’ in the actuator means movable pulley.

(a) (b) ‘ () @ I
(d)' (e) ) I l:

Fig.4. Objects used for simulation. (a)—(f) are used for adaptability simulation
and named as Objl-Obj6, respectively, in the paper. (g) show cube-shaped
objects (a total of 13 objects) used for force capability simulation. The thickness
ranges from 10 mm to 70 mm in 5 mm increments.

more effective, as it applies opposing directional forces between
the thumb and other fingers.

To further validate the Exo-Glove Pinch’s effectiveness in as-
sisting both grasp types, we evaluated its performance across 19
objects—the same set used in adaptability and force capability
tests—using two key performance metrics: resistance to external
impact perturbations, which assesses dynamic grasp stability,
and the ability to lift heavy objects, which evaluates quasi-static
grasp strength.

The first metric quantifies how well the grasp maintains sta-
bility under sudden impacts. To evaluate this, an external force
of 100 N was applied for 0.5 seconds in the +z, £y, and +=2
directions except for the —z direction because the presence of
the ground at z = 0 prevented meaningful assessment. Grasp
stability, Sqynamic, is defined as

denamic = FAT/d (4)
where F', AT, and d represent impact force, impact duration,
and displacement, respectively. The object’s displacement was
measured by comparing its position before and after impact.
The final grasp stability score was obtained by averaging results
across five impact directions.

The second metric evaluates the system’s static grasp stability

by measuring its ca acit_é/ to sustain high forces under prolonged
Authorized litensed use limited to: MIT. Downloaded on Al

Force
sensor

Linear guide

Fig. 5. Experimental setup to measure the force capability. A force sensor
measures fingertip force, while a wrist fixing part prevents unwanted voluntary
motion of the participant.

loading. To assess this, a virtual force was applied in the +z di-
rection and gradually increased until the object exhibited signif-
icant displacement. The force at which the object’s z-directional
displacement exceeded half its height was recorded as the static
grasp stability metric (Sstqzic); although the gravity direction is
—z, we used +z directional force as there was a ground plane
atz = 0.

C. Real-World Experiment Condition

An experiment was conducted with an individual with a SCI
(male, C5-6 injured, 39 years old) who was unable to move his
hands, to assess whether the robot can assist in grasping with
better force capability. All procedures were approved by the
Institutional Review Board of SNU (IRB No. 22014/001-004).
Using the experimental setup shown in Fig. 5, we measured fin-
gertip force with a single-axis force sensor (333FB Cell, Ktoyo
Co., Ltd., Korea) during the robot’s assistance in two different
modes. The participant’s wrist was fixed to the fixation unit that
can move horizontally, preventing any unintended forces from
wrist motion. The passive thumb fixation unit was removed in
this setup to avoid interference.

The experiments are conducted 10 times with extensor control
and 10 times without it. During the trials with extensor control,
the tension of the extensor was consistently maintained at 5 N by

ust 29,2025 at 00:54:59 UTC from IEEE Xplore. Restrictionis apply.
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TABLE I
SIMULATION RESULT MEASURING THE ADAPTABILITY OF THE MOTION

Objl Obj2 Obj3 Obj4 ObjS Obj6
Contact P-FTR | 4 5 4 3 4 4
points (#) | F-FTR | 6 6 8 5 5 5
Contact P-FTR | 143.6 2183 163.0 1004 139.2 117.5
Force (N) | F-FTR | 338.6 629.5 517.2 537.5 396.1 358.3
500 Max Contact Force by Object Thicknesses
—&— With Extensor Control
—— Without Extensor Control
400
5 326.93 N
M
Y 300
e
g
=
8 200
)
=
100 4 ////4
0 T

T T T T

T T
10 20 30 40 50 60 70
Object Thicknesses (mm)

Fig. 6. Simulation results for the force capability. Maximum contact force is
measured to validate the force capability. Each dotted line shows the average
results from different object sizes.

controlling the motor. This tension level was chosen heuristically
through several experiments, as it showed better results than our
initial modeling, which did not fully account for complex friction
forces.

V. RESULTS

A. Adaptability and Force Capability Validation in Simulation

Table I illustrates the differences in adaptability between
the robot with P-FTR and that with F-FTR. The P-FTR robot
achieves an average of 4 contact points with a contact force of
147.0 N, whereas the F-FTR robot achieves 5.8 contact points
with a contact force of 462.9 N. We can find that F-FTR achieves
more contact points and a higher contact force.

Fig. 6 shows the maximum contact force measured when
grasping cube-shaped objects of varying thickness under two dif-
ferent controls. The results indicate that extensor co-contraction
increases the contact force by 361.05% compared to the case
without it. This phenomenon can be explained by differences in
grasping postures: with co-contraction, the robot achieves pulp
pinch postures (Fig. 7(a)) [41], [42], whereas, without it, the
robot creates power grasp postures (Fig. 7(b)). From the torque
manifold perspective, when only the flexor is actuated, the robot
can generate only positive torque at all joints, similar to Fig. 2(a).
In contrast, co-contraction expands the manifold, allowing the
robot to apply positive torque to MCP joints while maintaining
negative (or zero) torques at other joints.

For cube-shaped objects, achieving a pulp pinch posture
(Fig. 7(c)) aligns the fingertip force of the index/middle fingers
with that of the thumb, preventing slip and ensuring a stable
grasp. However, when only the flexor is used, simultaneous
finger joint rotation (Fig. 7(d)) causes the fingers to slide along
the object’s surface, limiting sufficient contact force.
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Fig. 7. Grasping with/without extensor co-contraction. (a) and (b) show how
the joint moves with and without co-contraction, respectively. (c) and (d) show
how the hand grasps the object (that has 50 mm thickness) with and without
co-contraction, respectively. Blue arrows at the figures represent the contact
force.

B. Grasp Performance in Simulation

Fig. 8 demonstrates the effectiveness of Exo-Glove Pinch
in assisting both power and pinch grasps. When grasping
objects 1-6 (used in adaptability test) the power grasp showed
greater stability, with dynamic stability improving by 344.55%
and static stability by 366.45%. Conversely, for cube-shaped
objects, the pinch grasp outperformed the power grasp, achiev-
ing a 1496.15% increase in dynamic stability, and a 323.76%
improvement in static stability.

C. Real-World Experiment Results

Fig. 9 illustrates the impact of extensor control on fingertip
force. We observed that, without extensor control (w.o. EC),
the fingers tended to slip off the force sensors. However, when
both tendons were controlled (w. EC), the fingers maintained
their position and did not slip. Without extensor control, the
maximum fingertip force was only 6.22 N; with the extensor
control, the maximum fingertip force increased by 136.01% to
14.68 N. This is evident in Fig. 9(b)-without extensor control,
the tendon displacement continuously increases as the fingertip
slips, eventually causing the fingertip force to drop to zero as the
finger completely loses contact with the sensor. In contrast, with
extensor control, the tendon displacement and fingertip force
converge to certain values.

We believe that the qualitative feedback from disabled
people on their experience with the robots is also important
in wearable robot research. According to the person with a
SCI participated in the experiment, co-contraction (described
as pulling the fingers toward the back of the hand by the
participant) increased the pressing force applied to the
object and made the contact force feel stronger compared
to when the fingers were not pulled back. Please check our
https://sites.google.com/view/constrained-tendon-routings/3-
exo-glove-pinch?authuser=0#h.yjonkpw 1 xuo4 website
(section 3.3) for the interview video.
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(b) Dynamic and Static Grasp Stability by Object Number
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Dynamic and static grasp stability when assisting with two different grasp modes. (a) results when grasping the objects used in the force-capability test

and (b) results when grasping the objects used in the adaptability test. In this simulation, pinch and power grasps are made with and without extensor co-contraction,
respectively. The indicators for dynamic and static stability are defined in section IV-B.4.
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Effects of extensor control on pinch force assistance. (a) Fingertip force over time with and without extensor control. The experiments were conducted 10

times for each condition. Shaded regions show the standard deviation. (b) Tendon displacement and fingertip force over time for a single experiment, illustrating
the differences between the experiments with extensor control (w. EC) and experiments without extensor control (w.o. EC).

VI. DISCUSSION AND CONCLUSION

This letter proposes the Exo-Glove Pinch developed for in-
dividuals with SCI, developed through the understanding of the
constrained tendon routings. Building on our previous robots [3],
[28] designed solely for assisting power grasps, the proposed
robot introduces two key improvements informed by our sim-
ulation results (Section V-A). First, we replaced P-FTR with
F-FTR for extensor routing to enhance motion adaptability dur-
ing grasping. The robot with F-FTR setup yielded more contact
points than the P-FTR setup, thereby increasing the potential
for more stable grasps through improved force closure. Second,
the robot assists both power and pinch grasps by leveraging
the co-contraction of flexor and extensor. This strategy im-
proves versatility in grasping various object shapes and tasks by
exploiting their respective strengths (Fig. 8).

Since the torque generated by the extensor opposes that of the
flexor, co-contraction effects may seem counterintuitive. How-
ever, extensor tension can help align the contact force within the
friction cone, allowing the finger to exert force more normally
to the surface without slipping. This can also be understood
through finger kinematics. In our robot, the flexor’s moment
arm at the metacarpophalangeal (MCP) joint is designed to be
larger than that of the extensor, while both tendons have similar

moment arms at the other joints. This design strategy allows
the co-contraction to flex only the MCP joint while keeping
other joints straight, therefore the hand can apply force more
normally to the surface (Fig. 7). As a result, the fingers maintain
better contact, reducing slippage and enabling the application of
greater force.

The hand taxonomy in biomechanic study classifies the grasp
posture into the power grasp and the precision grasp [43]. Since
grasps in two categories have different purposes and character-
istics, it may be beneficial to assist at least two grasp postures
(one in the power grasp and one in the precision grasp). From
this perspective, we believe Exo-Glove Pinch can improve the
users’ quality of life by expanding the tasks they can do with their
hands as it provides assistance for one grasp in each category.

This study lacks a proper control method for the extensor,
primarily due to the difficulty of accurately modeling human-
robot interaction given the variability in human body properties.
In addition, the experimental validation was limited to a single
case study involving an individual with a SCI, which constrains
the generalizability of the findings. Future work will focus
on developing human-in-the-loop optimization strategies for
extensor control and expanding the participant pool to evaluate
performance across a broader range of users, and addressing
grasp variability to better reflect real-world use cases.
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We believe that this work will be a good guideline when build-
ing a tendon-driven hand-wearable robot with fewer actuators.
With an in-depth understanding of constraints applied to the
joints by the tendons, researchers will be able to develop their
robots to have proper motion characteristics.
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