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Abstract—1In this paper, we present a soft robotic hand
structure capable of enhancing object grasp retention force and
achieving stable object grasping under teleoperation without
haptic feedback. The soft robotic hand consists of a hand
skeleton equipped with a soft glove device actuated by extra-thin
McKibben artificial muscles. In this paper, a particle layer was
integrated into the hand skeleton, and the jamming transition
was implemented by applying a vacuum to this particle layer.
The jamming transition increases the driving force required to
actuate the fingers of the hand skeleton, thereby improving
the object grasp retention force of the soft robotic hand.
Finally, as a demonstration, teleoperation was performed using
leader—follower control without haptic feedback. The results
show that activating the jamming transition after grasping an
object enables the hand to maintain a stable grasp regardless
of the leader’s posture.

I. INTRODUCTION

Recently, increasing attention has been paid to robotic
hands that mimic the human hand [1] [2]. Such robotic
hands have five fingers, similar to the human hand, and
are capable of multi-degree-of-freedom actuation. Therefore,
they are expected to be utilized in applications such as
teleoperation, where the movements of a human hand are
transmitted to a remote location [3] [4]. Robotic hands used
for teleoperation are generally hard robotic hands equipped
with motors or exoskeletons, but due to their rigidity, the
range of objects that can be grasped and manipulated is
limited. Consequently, in recent years, soft robotic hands
actuated by soft actuators have been developed [5] [6]. Soft
robotic hands have the advantages of flexibility and light
weight, making them well suited for handling fragile objects
and for safe contact with humans [7]. However, because soft
robotic hands have high backdrivability, they exhibit low
output force, resulting in small object grasping forces [8].
Therefore, to improve the practicality of soft robotic hands,
it is necessary to enhance their object grasping force.

Our research group has also been conducting studies on a
newly designed soft robotic hand structure [9].This structure
consists of a soft glove device driven by soft actuators
and incorporating a hand skeleton inside. By altering the
characteristics of the soft glove device and the hand skele-
ton according to the application, it is possible to change
the performance of the soft robotic hand, providing high
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Fig. 1: Structure of Soft Robotic Hand : Composed by
mounting a soft glove device onto a hand skeleton

adaptability. In previous work [9], grasping tests for various
objects were conducted, and while the hand was able to grasp
objects such as balls and plastic bottles, it was found to share
the same limitation as general soft robotic hands in that it
could not grasp heavy objects effectively. In this paper, we
aim to improve the object grasp retention force by modifying
the structure of the hand skeleton.

As related work, Mizushima et al. developed a robotic
hand equipped with a jamming transition mechanism [10].
This robotic hand used a tendon-driven joint actuation mech-
anism and incorporated a layer of particles in its outer shell.
By applying a vacuum to the particle layer, a jamming
transition was induced, which fixed the joints and increased
the grasp retention force of the robotic hand.

In this paper, we develop a hand skeleton with a jamming
transition mechanism as the internal structure of our soft
robotic hand, aiming to improve its object grasp retention
force. Furthermore, in previous studies, the soft glove device
was equipped with soft actuators on only four fingers; in this
work, we additionally equip the thumb with a soft actuator
to enable five-finger actuation of the soft robotic hand.

In many teleoperation systems, bilateral control is em-
ployed to provide force feedback, enabling the leader to
perceive the force exerted during object grasping and thereby
maintain the grasp [4] [11]. However, robotic hand—glove
systems employing bilateral control are complex, and con-
structing such systems is not straightforward. Therefore,



Linkage skeleton

Particle
Outer layer

Fig. 2: Structure of Hand Skeleton

in this paper, we construct a system that can maintain
a stable grasp even with a simple configuration such as
leader—follower control without force feedback, by utilizing
the jamming transition mechanism.

II. SOFT ROBOTIC HAND

The soft robotic hand has a two-layer structure, consist-
ing of a soft glove device mounted on the outer surface
of the hand skeleton (Fig. 1). The actuators of the soft
glove device determine the actuation direction and actuation
characteristics of the fingers of the soft robotic hand, while
the link structure of the hand skeleton determines the link
configuration of the soft robotic hand. In this paper, the hand
skeleton is equipped with a jamming transition mechanism
to improve the grasp retention force of the soft robotic hand.
This section describes the composition of the soft robotic
hand in the order of the hand skeleton, the jamming transition
mechanism, the soft glove device, and the drive system.

A. Hand Skeleton

The model of the hand skeleton used in this study is
shown in Fig. 2. The hand skeleton consists of three layers: a
linkage skeleton, particles, and an outer layer. The particles
are described in the next section on Jamming Transition.

The model of the linkage skeleton is shown in Fig. 3.
The linkage skeleton consists of four parts: the palm area,
the proximal phalanx, the middle phalanx, and the distal
phalanx, similar to the human hand. Each joint is connected
via a hinge joint, allowing frictionless motion with a range
of motion equivalent to that of a human finger. The palm
area contains an air channel, which enables the evacuation
of air from each finger when applying a vacuum. In addition,
a gasket is installed at the wrist of the palm area, enabling
complete sealing between the linkage skeleton and the outer
layer.

The linkage skeleton was fabricated using a 3D printer
(Markforged Mark Two) with ONIX material, a composite
of carbon fiber and nylon. The linkage skeleton weighs 107
g, with a length of 210 mm from the wrist to the fingertip
and a width of 100 mm, dimensions comparable to those of
an average human hand.

For the outer layer, a rubber glove (NO882-LL, MiSUMi)
was used. The rubber glove has a thickness of 0.075 mm,
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Fig. 4: Driving force: (a) without activating the jamming
transition (n : 5, SD : 0.0164), (b) with activating the
jamming transition (n : 5, SD : 0.1222)

an overall length of 240 mm, and a mass of 5 g, and can
be used under vacuum conditions for the jamming transition
without tearing.

B. Jamming Transition

For the particles used in the jamming transition,
polystyrene foam balls with a diameter of 0.5 mm
(BOO3DT1V9E) were employed. As shown in Fig. 2, the
particles were packed between the finger sections of the
linkage skeleton and the outer layer, and a total of 7 g of
polystyrene foam balls was used.

The particles must not interfere with finger actuation when
the soft robotic hand is driven, but must fix the posture
during object grasping by means of the jamming transition,
i.e., restrict finger actuation. This is achieved by altering
the driving force required for finger actuation through the
activation of the jamming transition. Therefore, the driving
force of the fingers in the hand skeleton was measured
both without and with activating the jamming transition.
The driving force of a finger was measured by fixing the
palm area of the hand skeleton so that it faced sideways
and measuring the force required for the fingertip of the
middle finger to move 7 mm toward the back side of the
hand from the state shown in Fig. 2. The results are shown
in Fig. 4. (a) shows the driving force of the middle finger
without activating the jamming transition, while (b) shows
the driving force with activating the jamming transition (¥*%* :
p < 0.001). The results indicate that activating the jamming
transition increases the driving force by approximately six
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Fig. 5: Human musculoskele-
tal arrangement

times, and a statistically significant difference was observed
compared to the condition without activation. In addition,
the driving force without activating the jamming transition
was approximately 0.1 N, which does not impede finger
actuation. From the above, it was confirmed that the particles
used possess the potential to meet the specified requirements.

C. Soft Glove Device

The soft glove device was developed with the aim of
inducing flexion and extension motions of the four fingers,
as well as flexion, extension, palmar adduction, and palmar
abduction motions of the thumb.

The musculoskeletal structures responsible for inducing
these motions in an actual human hand are shown in Fig.
5. Finger flexion is induced by the flexor muscles, shown in
red in Fig. 5, which extend from the center of the wrist to
the fingertips [12]. Similarly, finger extension is induced by
the extensor muscles, shown in blue in Fig. 5, which also
extend from the center of the wrist to the fingertips [12].
Palmar adduction of the thumb is induced by the opponens
pollicis muscle, shown in orange in Fig. 5, which extends
from the center of the wrist to the MP joint of the thumb
[12].

In this paper, as in previous studies [13], the actuator
arrangement of the soft glove device was determined based
on the musculoskeletal structure of the human hand. The soft
glove device fabricated based on this arrangement is shown
in Fig. 6.

In this soft glove device, the artificial muscles for flexion
and extension actuate in opposition to each other. This
opposition relationship follows that used in previous studies
[13].

D. Drive System

The drive system of the soft robotic hand is shown in Fig.
7. The drive system consists of five components and has two
functions: independently controlling the artificial muscles
that drive each finger, and creating a vacuum inside the outer
layer of the hand skeleton. The components are as follows.
Air Compressor (SOL-1030, PAOCK): Supplies pneumatic
pressure, Filter Regulator: Supplies constant pneumatic pres-
sure, Control PC: Inputs the target pneumatic pressure to the
electro-pneumatic regulators, Electro-pneumatic Regulators
(CRCB-0135W/0136W, KOGANEI): Control the applied
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Fig. 7: Drive System

pneumatic pressure every 50 ms according to the target pneu-
matic pressure, Vacuum pump (DPV-ATAD, KOGANEI):
Generates negative pneumatic pressure and evacuates the air
inside the outer layer of the hand skeleton.

III. INVESTIGATION OF THE EFFECTS OF THE JAMMING
TRANSITION

In this section, the effects of the jamming transition on the
grasp retention force and driving characteristics of the soft
robotic hand are investigated.

A. Effects on Grasp Retention Force

The effect of activating the jamming transition on the grasp
retention force of the soft robotic hand was investigated by
comparing the grasp retention force with and without activa-
tion of the jamming transition. The experimental procedure
is as follows:

(1) Fix the soft robotic hand with the palm facing down-
ward.

(2) Press an object (a pen) tied with a string to a force
sensor (six-axis force sensor, Leptrino) against the palm.

(3) Apply pneumatic pressure of 400 kPa to the artificial
muscles involved in object grasping to grasp the object.

(4) Without activating / with activating the jamming transi-
tion.

(5) Pull the force sensor in the direction of gravity.

(6) Measure the maximum exerted force until the object is
released from the soft robotic hand.

(7) Repeat steps (1) to (6) ten times for both without and
with activating the jamming transition.

Results and Discussion: The results are shown in Fig. 8.
(a) shows the grasp retention force without activating the
jamming transition, and (b) shows the grasp retention force
with activating the jamming transition (***: p < 0.001). The
results indicate that the grasp retention force was approxi-
mately 3.4 N without activating the jamming transition and
approximately 5.2 N with activating the jamming transition,
and a t-test confirmed that there was a statistically significant
difference between the two conditions. This result is due
to the increased finger driving force shown in Section II-
D, where activating the jamming transition restricted posture
changes from external forces during grasping.
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Fig. 8: Grasp retention force: (a) without activating the
jamming transition (n : 11, SD : 0.9466), (b) with activating
the jamming transition (n : 11, SD : 0.4086)

B. Effects on Driving Characteristics

Next, the effect of the jamming transition on the driving
characteristics of the fingers was investigated. The experi-
mental procedure is as follows:

(1) Fix the soft robotic hand with the palm facing down-
ward.

(2) Without activating / activating the jamming transition
at a 30° posture / activating the jamming transition at a
60° posture.

(3) Apply pneumatic pressure(Pr) to the artificial muscle
that drives the index finger from 0 to 400 kPa (in
increments of 25 kPa, then decreasing in increments of
25 kPa after reaching 400 kPa).

(4) Repeat step (3) three times.

(5) Measure the flexion angle at the MP joint(8r) using a
motion capture system with seven cameras (OptiTrack).

Results and Discussion: The results are shown in Fig. 9.
The blue line represents the driving characteristics of the
finger without activating the jamming transition, the red line
represents those when activating the jamming transition at
a 30° posture, and the green line represents those when
activating the jamming transition at a 60° posture. The results
confirm that activating the jamming transition restricts finger
actuation. In particular, when the jamming transition was
activated at a 60° posture, almost no change in finger posture
occurred, and the angle remained constant. Similarly, when
activated at a 30° posture, the restriction of finger actuation
was also observed; however, instead of being restricted
exactly at 30°, the finger flexed to approximately 50° before
the actuation was restricted.

This behavior is considered to be due to the torque applied
to the MP joint. When the jamming transition was activated
at 30°, all finger joints were almost fully extended, and the
distance from the fingertip—where the artificial muscle force
is applied—to the MP joint was long, resulting in a large
torque being applied to the MP joint. In contrast, when the
jamming transition was activated at 60°, all finger joints were
almost fully flexed, and the distance from the fingertip to the
MP joint was short, resulting in a smaller torque applied to
the MP joint. Consequently, in the angular range where the
torque applied by the artificial muscles exceeds the driving
torque of the finger, the finger can still be actuated even when
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Fig. 9: Driving characteristics: (blue line) without activating
the jamming transition, (red line) activating at 30°, (green
line) activating at 60°

the jamming transition is activated, whereas in the angular
range where the applied torque falls below the driving torque,
the finger actuation is restricted.

From the above, it was confirmed that this soft robotic
hand can impede finger actuation by activating the jamming
transition in an angular range used for object grasping.
Therefore, under leader—follower control in teleoperation, the
hand can maintain a grasp without finger actuation even if
the commanded finger angle changes.

IV. OBJECT GRASPING EXPERIMENTS

Next, the functionality of the soft robotic hand was evalu-
ated by having it grasp multiple types of objects. The objects
to be grasped by the soft robotic hand were a sponge ball,
a rubber baseball, a hammer, a screwdriver, a cube, and
aluminum frames (200 mm and 330 mm) — seven objects in
total (Fig. 10(a)). The parameters of each object are shown
in Fig. 10(b). The experimental procedure is as follows:

(1) Fix the soft robotic hand with the palm facing down-
ward.

(2) Press the object to be grasped against the palm.

(3) Apply a pneumatic pressure of 400 kPa to the artificial
muscles involved in object grasping to grasp the object.

(4) Without activating / with activating the jamming transi-
tion.

(5) After grasping the object, wait for 5 s and evaluate
whether the grasp was maintained.

(6) For each object, evaluate both without and with activat-
ing the jamming transition five times each.

Results and Discussion: The results are shown in Fig.
10(c), (d), and (e). The numbers on each label indicate the
number of successful grasps under each condition.

From Fig. 10(c), it was confirmed that the sponge ball, the
200 mm frame, and the screwdriver were stably grasped even
without activating the jamming transition. These objects are
lightweight and have a weight lower than the grasp retention
force without the jamming transition, as shown in Section
II-A. Furthermore, both the sponge ball and the screwdriver
have compliant grasping surfaces, which deform to fit the
shape of the grasping region, making them easier to grasp.

As shown in Fig. 10(d), the 330 mm aluminum frame
and the hammer could not be grasped without activating the
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Object LXHXW[mm]  Mass[g]
Sponge ball 70X70x70 14
Soft baseball T2XT2XT2 137
Cube T5XT5X75 137
Hammer 308%x30x108 430
Screwdriver 196X36%X36 127
Frame(200mm) 200%x30%30 154
Frame(330mm) 330X30%x30 275

(b) Object’s parameters
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Fig. 10: Object grasping experiment

jamming transition, but could be grasped when the jamming
transition was activated. The hammer’s weight was between
the grasp retention force without and with the jamming
transition. It is considered that the posture change of the
fingers caused by the force exerted by the hammer on the
fingers was restricted by activating the jamming transition,
enabling the grasp. On the other hand, the frame (330
mm) had smooth sides with low friction, and there existed
a threshold force—smaller than the grasp retention force
shown in Section III-A—at which it could only be grasped
when the jamming transition was activated. As a result,
it could not be grasped without activating the jamming
transition but could be grasped with activation.

Finally, As shown in Fig. 10(e), the cube and the rubber
baseball could not be grasped. This is considered to be due
to their size and rigidity. The cube exceeded the grasping
range of the soft robotic hand and thus could not be grasped.
Although the rubber baseball was similar in size to the
sponge ball, its higher rigidity caused it to be deflected by
the thumb and four fingers during grasping, preventing a
successful grasp.

V. DEMONSTRATION

Finally, a demonstration was conducted to evaluate the
effect of the jamming transition on object grasping under
leader—follower control.

Leader-follower control

Leader—follower control used for teleoperation is described
as follows. Based on the finger angles of the leader, which is
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the human operator, the finger angles of the follower, which
is the soft robotic hand, are controlled. The finger angles of
the leader are measured using a motion sensor(Leap Motion
Controller 2, Ultraleap Ltd.). The measured angles are input
to the control PC. Then, through empirically determined
feedforward control, the angles are converted into applied
pneumatic pressures, which are then input to the soft robotic
hand. This enables posture control of the soft robotic hand
in a remote environment.

Teleoperation

The teleoperation demonstration is shown in Fig. 11. The
teleoperation procedure was carried out as follows:

(1) The leader places the left hand above the motion sensor
(Fig. 11(a)).

An experiment assistant presses an object (a screw-
driver) against the palm of the soft robotic hand (Fig.
11(b)).

When the object contacts the palm of the soft robotic
hand, the leader moves the hand to grasp the object (Fig.
11(c)).

After the soft robotic hand grasps the object, the leader
activates the jamming transition (Fig. 11(c)).

The leader relaxes the posture of the hand or shakes it
in various directions (forward, backward, left, and right)
to change the grasping posture (Figs. 11(d), (e)).

The leader then opens the hand, deactivates the jamming
transition, and releases the object (Fig. 11(f)).
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As shown in Figs. 11(d) and 11(e), even when the leader’s
hand relaxed from the grasping posture or when posture
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Fig. 11: Demonstration of teleoperation using leader—follower control

changes occurred due to excessive arm movement, the grasp
was maintained. This confirms that stable object grasping
can be achieved remotely, even with a simple system without
force feedback.

VI. CONCLUSION

In this paper, a five-finger soft robotic hand was devel-
oped, consisting of a soft glove device mounted on a hand
skeleton capable of activating the jamming transition. The
hand skeleton of the soft robotic hand consists of a linkage
skeleton, particles, and an outer layer. By applying a vacuum
to the inside of the outer layer, a jamming transition occurs
through the particles, which increases the driving force of
the hand skeleton. With this structure, the soft robotic hand
increased its grasp retention force by approximately 53%
and expanded the range of objects it could grasp. The soft
glove device of the soft robotic hand can induce flexion and
extension motions of all five fingers. Furthermore, the drive
system allows independent control of each finger posture.
This structure enables the hand to mimic the posture of a
human hand, and, as demonstrated in the experiments, it can
be used for teleoperation.

In the demonstration, a leader—follower control system
without force feedback was implemented, and teleoperation
was performed. It was shown that, by activating the jam-
ming transition after grasping an object, the grasp could be
maintained without force feedback, demonstrating that stable
grasping is possible even with a simple system.

Future work will aim to increase the range of motion of
the soft robotic hand to enable the grasping of a wider variety
of objects.
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