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Abstract— This study addresses a flexible holding tool for
robotic disassembly. We propose a shell-type soft jig that
securely and universally holds objects, mitigating the risk
of component damage and adapting to diverse shapes while
enabling soft fixation that is robust to recognition, planning, and
control errors. The balloon-based holding mechanism ensures
proper alignment and stable holding performance, thereby
reducing the need for dedicated jig design, highly accurate
perception, precise grasping, and finely tuned trajectory plan-
ning that are typically required with conventional fixtures. Our
experimental results demonstrate the practical feasibility of the
proposed jig through performance comparisons with a vise
and a jamming-gripper-inspired soft jig. Tests on ten different
objects further showed representative successes and failures,
clarifying the jig’s limitations and outlook.

I. INTRODUCTION

As part of efforts toward realizing a sustainable society,
robotic disassembly of various small electronic appliances
has gained attention as a means of promoting automation
in remanufacturing. Disassembly requires removing com-
ponents from multiple directions and efficiently extracting
valuable internal parts.

In robotic assembly and disassembly, high-precision op-
erations are often supported by jigs that constrain target
components in predetermined poses. Conventional rigid jigs,
however, must be designed and fabricated for each specific
geometry, limiting flexibility and scalability. To address
diverse demands, there has been growing interest in general-
purpose jigs that can adapt to multiple objects.

Several approaches have been investigated, such as vises
with adjustable orientations [1] and fixtures employing pin
arrays with shape-memory mechanisms [2]–[4]. While these
methods offer versatility, they often allow the object’s pose
to vary, requiring highly accurate perception and motion
planning. Flexible jigs using deformable materials have also
been proposed [5]–[7], but their fixation accuracy is typically
lower than that of rigid jigs, making stable holding during
disassembly difficult.

To address these limitations, this study proposes a shell-
type soft jig for robotic disassembly, as illustrated in Fig. 1.
The jig combines a base jamming mechanism with an exter-
nal shell structure equipped with inflatable balloons that gen-
tly press the object from all directions. This design achieves
soft yet stable fixation, guiding the object toward a central
upright posture and providing reliable alignment and holding
performance. As a result, it reduces the need for dedicated
jig design, high-accuracy perception, precise grasping, and
finely tuned trajectory planning that are typically required
with conventional rigid fixtures.

(a) (b) (c)

(d) (e) (f)

Fig. 1: Assumed robotic disassembly using the proposed
shell-type soft jig. (a) Transporting, (b) Placing, (c) Pregrasp,
(d) Grasping, (e) Pressurization, and (f) Pull-out.

Fig. 1 shows the assumed disassembly procedure using the
proposed jig. To validate the effectiveness of the proposed
jig, we conducted real-world experiments involving the dis-
assembly of multiple representative objects. The experiments
were designed to evaluate robustness against positional and
angular misalignment, repeatability of the pull-out operation,
and the holding performance of the jig. By applying the jig
to ten representative objects, we also reveal typical success
and failure cases that help identify current limitations and
future research needs.

II. RELATED WORK

Several jig-less operation methods [8], [9] and general-
purpose jig designing methods [10] have been proposed.
Grippo et al. [11] developed a CAD tool for generating
modular fixtures from elements such as blocks and clamps.
Whybrew et al. [12] proposed an automatic design system
using locators, clamps, and supports.

To advance component fixturing for robotic assembly,
Chan et al. [13] proposed a perceptive reconfigurable fixture,
while Hogreve et al. [14] introduced an assembly wheel
with robot arms for flexible fixturing. Levi et al. [15]
later developed the SIMJig, which uses only three actuators
to control multiple clamps. Despite their different forms,
these approaches share modularity, reconfigurability, and
sensory feedback. In parallel, several researchers [2]–[4]
designed pin-array fixtures and grippers that conform to
object shapes. Such rigid arrays allow high-precision posi-
tioning, but their adaptability to diverse geometries is limited,
reducing reusability.
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TABLE I: Comparison of flexible fixtures and jigs for robotic
manufacturing and remanufacturing

Method Fixing Versatility Alignment Holding

Vice and clamp ✓ ✗ ✓ ✓

Pin or locator-based ✗∗a ✓ ✓ ✓

Jamming jig ✓∗b ✓∗c ✗∗d ✗

Shell-type soft jig ✓∗e ✓∗f ✓∗g ✓

∗a Fixation versatility depends on pin or locator placement resolution
∗b On-off control of air pressure
∗c Deformable body fits the object shape
∗d Stiffness of the malleable membrane is lower than the rigid jig surface
∗e On-off control of air pressure
∗f Surrounding deformable bodies fit the object shape
∗g Automatically guided upright at the center when pressed

To overcome this, soft robotics approaches have been
explored. Brown et al. [5] proposed a jamming gripper
with a silicone membrane filled with granular particles.
Following this idea, jamming jigs were applied to robotic
assembly [6], [7], where deformable membranes conform
to object geometries and fix them after depressurization.
These methods demonstrated adaptability to diverse parts
but often suffered from limited holding stiffness and align-
ment accuracy, motivating further innovations. For example,
Kemmotsu et al. [16] proposed a balloon pin-array gripper
with two-step adaptation, achieving stable grasping under
misalignment; however, its dense pins may limit reachable
space for disassembly.

Beyond pin arrays, Aoyama et al. [17] developed a shell-
type hybrid gripper inspired by human fingers for compact
agricultural packaging, which also offers improved holding
stability. Hu et al. [18] introduced a dual-mode enclosing
gripper with tunable stiffness and high load capacity, ca-
pable of contraction- and suction-based grasping. This paper
investigates the potential of such adaptive soft jigs as fixtures
for robotic disassembly.

Table I compares conventional vises/clamps, pin- or
locator-based fixtures, jamming jigs, and the proposed shell-
type soft jig. Vises and clamps provide reliable fixation and
alignment but lack versatility, as they must be fabricated
for each geometry. Pin- or locator-based fixtures increase
versatility by repositioning supports, but fixation depends on
placement resolution. Jamming jigs enable easy fixation with
air-pressure control and high shape adaptability, but their
membrane has low stiffness, limiting alignment and stability.

The proposed shell-type soft jig integrates these advan-
tages. Deformable shells enclose the object with simple
pressure control, adapt to diverse shapes, and guide it upright,
ensuring accurate alignment and stable holding.

III. PROBLEM SETTING

Fig. 1 shows an example disassembly task using the
proposed shell-type soft jig, specifically, extracting a shaft
from a bearing. In this study, we assume that a disassembly
motion plan is given in advance. The plan specifies the
grasping configuration with a two-finger gripper and the cor-
responding trajectory of a single-arm manipulator equipped

Soft 
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Air pressure
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Air pressure

(a) Pressurization mechanism

Thickness 2.0 [mm]

Width 4.0 [mm]

Height 62 [mm]

(b) Design parameters

Fig. 2: Function and design of the air chamber

with the gripper.
The procedure for using the shell-type soft jig follows

six steps. First, according to the planned trajectory, the
object to be fixed is grasped by the two-finger gripper and
transported to the jig (Fig. 1 (a)). The robot then places
the object onto the bottom-mounted jamming jig, which is
depressurized to achieve initial fixation (Fig. 1 (b)). After the
object is positioned, the gripper is released and moved away,
returning to its pre-grasp state (Fig. 1 (c)). Next, the gripper
re-approaches to grasp only the component to be removed
(Fig. 1 (d)).

To softly hold the fixed object during disassembly, the
air chamber embedded inside the shell-shaped outer wall
is pressurized, inflating the silicone membranes to apply
gentle surrounding pressure (Fig. 1 (e)). This balloon-based
holding mechanism aligns the object toward the center and
stabilizes its posture. Finally, while the jig maintains the
object in place, the target component is extracted by the
gripper following the motion plan (Fig. 1 (f)).

In this study, the problem setting assumes a single-arm
manipulator with a two-finger gripper, a pre-planned disas-
sembly trajectory, and a task focused on pull-out operations.
The role of the shell-type soft jig is to provide robust
alignment and holding of the fixed object, thereby reducing
the dependence on precise perception, grasping accuracy, and
finely tuned trajectory planning.

IV. PROPOSAL

A. Structure of the Shell-Type Soft Jig

Fig. 2(a) shows the overall structure of the proposed shell-
type soft jig. The green region represents the rigid outer shell,
which surrounds the object to be fixed and held. The white
region denotes an air chamber covered with a silicone mem-
brane, which can be pressurized or depressurized. When air
pressure is applied through the connected inlet, the flexible
membrane inflates toward the object. By using an external
compressor, an electro-pneumatic proportional valve, and a
control unit, the internal pressure of each chamber can be
precisely regulated.

Fig. 2(b) presents the design parameters of the chamber.
The dimensions of the chamber thickness, width, and height
define the amount of membrane expansion and the resulting
contact area with the object. These design parameters are
critical because the stiffness and maximum deformation

702



Rigid shell

Object

Soft chambers

Jamming jig

(a) Caging concept (b) Rigid vs. soft shells

Fig. 3: Caging-based holding principle

of the membrane depend on its geometry and material
properties. Selecting appropriate dimensions ensures that the
membrane can expand sufficiently to generate stable holding
forces without excessive interference or loss of compliance.

Multiple such modules can be arranged around the ob-
ject, enabling fixation from multiple directions. Increasing
the number of modules improves holding performance, as
the membranes conform to complex surface geometries by
enveloping the object from several sides when inflated.
However, too many modules complicate pneumatic wiring
and reduce the expansion of each membrane due to spatial
constraints. Therefore, careful design is required to balance
the number of modules with the system’s control complexity
and holding capability.

B. Configuration for Caging-Based Object Holding

In disassembly tasks, softly fixing the target object can
help absorb pose errors, allowing more robust operations.
The proposed method employs object holding based on
caging in a two-dimensional plane. Fig. 3(a) illustrates it.
This concept assumes that the object can be placed inside
a rigid boundary without immediate contact, and then stabi-
lized by the deformation of surrounding soft chambers.

Fig. 3(b) contrasts the case of rigid shells only with that
of shells equipped with soft chambers. In the rigid-only case,
the object can occupy a free configuration without contacting
the boundary, meaning caging is not guaranteed. By contrast,
when soft chambers are integrated, the membranes expand
and close the free space, ensuring that the object remains
enclosed and aligned even under small pose variations. This
comparison highlights the importance of combining rigid
guidance with soft compliance to realize robust caging-based
holding.

Maeda et al. [19] defined the caging conditions for ob-
ject grasping, particularly when contact interfaces involve
deformable materials. They provide the theoretical basis for
stable holding with soft contact surfaces:

Cfree−ICS ̸= ∅, (1)
qobj ∈ Cfree−ICS, (2)

C
′

free−ICS = ∅. (3)

(a) (b)

(c) (d)

(a) Module molding

Jamming jig

(b) Assembly

Fig. 4: Fabrication process of shell-type soft jig

Here, qobj is the object configuration, Cfree-ICS the space
without rigid contact, and C

′

free-ICS the space without soft
contact. Conditions Equation (1) and Equation (2) (Fig. 3(a))
mean the object can be placed without touching the rigid
shell, while Equation (3) (Fig. 3(b)) implies the object is
always enclosed by undeformed membranes.

Thus, the hardware must satisfy all three conditions to
enable caging-based holding. In practice, the shell diameter
should permit initial placement without rigid contact. The
membrane must then expand sufficiently, depending on its
material, thickness, and height, to fill the inner space upon
pressurization.

C. Fabrication Process

Fig. 4 draws the fabrication process of the proposed
jig. First, the rigid shell and the soft chamber parts are
manufactured separately, for example through molding with
silicone membranes and resin structures (Fig. 4(a)).

Next, the soft chambers are integrated into the rigid
shell, and pneumatic inlets are embedded for pressurization
control. Finally, the completed shell module is combined
with the bottom jamming jig to form the full jig assembly
(Fig. 4(b)). This modular fabrication approach simplifies
replacement and scaling: the number of soft chamber units
can be adjusted depending on the object size, and damaged
modules can be exchanged individually without reconstruct-
ing the entire jig.

V. EVALUATING HOLDING PERFORMANCE

A. Setup

To evaluate the robustness and holding performance of
the proposed shell-type soft jig, we conducted disassembly
experiments using two robot platforms depending on the
task. Fig. 5 shows the experimental targets consisting of
ten assembled objects: a shaft–bearing, a motor–pulley, a
USB–adapter, a LAN–hub, an AC–switch, a pulley–shaft,
an AC–adapter, a wire–board connection, a battery–charger,
and a USB–computer connector. These objects were chosen
to cover a variety of geometries and connection types relevant
to practical disassembly scenarios.
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Fig. 5: Experimental objects, including shaft–bearing,
motor–pulley, USB–adapter, LAN–hub, AC–switch, pulley–
shaft, AC–adapter, wire–board, battery–charger, and USB–
computer.
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Fig. 6: Overview of the implemented system (illustrated with
the UR5e). The architecture is identical for the LBR iiwa;
both execute equivalent open-loop linear pull-out trajectories
using parallel two-finger grippers, making them interchange-
able for our experiments.

For robustness evaluation, we used a LBR iiwa 14 R820
(KUKA) robot arm equipped with a Hand-E (Robotiq)
gripper. This lightweight, torque-controlled robot enabled
safe and consistent execution of multiple trials. For holding
performance evaluation by measuring force applications, we
employed a UR5e (Universal Robots) robot arm with an
integrated 3-axis wrist force/torque sensor, combined with
a 2F-85 (Robotiq) gripper. Force data were transmitted via
socket communication between the UR5e controller and an
external PC for synchronized recording and analysis.

The proposed shell-type jig was implemented as a rigid
frame enclosing air chambers. The chamber pressures were

(a) Vise (b) Jamming jig (c) Proposed

Fig. 7: Comparative object fixing methods

regulated using electro-pneumatic proportional valves con-
nected to a DC power supply and an air compressor.
A jamming-based jig was also prepared, consisting of
a flexible membrane connected to a vacuum pump for
depressurization-based fixation. A conventional vise served
as a baseline rigid fixture.

Based on the planned disassembly experiments and the
size constraints of both the target object and the shell-type
soft jig, the number of modules was limited to four. This
corresponds to the maximum that can simultaneously contact
the object’s surface, ensuring sufficient membrane contact
while keeping the experimental setup feasible. To satisfy the
condition Equation (3), we used Dragon Skin 10, a high-
performance silicone rubber manufactured by Smooth-On
Inc., known for its relatively high tensile strength and 10%
modulus of elasticity1. Fig. 2(b) shows the dimensions of
the outer shell used to form the air chamber were determined
through trial-and-error preliminary experiments. Specifically,
the width of the inner cavity of the shell was set to 4.0 mm,
the wall thickness to 2.0 mm, and the height to 62 mm.

Fig. 6 shows an overview of the entire experimental
system. It illustrates how the compressor and vacuum pump
are connected to the electro-pneumatic proportional valves
for regulating chamber pressure, how the robot controller
and PC communicate via socket connection to record force
data, and how the shell-type soft jig and the jamming jig
are integrated into the system. This diagram summarizes the
power supply, pneumatic routing, sensing, and control flow
of the implemented setup.

B. Procedure

In each trial, the target component was first grasped by the
gripper and then fixed using one of three jigs, as illustrated
in Fig. 7: (a) vise-based jig, (b) jamming-based soft jig, and
(c) proposed shell-type soft jig.

For robustness evaluation against initial pose errors, pull-
out operations were performed with angular deviations be-
tween the robot’s pulling trajectory and the ideal extraction
direction of the target. The angular deviation was incre-
mented in 5◦ steps from 0◦ to 25◦, and the success or
failure of each attempt was recorded. From these results,
the maximum allowable angular deviation was identified for
each jig. For holding performance evaluation, we conducted
10 trials for three representative objects, the shaft–bearing,
motor–pulley, and USB–adapter, under angular deviations of
0◦, 5◦, and 10◦.

For all pull-out tests, we utilized an open-loop grasp-and-
pull motion for the end-effector. No real-time force feedback
was used to adjust the trajectory during extraction, allowing
us to purely evaluate the jig’s passive compliance and robust
holding capability against initial misalignment.

C. Allowable Angular Deviation and Robustness

Table II shows the successful conditions of pull-out opera-
tions for the ten objects. A rigid fixture such as a vise, which

1https://www.sac-corp.co.jp/products/
DRAGON SKIN TI.pdf
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TABLE II: Successful conditions of the pull-out different objects

Target Method Angular difference [deg]

0 5 10 15 20 25

shaft–bearing
Vise ✓ ✓
Jamming jig ✓ ✓ ✓
Proposed ✓ ✓ ✓ ✓ ✓ ✓

motor–pulley
Vise ✓ ✓
Jamming jig ✓ ✓ ✓
Proposed ✓ ✓ ✓ ✓ ✓ ✓

USB–adapter
Vise ✓ ✓
Jamming jig ✓ ✓
Proposed ✓ ✓ ✓ ✓ ✓ ✓

LAN–hub
Vise ✓
Jamming jig ✓
Proposed ✓ ✓ ✓

AC–switch
Vise
Jamming jig
Proposed

pulley–shaft
Vise ✓ ✓
Jamming jig
Proposed

AC–adapter
Vise ✓ ✓
Jamming jig ✓ ✓ ✓
Proposed ✓ ✓ ✓ ✓ ✓ ✓

wire–board
Vise ✓
Jamming jig ✓
Proposed ✓ ✓ ✓

battery–charger
Vise ✓ ✓
Jamming jig ✓ ✓ ✓
Proposed ✓ ✓ ✓ ✓ ✓ ✓

USB–computer
Vise ✓ ✓
Jamming jig ✓ ✓ ✓
Proposed ✓ ✓ ✓ ✓ ✓ ✓

✓ represents successful condition.

completely constrains the object’s pose, enabled extraction
only under strict alignment. For example, the shaft–bearing
and motor–pulley could be pulled out at 0◦ but often failed
even at larger angular deviations after 10◦, as the target object
slipped from the gripper during pulling. Similar limitations
were observed for the USB–adapter, LAN–hub, pulley–
shaft, AC–adapter, wire–board, battery–charger, and USB–
computer, with success restricted to nearly perfect alignment.

In contrast, the jamming-based soft jig expanded the toler-
ance range by exploiting its deformable membrane. For the
shaft—bearing, motor–pulley, AC–adapter, battery–charger,
and USB–computer, successful extraction was achieved up
to 10◦. However, the relatively low stiffness of the membrane
limited holding stability, and extraction failed when the
angular deviation became larger.

The proposed shell-type soft jig achieved the broad-
est tolerance to misalignment. For the shaft–bearing,
motor–pulley, USB–adapter, AC–adapter, battery–charger,
and USB–computer, successful extractions were consistently
achieved up to 25◦, accompanied by stable guidance toward
the upright central position during pulling. For the LAN–hub
and wire–board, extractions remained successful up to 10◦,
although performance degraded at larger angles. In contrast,

Pulling out
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g

(a) Vise

Pulling out

G
ra

sp
in

g

(b) Proposed

Fig. 8: Force values measured at the arm’s wrist during pull-
out operations

no method succeeded for the AC–switch and pulley–shaft
under the tested conditions, indicating the need for further
design improvements or integration with planning strategies.

Overall, these results indicate that the proposed jig pro-
vides the highest robustness against angular misalignment
among the three methods, demonstrating its effectiveness
in improving the success rate of disassembly tasks under
non-ideal conditions. Please refer to the video for successful
examples of pull-out operations for representative objects and
the failure case for the AC–switch and pulley–shaft.

D. Force Measurement Results and Holding Performance

Fig. 8 shows the results of force measurement. The figure
shows the absolute values of the vertical force measured
at the robot wrist during the pull-out motion. For each
angular deviation condition, the mean and standard deviation
over 10 trials are plotted as solid lines and shaded regions,
respectively. Fig. 8 (a) and Fig. 8 (b) show the results for the
vise-based method and the proposed method, respectively.

In the case of the vise-based method, even with a 5-
degree angular deviation, the force applied to the arm sharply
increased at the moment the target object was pulled against
the fixed component and then quickly returned to near 0 [N].
This behavior indicates that the object slipped from the
gripper and that extraction failed. This is likely due to the
rigid constraint of the vise, which prevented any positional
adjustment of the object during the operation.

In contrast, with the proposed method, approximately
10 [N] of force was applied during extraction, but no
excessive force was observed, and all 10 trials resulted in
successful extractions. The standard deviation across the
trials was relatively small, indicating high repeatability of
the disassembly task. This outcome suggests that the soft
membrane of the air chamber conformed to the shape of the
fixed component and passively adapted during deformation.
As the fixed object’s pose was allowed to change slightly,
the pose of the target object also adjusted along the pulling
trajectory, resulting in successful extractions.
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VI. DISCUSSION

Flexible or soft fixtures have been studied as alternatives
to rigid ones, but they often reduce positional accuracy and
make pose estimation difficult [7]. The proposed shell-type
soft jig alleviates this by pressing the object uniformly with
balloon chambers, guiding it toward an upright posture.
Experiments on ten varied objects confirmed that the jig
compensates for angular and positional errors, improving
success rates compared to vise- and jamming-based fixtures
across different robot platforms and grippers.

Nevertheless, several limitations were observed. For con-
nectors with mechanical locks (e.g., LAN-hub), extraction
failed when the gripper missed the tab. For the AC-switch,
the required holding force exceeded the jig’s capacity. Geo-
metric constraints also caused issues: the pulley-shaft’s large
pulley prevented balloon contact with the shaft, causing
tipping, while slight tilting of the wire-board bent the pins,
preventing removal. These cases indicate that rigid or tightly
constrained connectors remain challenging for balloon-based
holding.

To address these challenges and extend the range of
handleable objects, scalability and durability remain key
focuses for future work. Scaling the number of shell modules
(e.g., from 4 to 8 or 16) could accommodate diverse shapes
and multi-step disassembly. To improve physical durability
against sharp edges, we will explore resilient materials based
on previous work [20] and conduct finite element method
(FEM) stress analysis to assess membrane wear. Finally, uti-
lizing pressure sensors will allow us to verify safe interaction
forces and map the relationship between applied air pressure
and the jig’s allowable positional tolerance. Ultimately, these
hardware and control improvements will further reduce the
dependence on high-precision jig design, perception, and
trajectory planning.

VII. CONCLUSION

We proposed a shell-type soft jig that integrates a jamming
base with balloon side chambers to hold diverse objects
for robotic disassembly. Experiments on ten objects showed
higher success rates than vise- or jamming-based fixtures, as
the balloon mechanism improved robustness to pose errors
and provided stable holding during pulling. This reduces the
need for precise jig design, accurate localization, and strict
trajectory planning.

The evaluation across ten diverse objects highlighted both
successful and failed disassembly cases, pointing out limita-
tions while also demonstrating the jig’s potential for broader
application. Limitations were observed for connectors with
locking tabs (LAN–hub) and for cases requiring greater
holding force (AC–switch). Future work includes improving
balloon design, durability, friction materials, and modular
scalability to handle different object sizes. These advances
will broaden the jig’s applicability for versatile and reliable
robotic disassembly.
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