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Abstract— We propose a method for a peg-in-hole task with
tight clearance using a gripper developed in this study. The
compact gripper developed is equipped with a flexible joint
and a differential mechanism that allows infinite palm rotation.
The flexible joint allows fingertip movement in any direction
and in precise assembly tasks, even under positional errors. The
differential mechanism enables unlimited rotation of the gripper
palm to accommodate various assembly tasks. The compact
design of the gripper enables effective operation in narrow
spaces. We successfully achieved a peg-in-hole configuration by
aligning a peg with a hole by pressing and rotating it without
complex control or hole searching. Subsequently, the alignment
is corrected via state recognition using a force sensor. The
effectiveness of the developed gripper and control method is
confirmed experimentally.

I. INTRODUCTION

Autonomous robotic assembly systems are crucial in var-
ious manufacturing fields, including the aviation [1] [2],
automotive [3], and electronics industries [4], owing to the
increasing demand for automation. Despite their prevalence,
high-precision robotic manipulations cannot be achieved
easily. Among the diverse assembly tasks, the peg-in-hole
task has been widely researched because of its fundamental
and versatile nature. Various methods haven been proposed,
such as visual servo and force control.

The visual servo [S] uses camera feedback to guide the
robot by detecting the positions of pegs and holes. However,
this method is affected by variable lighting, camera calibra-
tion errors, and visibility issues as the peg approaches the
hole, thus causing the hole to be obstructed. By contrast,
the force-torque sensor allows one to determine the time at
which the peg establishes contact with the edges of the hole,
thereby providing essential feedback regarding the contact
state and direction necessary for precise insertion. Methods
for recognizing contact states include theoretical modeling,
statistical analysis, and deep-learning applications [6].

Compliance control is essential for managing the uncer-
tainty during peg-in-hole tasks. This control can be cate-
gorized into active and passive compliance, both of which
adjust the robot’s interactions to achieve successful insertion,
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Fig. 1: Overview of our proposed gripper.

even in tasks with uncertain errors. Active compliance con-
trol utilizes feedback from force-torque sensors to adjust ser-
vos, thus allowing robots to simulate the elasticity of springs
to accomplish high-precision insertion tasks [7] [8]. How-
ever, this technique requires additional sensors, advanced
servo systems, and complex algorithms and necessitating the
processing of information from sensors, which inevitably
introduces delays. By contrast, passive compliance control
leverages the environment by incorporating a flexible joint
into the robot, thus facilitating a simpler implementation
while achieving comparable levels of softness [9] [10] [11]
[12] [13]. Remote Center Compliance (RCC) [9] can align
the tip of a peg with a hole using a compact mechanism,
but it requires that the hole be chamfered. Additionally, a
spiral search [14] [15] was proposed to search for holes
using the robot’s movement without a force-torque sensor.
A spiral search with a flexible joint achieves high-precision
insertions more efficiently [16]. However, this approach
requires the movement of the robot body, thus potentially
complicating control and limiting operation in narrow spaces.
Besides these methods are not optimal for low-clearance
peg-in-hole tasks and prolong the search time. Furthermore,
Drigalski er al. [11] have reported cases of failure where the
force signals were disrupted by noise in environments with
uneven surfaces around the hole. Therefore, we developed
the method that involves rotating a peg with a flexible joint to
search for a hole [17]. This method enables fast circular peg-
in-hole search without using sensors during hole searching.
However, the developed method did not address a peg-in-
hole task with tight clearance and the possible occurrence of
jamming.

949



I
Flexible joint

105[mm]

Force-torque sensor

187.4[mm]
Camera mount

| Servo motor
S

Differential
mechanism

| 59.2[mm] |

| 120[mm]

112[mm)]

Fig. 2: 3D-CAD model of the gripper. The gripper consists of a main body, a wrist, a force-torque sensor, and three fingers.
The main body houses two servo motors and a differential mechanism. The wrist is connected to the main body with flexible

joints. The fingers utilize a rotary chuck mechanism.
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Fig. 3: Schematic of the finger movement. The opening and
closing of the finger are achieved by rotating the axis located
at the base of the finger.

In this study, along with motion planning designed for peg-
in-hole tasks with low tolerance and significant positional
error, we introduce a new compact three-fingered gripper
in Fig. 1. The planner integrates a force-torque sensor with
rule-based control to adaptively manage the operations of
the gripper. The planner comprises three phases: rapid and
low-cost peg-and-hole mating, aligning the peg-and-hole
orientation, and inserting the peg while rotating it. In the first
phase, the peg is mated with the hole by merely rotating the
peg without having to search for the hole position. In the
second phase, the peg and hole are aligned using feedback
from a force sensor and simple translational movement. In
the third phase, peg insertion is facilitated with less force
by pushing the peg while rotating it. The proposed gripper
features a flexible joint and an infinitely rotatable palm. The
flexible joint passively adjusts the alignment errors between
the peg and hole. The infinite rotation mechanism enables

950

Palm gear

Central axis .
Palm axis

Bearing

Palm upper plate Motor output gear

: Palm support

Palm lower plate
Central axis

Central axis

11
Timing belt A putiey

Timing belt B

Finger axis

L .
Finger axis pulley

Fig. 4: Schematic of the differential mechanism that is

composed of four pulleys and two timing belts. The dia-

gram below depicts the palm plate removed from the upper

diagram.

the rotation of the peg itself which is facilitating alignment
between the peg and hole. We assess the performance of our
gripper and motion planner by inserting a shaft into a vertical
bearing. The peg-in-hole setup used in our experiments
indicates low tolerance; thus, it is susceptible to jamming
owing to slight orientation errors.
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Fig. 5: Gripper’s flexibility in response to force and moment.
A gentler slope indicates greater flexibility in response to
external forces. The upper section of the figure shows the
graph of force versus displacement, while the lower section
shows the graph of moment versus rotation.

II. DESIGN OF THE GRIPPER
A. Overview

An overview of the three-dimensional computer-
aided design (3D-CAD) model of the gripper is
presented in Fig. 2. It integrates a force-torque sensor
(FFS055YS102U6_S055F103, Leptrino) and a wrist directly
mounted on the robot’s main body, with flexible joints
incorporated between the wrist and motor casing. The
motor casing encloses two servomotors (XM430-W210-R,
Dynamixel) and incorporates a differential mechanism that
utilizes these motors. The grasping mechanism employs a
rotary chuck, as described by Fukunishi er al. . [18], in
which the rotation of the axis opens or closes the fingers,
as shown in Fig. 3.

B. Differential Infinity Rotatable Function of Palm

Fig. 4 shows a schematic of the differential mechanism
presented in Fig. 2. Infinite-rotation functionalities are typi-
cally implemented using slip rings, as reported by Tennomi et
al. . [17]. However, slip rings are susceptible to degradation
and contact failure owing to external forces. Hence, we
mechanically implemented the infinite-rotation functionality
using a differential mechanism.

In designing a rotary gripper [19], Hughes it et al. intro-
duced an alternative method for achieving infinite rotation
without using slip rings. The rotary gripper facilitates inde-
pendent gripper opening and infinite rotation by employing
a lead screw that tightens the constriction ring.

As shown in Fig. 2, the gripper features two servo motors:
the red servo motor provides an output to the central axis,
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Fig. 6: A setup for Gripper’s flexibility experiment. The robot
continually collides the gripper with a fixed obstacle to obtain
its position and force sensor readings.

whereas the yellow servo motor provides an output to the
palm axis. At the end of the palm axis, the motor output gear
is engaged with the palm gear affixed to the upper plate of
the palm, thus enabling the yellow servo motor to rotate the
palm. To prevent these rotational movements from interfering
with one another, bearings were placed between the central
axis and palm gear.

The lower section in Fig. 4 shows components concealed
by the palm plate in the upper section of the same figure. A
central axis pulley was fixed to the central axis, and each of
the three finger axis pulleys was secured to their respective
finger axes. Timing belt B was looped around all three finger
axis pulleys, and timing belt A connected the central axis
pulley to one of the finger axis pulleys.

When only the central axis was rotated, the relative speed
of timing belt A with respect to the intermediate finger axis
pulley matched the rotation speed of the central axis, thus
causing all the finger axis pulleys to rotate. By contrast, when
both the palm and central axes rotated at the same speed
and in the same direction, the revolution and rotation speeds
of the finger axis pulleys were the same. This resulted in
a relative speed of zero for timing belt A with respect to
the intermediate finger-axis pulley. Consequently, the fingers
remained at their current spread while the palm performed
infinite rotation.

C. Flexible Joint

Silicone rubber was used as the material for the flexible
joints. As shown on the left side of Fig. 2, a component was
introduced to envelop the protrusions on the left and right
sides of the motor case. By incorporating this component as
close as possible to the grippers center of gravity, position
errors due to sagging during horizontal hand operations were
minimized.

Fig. 5 shows the six degree-of-freedom flexibility of
the flexible joint obtained experimentally. The experiment
involved moving the robot until it collided with an obstacle
to which the gripper was affixed as shown in Fig. 6; the
force-torque sensor detected either 5.0 N or 1.0 N.m. The
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Fig. 7: An example where counterclockwise rotation leads to success.

Fig. 8: An example where clockwise rotation leads to success.
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Fig. 9: Force and moment data obtained when jamming
occurred.

force values, along with the position and orientation of the
robot, were recorded every 0.1 s. To refer to the parameters
of the most displaced parts in each graph, a displacement of
Smm is allowed for force, and a rotation angle of 0.25rad is
allowed for moments.

III. CONTACT AND ROTATION

Tennomi et al. [17] proposed a strategy that involved
using a flexible mechanism and rotating the peg itself to
align it with the hole, demonstrating that merely rotating the
peg enhanced the success rate. This approach eliminated the
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necessity for additional sensors and controls. However, they
neither quantitatively assessed the effective range experimen-
tally nor discussed solutions for addressing jammed pegs and
holes.

The positional relationship between the hole and peg, as
well as the tilt and rotation directions of the peg, influence
its movement direction. As shown in Fig. 7, a peg that does
not fit with clockwise rotation can be inserted by rotating
it counterclockwise. Conversely, as the position of the peg
changes, it may not fit with a counterclockwise rotation but
can be inserted with a clockwise rotation, as shown in Fig.
8. Focusing on the contact points between the peg and the
hole, which are plotted as green dots in Fig. 7, it can be
observed that the peg moves around the contact point, and
the contact point itself also shifts slightly. This phenomenon
is referred to as contact and rotation (CaR) in the following
discussion.

The flexible joint ensures the free movement of the peg
within the motion range of the flexible joint, thus enabling
CaR. When the peg was mated with the hole entrance, the
initial pushing force caused the flexible joint to compress
slightly, thus ensuring that the peg remained engaged and
did not dislodge during subsequent rotations. The movement
direction of the peg depends on its orientation and contact
position with the hole. However, because the CaR duration is
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Fig. 10: Algorithm for peg-in-hole task.

extremely short, robust success can be achieved by rotating
the peg clockwise and counterclockwise without having to
measure the positional relationship.

IV. PEG-IN-HOLE MOTION PLANNER

In this study, we focused on peg-in-hole tasks with tight
clearances. This scenario involved the insertion of a shaft into
a bearing, which is similar to the operation during engine
assembly. When the clearance is low, one must not only to
align the positions of the peg and hole but also match their
orientations. Proceeding with the insertion without aligning
the orientation can lead to “jamming, where the peg gets
stuck partway through the hole. The tactile values presented
in Fig. 9 were recorded when jamming occurred and the
task could not be completed. Here, the hole is along the
z-axis. Inserting a misaligned peg into the hole generated
a moment from the forces at the contact points inside the
peg and hole. Continued insertion under these conditions
increases the resistance force owing to geometric constraints,
thus rendering further insertion hazardous.

Hence, we implemented a rule-based motion planner that
utilizes force feedback values to execute the task. The
algorithms used in this planner are illustrated in Fig. 10.
Here, we define the x- and y-axes as the two axes on the
plane perpendicular to the hole, and the z-axis as the axis
parallel to the hole. The planner comprises three phases:

CaR, alignment, and insertion. The peg-in-hole process be-
gins with the CaR phase, followed by the aligned-posture
phase and then the insertion phase. If any adjustments are
necessary, then the alignment-posture phase is repeated.

A. Phase 1: Contact and Rotation (CaR)

In the CaR phase, the peg and hole are mated and the
success of the CaR is evaluated. In CaR, pegs and holes
are aligned without the use of sensors, but the success is
determined using force sensors. Initially, the force feedback
value F'Tf.. is obtained in the non-contact state. The peg
is then brought into contact with the force F) s and
rotated clockwise. Next, the peg is pushed in the hole with
a pressing-force feedback value F, jyge derived from F, gee,
and the displacement dp,g, in the z-direction is obtained. If
dpush 1s less than the predetermined displacement djygge, it
is considered a failure. In this case, the djugee Was set to
2 mm, which is slightly smaller than the range of motion
of the flexible joint. Conversely, if dp is greater than
djugge, it is determined to be successful, and the process
moves to the next phase. In the event of failure, the robot
moves back according to the displacement made during the
judgment and rotates counterclockwise before pushing again.
If a successful judgment is obtained, the process advances
to the next step; otherwise, it is terminated.
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Fig. 11: Overall view of the experimental setup. The robot
arm grips the peg and performs the peg-in-hole task with
intentionally induced positional errors relative to the bearing
hole.

B. Phase 2: Align posture

In the aligned posture phase, the peg and hole orientations
are aligned along each axis. This alignment helps prevent
jamming caused by the internal interaction between the peg
and hole. First, the current force feedback value F'Tgju is
obtained, and the moments around the x- and y-axes are
extracted. If either of these moments exceeds the preset
thresholds T, ires and Ty ihres, the Tobot moves horizontally in
a direction that reduces the exceeding moment, and the force
feedback value [F'Tigjus is updated accordingly. If 1% ihres
is exceeded, move in the y-axis direction, and if T thres 1S
exceeded, move in the x-axis direction. Once the moments
around both axes are below their respective thresholds, the
process proceeds to the next phase.

C. Phase 3: Insert

In the insertion phase, the peg is inserted and finally
pushed into the hole. Periodically, the force feedback value in
the z-direction, F; jneert, 1S Obtained and compared with the z-
direction force component F, fr.. from F'Tj.. The difference
is then checked against a predetermined threshold F, . If
the difference does not exceed F s, this indicates that
there is minimal force on the gripper, signifying that the
orientations of the peg and hole are fully aligned. Conversely,
if the difference exceeds F pres, jamming occurs and the
process returns to the aligned posture phase. When the
difference no longer exceeds F, s, the gripper fingers are

(@ & (o

Fig. 12: Examples of success/failure determination in the
experiment. (a) Success, (b) Jamming, and (c) Failure.

opened, and a final push is performed with the palm to
complete the peg-in-hole process.

D. Pre-set parameters

The parameters were set as follows:

1. The pressing force during CaR F, pres.

2. The pushing force for successful judgment during CaR
F z,judge-

3. The robot’s displacement for CaR judgment is djuqge-

4. The threshold moment around the x-axis for the posture
alignment is T hyres-

5. The threshold moment around the y-axis for the posture
alignment is Ty thres-

6. The force required for evaluating successful insertion is
F z,thres -

These six parameters must be appropriately configured for
the system to function effectively.

V. TIGHT CLEARANCE PEG-IN-HOLE EXPERIMENT
A. Experimental Setup

We conducted experiments using a bearing holder with a
diameter of 10 mm and an aluminum shaft with a diameter
of 10 mm and a height of 75 mm. The tolerance of the
hole is 10mm + 0.021mm, and the tolerance of the shaft is
10mm - 0.015mm, so the clearance between them was within
0.036mm.

In the experiment, as shown in Fig. 11, the bearing holder
was fixed to a platform, and a robot arm (MOTOMAN-GP7,
YASKAWA) grasping the peg was used for manipulation.
The procedure is as follows: The robot was moved to a posi-
tion above one of the grid points in a 7x 7 grid with a spacing
of 1 mm centered on the target hole. Subsequently, the robot
traversed along the z-axis, which was aligned with the axis of
the hole, thus enabling the peg to establish contact with the
hole. Next, the robot performed the peg-in-hole task using
the motion planner described in Section 4. The parameters
introduced in Section 4D were statistically determined by
repeatedly conducting experiments and acquiring data. For
example, F, s Was determined to be SN based on the force
feedback values obtained during the CaR phase, and T; ihres
and T’y tres, Which detect the misalignment between the shaft
and hole, were set to 0.INm from Fig. 5. Additionally, to
expedite the operation, the decision to perform the final push
is made once F jhrx becomes almost equal to F, ge.. This
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shades indicate percentages, with darker colors corresponding to 100%, followed by 80%, 60%, 40%, 20%, and 0%
respectively. Vertical and horizontal axes indicate positional errors relative to hole centers.
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Fig. 14: Graph of data from the force sensor when successful peg-in-hole insertion was achieved via counterclockwise
rotation. The parameters F;, Fy, and M, showed no significant changes and have been omitted.

assessment was conducted at various points after the peg
established contact with the holes.

Finally, we conducted an evaluation using the assessment
method shown in Fig. 12. A fully inserted peg is classified
as a “Success”, whereas a peg that becomes wedge halfway
is termed as “Jamming.” Meanwhile, a peg that fails CaR is
labeled as a “Failure.” The experiment was conducted in five
sets, and the probabilities of success, jamming, and failure
were calculated for each of the 7x7 tiles.

B. Results

The experimental results are shown in Fig. 13. Of the 245
trials conducted, we recorded 224 successes, 8 instances of
jamming, and 12 failures. Among the jamming incidents,
three were caused by failures in the successful CaR phase.

Jamming occurred more frequently near the center of the
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holes. This is attributable to the fact that the proximity of the
peg to the hole center renders it difficult to detect jamming-
induced moments at the onset of insertion. Additionally, the
flexibility of the system may allow alignment with the hole
without CaR, thus contributing to the phenomenon above.
The bearings used have a passively moving inner ring, which
resulted in longer exploration times by the CaR compared
to cases where the area around the hole was fixed. The
clustering of failures in specific areas is attributable to the
characteristics of the gripper’s flexible joints. This suggests
that the mechanical properties of the joints may predispose
certain regions to higher failure rates during insertion.

The graph shown in the Fig. 14 illustrates the data from
the force sensor when peg-in-hole insertion was successful.
Because there were no significant changes in F,, F),, and
M,, these parameters are not included in the description.



F, is represented by a red line, M, by a yellow line, and
M, by a blue line. During clockwise rotation with CaR,
there was no engagement between the hole and the peg,
thus F, did not show significant variations, which indicates
that the success detection was functioning appropriately.
Subsequently, during counterclockwise rotation with CaR,
the peg and hole mated, and F, approached the force level
observed in non-contact conditions, thus showing a change
near zero. During the insertion phase, a rise in the moments
indicated a transition to posture adjustment, followed by a
decrease in moments.

VI. CONCLUSION

We proposed a rule-based motion planner that ensures
successful peg-in-hole We proposed a rule-based motion
planner that ensures successful peg-in-hole tasks, even with
tight clearance and uncertain positional errors. This plan-
ner leveraged a low-cost, high-speed hole-searching method
using CaR and simple posture alignment through force feed-
back. We developed a gripper equipped with a differential
mechanism that enables the infinite rotation of the palm and
flexible joints. The flexible joints allow the completion of
challenging tasks with simple controls, demonstrating that
the parameters set within the planner are independent of the
task. Through experiments using grippers and planners, we
quantitatively assessed the effective range of the CaR and
confirmed that the pre-detection of jamming and alignment
of the peg-in-hole successfully led to task completion.

In future work, to further enhance the robustness of the
planner, we will conduct a theoretical model analysis of
CaR, conduct a detailed examination of peg operations, and
integrate the position correction mechanisms for failures
encountered with CaR. Furthermore, regarding the success
determination of the CaR, the current method based on
the amount of insertion is prone to misjudgments near the
center of the holes. Hence, plans are underway to develop a
more accurate system that incorporates force sensing values
alongside the current metrics. Additionally, by incorporating
machine learning in the future, the success rate of tasks in
various environments can be improved.
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