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Abstract— We propose an assembly system involving two
robotic arms with flexible mechanisms. These flexible joints
provide passive compliance, allowing the robots to absorb
positional errors between assembly parts and their respec-
tive destinations. Our machine learning-based object detection
system shows robustness against variations in color, shape,
and ambient lighting, achieving high positional accuracy. This
system achieves the execution of diverse assembly tasks using
a single setup, facilitated by a universal gripper and machine
learning capabilities. Furthermore, the flexible joints minimize
the need for precise trajectory planning. In our study, we
implemented both an instruction support system and a position
error correction system using object detection. We conducted
real-world assembly experiments to evaluate these systems,
focusing on tasks such as screw tightening and belt drive
assembly, with alignment achieved through vision feedback and
force feedback control.

I. INTRODUCTION

The installation of industrial robots for automated assem-
bly tasks addresses worker shortages in factories and en-
hances productivity. Assembly tasks are inherently complex
due to the high level of difficulty, and frequent failures
caused by errors in the positioning of parts and holes.
Current industrial robots have solved this challenge using
standardized operations with jigs and teaching. However,
these methods require the design and preparation of jigs
and teaching protocols tailored to each part’s shape and
type. Additionally, a suitable hand or gripper is necessary
for each part, increasing the need for multiple hands as the
variety of parts grows. This replacement process also takes
time. In factories with industrial robots, robots have typically
replaced only part of the work. Introducing robots requires
creating operations that consider coordination with human
production lines, which increases manufacturing costs. Con-
sequently, product prices rise, and integrating robots into
existing production lines is time-consuming. This complexity
makes it difficult to respond flexibly and promptly to frequent
product improvements or customizations.

We have proposed an assembly system robust to positional
errors using grippers with flexible mechanisms and feedback
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Fig. 1: Overall robot system and belt drive appearance.
Assemble the belt drive with simple force feedback control
by flexible mechanisms.

control with cameras and force sensors [1] [2]. Object
detection using camera images involved image processing
techniques such as binarization, template matching, and
Hough transformation, but these were susceptible to the
shape and color of the object and the influence of ambient
light. Additionally, the flexible mechanism was either large
or reduced in size by limiting it to 2 degrees of freedom,
and there was a trade-off between the size of the mechanism
and its degrees of freedom. Furthermore, because the flexible
mechanism is attached to the base of the gripper, there was a
problem that the extremity of the hand droops due to gravity
when the hand is turned sideways.

Therefore, we implement an object detection using
YOLOv7 [3], which is a machine learning method, and a
gripper with a small, flexible joint securing 6 degrees of free-
dom, and propose an assembly system that is robust to posi-
tional errors. Compliance control is a method for absorbing
positioning errors between assembly parts and their assembly
locations, providing robots with elastic properties [4]. It can
be broadly divided into two types: active compliance control
[5], which changes stiffness by the robot’s own control,
and passive compliance record, which introduces flexible
mechanisms. Active compliance control requires advanced
actuators and sensors, whereas passive compliance control
can be achieved with just the mechanism, allowing for minia-
turization and simplification of the mechanism. Therefore,
we focus on passive compliance control and incorporated
flexible joints with six degrees of freedom in each of the two
robot arms according to their respective purposes. Machine
learning-based object detection is less affected by the shape
and color of the image and the surrounding light, and detect
the position of objects with high accuracy. YOLOv7 has
high real-time performance and achieve fast camera feed-
back control. Moreover, we develop a teaching system that
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Fig. 2: Hardware configuration of the proposed robot system. The robot system consists of two 6-axis industrial robots, each
equipped with a parallel gripper and a three-finger gripper. Between the grippers and the robot arms, there are force sensors,
flexible joints, and RGB cameras.

Fig. 3: Overview of the flexible wrist of the parallel robot. The flexible wrist consists of an upper plate, a middle movable
plate, and a lower plate. The middle movable plate is connected to the upper plate by three springs and to the lower plate
by six and nine neodymium magnets in a repelling orientation, respectively.

incorporates machine learning, enabling users to easily teach
object positions. Robot systems for automatic assembly tasks
have also been developed. Notably, research has focused on
object detection systems for peg-in-hole tasks, employing
both vision-based [6] and contact-based [7] [8] approaches.
Huges et al. [9] have proposed a system using convolutional
neural networks for object detection as a general assembly
system. We propose a more robust system by using YOLOv7
for object detection to achieve fast vision feedback control,
and by further using flexible joints.

We evaluate the effectiveness of the proposed system
through the system benchmark proposed by Kimble et al.
[10], focusing on screw tightening and belt drive assembly
of the Fig. 1. The belt drive was also adopted in the
industrial robot competition at the World Robot Summit
2018 (WRS2018) [11], and is widely known as a benchmark

for assembly systems. The belt drive assembly first involves
placing the belt on two pulleys, then it is necessary to move
the idler pulley to tension the belt. Since the idler pulley is
bolted in place, it is necessary to tighten or loosen the bolt.
Operational strategies for belt drive assembly have been pro-
posed in previous research. Nishimura et al. [12] performed
belt drive assembly with a timing belt using a single gripper
and evaluated the success rate of the assembly work. Jin et al.
[13] have proposed trajectory optimization for belt assembly,
all of which are assembly tasks performed by highly rigid
robot systems. Additionally, since the belt is made of a
flexible material and there is a possibility of assembly failure
even with precise teaching, the manipulation of deformable
objects by robots has been extensively studied, as surveyed
by Sanches et al. [14]. In our study of belt drives, using bolts
to secure the idler pulley complicates the assembly process.
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Fig. 4: Experimental measurement of the flexibility of the
wrist in the parallel robot. The changes in the amount of
movement and force perception of the robot in the y-axis
direction were measured when a load was applied in the z-
axis direction, when no load was applied, and when there
was no flexible wrist.

Fig. 5: Results of the flexibility experiment. Regardless of
the load in the z-direction, it can be seen that flexibility
is maintained. It can also be seen that the introduction of
flexible joints has reduced the force values relative to the
amount of movement.

Furthermore, assembly tasks are performed with a versatile
gripper, so that it can also be used for other tasks such as
peg-in-hole assembly and wire connecting.

II. HARDWARE CONFIGURATION

A. Overview

The overall configuration of the proposed robot system is
shown in Fig. 2. Each of the two 6-axis industrial robots
(MOTOMAN-GP7, YASKAWA) is equipped with a parallel
gripper and a three-finger gripper at the end of their arms. A
robotic arm featuring a parallel gripper was called a parallel
robot. Conversely, one with a three-finger gripper was called
a chuck robot due to the movement of its fingers. Between
the grippers and the robot arms, there are force sensors

(FFS055YS102U6 S055F103, Leptrino, frequency 10ms) ,
flexible joints, and RGB cameras (C1000eR, Logicool BRIO,
resolution 3840×2160, fps 30).

B. Flexible Joint

Flexible joint has been introduced according to each
gripper. A flexible wrist consisting of springs and permanent
magnets has been introduced in parallel robots. This flexible
wrist in the top left of Fig. 2 ensures 6 degrees of flexibility,
and although it is not suitable for work in the horizontal di-
rection of the hand, it can handle loads from other directions
due to the non-contact flexibility of the permanent magnets.
Fig. 3 shows this flexible wrist in greater detail. A force
sensor is installed under the robot’s hand, and below that,
the flexible wrist is installed.

The left side of Fig. 3 schematically shows a flexible
wrist. There is a plate that can move between the upper
plate connected under the force sensor and the lower plate
connected by a support. This plate is called a middle movable
plate. Between the middle moving plate and the upper plate,
three springs are installed, and on the middle moving plate
and the lower plate, six and nine neodymium magnets are
installed in a repelling orientation, respectively. To ensure 6
degrees of flexibility, holes are made in the middle mov-
ing plate sufficiently large to avoid interference with the
pillars. Using magnets ensures flexibility without contact
and reduces friction, so flexibility in other directions does
not change even when a load is applied in one direction.
When the flexible wrist was constructed with only magnets,
the positional stability of the gripper became a problem,
so springs were introduced at the top. The chuck robot
uses flexible joints made of silicone rubber to connect the
gripper part and the robot arm part. These flexible joints
are positioned near the center of gravity of the gripper as
shown in the upper right of Fig. 2, preventing the fingertips
from drooping due to gravity when the hand is horizontal.
Additionally, the silicone rubber, while being very compact,
ensures flexibility with 6 degrees of freedom.

C. Flexibility of the wrist of the parallel robot

To verify the flexibility of a flexible wrist, we measured the
change in the robot’s movement and force-torque perception
values when a load was applied to the flexible wrist, when no
load was applied, and when there was no flexible wrist. The
experimental setup is shown in Fig. 4. A fixed obstacle was
firmly gripped with a gripper, and a load was applied in the
z-axis direction by pushing and pulling from that state. After-
wards, the robot was moved at a constant speed in the y-axis
direction, and the amount of movement and force sensation
values were measured. The graph of the experimental results
is shown in Fig. 5. Regardless of the load in the z-direction,
the flexibility is maintained. The introduction of flexible
joints has effectively lowered the force associated with the
amount of movement. The flexible wrist suppress the sudden
increase in force perception when loaded, thereby enhancing
the robot’s safety and controllability. From Fig. 5, it is also
apparent that flexibility is maintained regardless of the load
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Fig. 6: Adjust system with object detection. Green represents the center of the camera, and red represents the center of the
object. The robot moves to adjust the object to the center of the camera.

Fig. 7: GUI of the teaching system. The user can teach the
position and posture of the object by clicking on the image
or draging the bar.

in the z-direction. When the belt is pulled, flexibility in other
directions is also ensured. This improves the operability of
belt drives compared to RCC devices [15].

D. Gripper

In the lower left of Fig 2, the gripper of the parallel robot
incorporates a mechanism similar to the gripper developed
by Tennnomi et al. [1]. The gripper of the chuck robot in the
bottom right of the figure is a three-fingered gripper, and the
opening and closing of the fingers are performed by rotating
the shafts mounted at the base of each finger. By inputting
into a differential mechanism with two motors, it is possible
to perform the opening and closing of the fingers and the
infinite rotation of the palm by switching each rotation.

III. SOFTWARE CONFIGURATION

A. Control System

Choreonoid [16] on Ubuntu 20.04 was used for a robot
development platform. Choreonoid is software for robot
modeling, simulation, and control. In Choreonoid, robots are
drawn through a graphical user interface (GUI), and execute
via Python scripts in a character user interface (CUI) is also

possible. We developed a plugin in C++ as an extension
of Choreonoid, enabling robot control from Python scripts
through the API. Object detection by machine learning, force
values from force sensors, image acquisition from cameras,
and robot commands are all done through ROS2 [17] from
Choreonoid.

B. Vision System

As shown in Fig. 2, the process of capturing images
and detecting objects is conducted using RGB cameras
attached to each gripper. These cameras were strategically
positioned away from the central axis of the gripper to avoid
interference with the hands. The spatial relationship between
the hands and the cameras was established through hand-eye
calibration [18].

C. Object Detection System

For the object detection system, YOLOv7 instance seg-
mentation was used. When the name of the part to be de-
tected is received from Choreonoid, images from the camera
are received via ROS2. Object detection is performed on a
computer with RTX 4060Ti GPU on Ubuntu 20.04, and the
center coordinates of the detected object’s image coordinate
system are transmitted to Choreonoid via ROS2. Object
detection was mainly used for the fine-tuning of robots
and the teaching systems. In robot fine-tuning, the distance
between the camera center and the object in the world
coordinate system is calculated by calculating the camera
position from the robot’s joint angles and the object position
in the image coordinate system obtained from the object
detection system. As shown in Fig. 6, if green represents
the center of the camera and red represents the center of the
object, the distance between the center of the object and the
camera is multiplied by a coefficient from 0 to 1, and the
camera center is moved several times without exceeding the
object center to align the centers.

D. Teaching System

The teaching system is a system for users to accurately
instruct the position of an object based on the position of
the object obtained from the object detection system. The
teaching system consists of a GUI as shown in Fig. 7. It
projects the model of the object at the location of the object
detected by the object detection system on the image received
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Fig. 8: Experimental setup for screw tightening. The chuck
robot tightens the screw while measuring the torque and
tightening direction force. The tool is without an actuator,
allowing for low-cost tightening of screws of various sizes.

from the camera. In the object detection system, there is a
slight positional error and since it does not detect posture, it
allows the user to accurately teach the position of the object
from there. The position and orientation of the model of the
object drawn are changed by clicking on the image, dragging
the bar at the bottom, or by keyboard operations. After
the adjustments, the position and orientation of the drawn
object in the image coordinate system are converted into the
position and orientation in the world coordinate system and
transmitted to Choreonoid.

IV. ASSEMBLY TASKS

The proposed system was evaluated by performing screw
tightening using the chuck robot and belt driving by both
robots. The tasks used are parts of the benchmark for the
automated assembly system proposed by Kimble et al. .

A. Screw Tightening method

In screw tightening, after aligning the screw and the screw
hole using the object detection system. Next, the torque
and tightening direction force generated when the chuck
robot tightens the screw are measured, and it is determined
whether to further push the robot or if the screw tightening is

Fig. 9: Belt drive assembly. There are two main pulleys and
an idler pulley on the slider between them. First, removing
the idler pulley, then hooking the belt to the main pulleys.
Finally, moving the idler pulley to tension the belt.

complete. First, perform alignment with the object detection
system. Use tools like those in Fig. 8, detect bolts attached to
the tip using template matching, and compare their position
with the position of screw holes detected by YOLOv7. After
the robot approaches the position where the bolt tip overlaps
with the screw hole as seen from the camera, it completes
the alignment by moving the distance of the radius of the
screw hole and the radius of the screw.

The screw is initially driven at a high rotational speed.
Once the applied force surpasses a predefined threshold, the
speed is decreased to securely fasten the screw. The infinite
rotation function of the palm eliminates the need for a rotary
tool with an actuator, allowing for low-cost tightening of
screws of various sizes. While gripping and rotating the tool,
if the detected force in the direction of the screw hole drops
below a certain value, the robot applies force in the pushing
direction. During slow rotation, in addition to this program,
if the torque in the tightening direction exceeds a certain
value, it is determined that the tightening is complete.

B. Screw Tightening Experimental

Using the aforementioned system, screw tightening experi-
ments were conducted. The screws were M8 hex bolts, with a
length of 20mm. Twenty tightening experiments were carried
out, and the success rate was measured.

As a result, all trials were successful, and the average
time required was 32.9 seconds. In addition, the standard
deviation was 8.53 seconds. As a reason for the increase in
standard deviation, when retracting the tool after tightening
the screw, it is necessary to appropriately rotate the tool by
force feedback so that it does not catch on the bolt hole, but
this operation caused variability.
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Fig. 10: Schematic of the hooking process. The belt is hooked
onto the pulley A at first, and then hooked onto the pulley
B.

Fig. 11: Force and moment data obtained when hooking the
belt. If the moment value does not exceed a certain level,
lower it slightly in the z-direction and perform the hooking
operation again.

C. Belt Drive Assembly

As shown in Fig. 9, the belt drive has two main pulleys and
an idler pulley on the slider between them. Before placing
the belt on the main pulleys, it is necessary to loosen the
screw of the idler pulley and move it over the slider. After
installing the belt, move the idler pulley so that it tightens
the belt, and then tighten the central screw. When loosening
the screws of the idler pulley, use a chuck robot holding a
tool and align the robot with the bolt holes using the screw
tightening method described in Section 4A.

1) Idler pulley removal: Loosen the screw in the center
of the idler pulley, and move the slider carrying the idler
pulley away from the y-axis while the tool remains stuck in
the screw hole. This move the idler pulley from the position
where the belt is likely to be applied.

2) Hooking the Belt to the pulley A: After moving the
chuck robot to a safe place, the parallel robot is used to
grip the belt. Place the belt on one of the main pulleys and
hook it onto the screw hole at the top of the other main
pulley with the parallel robot. First, designate the main pulley
on which the belt is initially placed as pulley A, and the
other as pulley B. Set a coordinate system with the line
connecting the center points of pulley A and pulley B as
the y-axis, the vertical direction as the z-axis, and the center
point of pulley A as the origin. As shown in Fig. 10, the
diameter of pulley A is denoted as DPA, the diameter of
pulley B as DPB , the distance between the centers of pulley

Fig. 12: Move the robot straight down until it detects force
values, and open the gripper to hook the belt onto the head
of screw on the pulley B. After that, use the chuck robot to
easily hook the belt into the groove of pulley B.

A and pulley B as LAB , and the circumferential diameter
of the belt as DB . Move the robot from pulley A towards
pulley B, and if the moment around the x-axis exceeds a
certain value, it is determined that the belt is applied to
pulley A. If it does not exceed a certain value, return to
the state before moving towards pulley B, move a little in
the negative z-direction, and repeat this action. As shown
in Fig. 11, the initial position of the gripper before moving
the belt is above the center of pulley A. Since the belt is
flexible, the unheld tip side is easily deflected by its own
weight, and the amount of deflection changes depending on
how it is gripped. Therefore, the starting position needs to
be sufficiently above the center of pulley A.

3) Hooking the Belt to the pulley B: After the belt is
placed on pulley A, it is hooked onto pulley B. The belt
is held by the parallel gripper, and because it is difficult
to directly hook it onto the groove of pulley B, the chuck
robot is used with a tool to hook the belt. Therefore, as the
belt needs to be kept on pulley A while using the tool, it
is possible to work safely by hooking the belt onto the bolt
head of pulley B as shown in Fig. 12.

Next, completely hook the belt onto pulley B with the
chuck robot. By using the tool used to remove the idler
pulley, it is possible to save the time of changing tools. First,
insert the tool at the midpoint between pulley A and pulley
B and move while checking the moment value as shown in
Fig. 13, to find the approximate intersection of the belt and
the pulley. After reaching the intersection of the belt and
the pulley, the belt is hooked into the groove by rotating the
gripper around the center of pulley B. The rotation radius at
this time is set to be the same as the radius of pulley B, but
even if there is some error, the belt can be hooked into the
groove by the flexible joint.
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Fig. 13: Searching for the intersection of the belt and pulley
B by force-torque feedback. After reaching the intersection,
the robot moves rotating around the center of the pulley B.

4) Idler pulley installation: After placing the belt on both
pulleys, move the idler pulley that was set aside so that it
tightens the belt, and tighten the central screw. Whether the
belt is tight is determined by force-torque feedback.

D. Belt Drive Assembly Experimental

Using the previously mentioned assembly algorithm, an
assembly experiment of a belt drive was conducted. The belt
used has a diameter of 4mm and a circumferential diameter
DB of 120mm. The center-to-center distance between pulley
A and B is LAB=115mm. The diameters of pulley A and
pulley B are DPA=62mm and DPB=50mm, respectively.

We conducted 20 assembly experiments and measured
their success rate. We successfully applied tension to the
belt 18 times and failed to apply tension twice. In the 18
successful trials of applying tension to the belt, the average
time required was 244.83 seconds. The standard deviation
was 6.54 seconds. When inserting the tool into the bolt hole
of the idler pulley to apply tension and tighten the screw,
the tool fell off during rotation because the tool’s posture
was too tilted. The flexible joints introduced in this robotic
system are incapable of changing their flexibility. For tasks
where posture is important, it is preferable to have joints
with high rigidity, therefore, introducing flexible joints with
variable stiffness can be considered as a future improvement.

V. CONCLUSION

In this study, we proposed an automatic assembly system
using two robotic arms equipped with flexible joints. In
this system, we implemented object detection by machine
learning, an instructional support system utilizing it, and
a position error correction system, and conducted actual
assembly experiments with these systems. Additionally, by
using feedback control via force sensors, experiments on
belt drive assembly were conducted, demonstrating success-
ful assembly even without precise motion creation through

flexible joints. The flexible wrist of the parallel robot uses
magnets to ensure flexibility without contact, reducing fric-
tion and demonstrating that it can handle loads from multiple
directions, such as during belt tensioning. We improved the
flexibility of joints from the conventional system, succeeded
in assembling the belt drive, and enhanced robustness by
switching the vision system to a machine learning base.
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