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ABSTRACT The most challenging task in the wiring harness assembly process is the placement and
connection of cables on harness boards. This task remains difficult to automate because it requires dual-arm
manipulation to collaboratively grasp the harnesses. In this study, we propose a dual-arm manipulation
system and a path-planning framework to automate the wiring harness task. The proposed framework enables
the cooperative operation of dual-arm manipulator and plans efficient paths, while considering the kinematic
constraints and obstacle avoidance conditions. The framework obtains paths in two steps: 1) the configuration
of the robot arms is computed using an inverse kinematics solver; and 2) when the distance between obstacles
and robots falls below a certain threshold, a sampling-based algorithm plans paths that satisfy the kinematic
constraints and obstacle avoidance conditions. The merits of the framework include a significant reduction
in the task time compared to existing methods. This was achieved by efficiently exploring the workspace
within the constrained conditions using the proposed algorithm instead of determining the path-planning
conditions throughout the entire workspace. The effectiveness of the proposed framework was validated
through simulations using redundantly actuated robots with multiple DoF.

INDEX TERMS Collision avoidance, cooperative manipulation, kinematic constraints, dual-arm
manipulator, path planning algorithm, redundantly actuated robotic systems, wiring harness assembly.

I. INTRODUCTION

Wiring harnesses are used in various fields as essential
components, such as household appliances, automobiles, and
automated devices, to transmit electricity between electronic
and electrical devices [1]. Currently, the wiring task is
predominantly performed manually, which incurs high labor
costs and variations in the output quality based on the skill
levels of the workers. Consequently, significant research
has been conducted in the industrial sector to automate the
wiring harness assembly process using robots for factory
automation [2], [3]. To ensure the safe execution of such
tasks, path-planning algorithms must be written to enable the
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movement of robot arms from the starting point to the target
position [4], [5], [6].

The common approach to address this problem is to solve
the inverse kinematics problem of the robot and obtain
the joint angles at the desired positions. However, robots
are complex integrated systems composed of articulated
structures that require the availability of all the variables and
conditions for kinematic methods to be successful. If the
complete information is unavailable, the problem-solving
process may fail. Moreover, kinematic methods alone cannot
address the challenges posed by obstacles and similar
factors [5]. Therefore, to successfully automate wiring
harness assembly, robots require path-planning algorithms
that not only preserve work constraints but also ensure
collision avoidance and joint limit avoidance throughout the
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planned motion. This study proposes an efficient technique
for path planning in flexible cable operations using dual-arm
manipulation systems.

A. RELATED WORKS

Previous studies in this field primarily focused on single
robots, low-degree-of-freedom (DoF) systems [7], or end-
effector-based approaches [8] for performing wiring harness
assemblies. However, it requires simultaneous grasping and
cooperative operation of dual-arm manipulator with human-
like dexterity, during processes such as cable placement
and connection. Therefore, in wire harnessing, manipulators
must collaborate and perform operations in complex work
environments.

Because the joint configurations of each robot are inter-
dependent in a dual-arm manipulation system, the paths of
all robots must be planned simultaneously [9]. For example,
in wire harnessing, robots must grasp and manipulate cables
using their manipulators. To achieve this, they must share
positional and status information, determine the partitioning
of the workspace for each robot’s responsibility, and employ
path-planning algorithms that consider collision avoidance
to ensure safe operation [10]. However, the search space is
high dimensional [2]. To reduce the computational costs,
this study proposes a method that generates paths only in
collision-free areas, thereby shortening the task completion
time.

Furthermore, a dual-arm manipulation system must con-
sider the joint configuration of each robot for path planning.
If a system with few DoF is employed, the feasible paths
become highly restricted when additional constraints, such
as joint angle limitations and collision avoidance conditions,
are added. However, robots with larger DoF exhibit flexible
movements even in complex work environments and can plan
paths considering collision avoidance and joint constraints.
Thus, robots with larger DoF are more suitable for complex
wiring harness tasks.

Finally, motion-planning algorithms that satisfy the
constraints of robots are being actively researched [11].
Sampling-based algorithms [12], [13] generate paths that
minimize energy consumption and cover the shortest distance
among numerous possible paths from the start point to
the destination in a probabilistic manner. This enables
effective exploration of paths in complex high-dimensional
spaces. However, these algorithms are challenging to use
when simultaneously considering kinematic constraints and
collision avoidance tasks, because they construct paths
based on the end-effector of the robot. Moreover, when
employing a dual-arm manipulation system, randomly select-
ing grasping points and verifying their feasibility becomes
time-consuming as the search space increases with the
number of robots. Additionally, introducing constraints
between dual-arm manipulator necessitates finding paths in
a considerably narrower and more complex space than the
conventional joint space. Thus, when performing cooperative
motion planning for wiring harness tasks within the joint
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space of the robots, research is required to satisfy not only
the path between the start and end points but also the node
constraints that minimize the robot’s implementable motion
and energy consumption [14].

B. CONTRIBUTIONS

In this study, we propose a process-motion-planning
algorithm that uses dual-arm manipulation to enhance the
efficiency and safety of wiring harness tasks. The key
contributions of this study are as follows:

« To prevent collisions between robots and external obsta-
cles, we calculated the minimum distance between the
robot link-link and link—camera centers and proposed
a task-specific objective function based on the DoF.
Additionally, we utilized inverse kinematic conditions
to perform the task and employed a sampling-based
algorithm to fetch collision-free paths for the robot
without colliding with obstacles. We proposed a
motion-planning algorithm that simultaneously consid-
ers the target poses and joint values for each task.

« While extant robot motion-planning methods primarily
focus on performing tasks by manipulating the robot’s
end effectors, this study considers information regarding
both the target poses and joint values for each task.
Furthermore, we utilized inverse kinematics to propose a
method for obtaining joint values for newly added nodes,
thereby enabling the development of a motion-planning
algorithm that considers all robot joints.

o To address the issue of unnecessary motions in path
planning, which can occur in sampling-based algo-
rithms, we used the Ramer-Douglas—Peucker (RDP)
algorithm. This algorithm simplifies the paths generated
by the proposed algorithm and removes unnecessary
points, thereby resulting in an efficient representation of
the path. Through simulation validation, the proposed
technique demonstrated superior performance in terms
of robot adaptability, task efficiency, and safety com-
pared with existing methods.

The remainder of this paper is structured as follows.
Section II provides the background information that is uti-
lized throughout the paper. Section III outlines the algorithm
framework and introduces the methodology. Section IV
presents the simulation results of the proposed approach.
Finally, Section 5 summarizes the evaluation of the method.

Il. PROPOSED ALGORITHM FRAMEWORK

As shown in Fig. 1, this study presents an overall
path-planning method for flexible cable manipulation using
dual-arm manipulation. The flow of the algorithm is as
follows.

1) Receive the current coordinates (p;), next coordi-
nates (p;+1), target position, and direction as inputs for
the task.

2) Solve the inverse kinematics problem using the position
and angle information. (See Sec. 1I-A)
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FIGURE 1. Overview of the proposed framework.

3) Verify if each manipulator is within the danger
radius by utilizing information about the manipulators,
obstacles, and self-collisions by calculating min(d; ;).

4) Execute the path-planning algorithm considering the
robot’s joints and computational cost information.
Among the candidate nodes, select the waypoint
with the lowest computational cost, which includes
joint angles (qyy) and distance information (dlcyy)
between the robot and the obstacles for both being at
a random node and at the newly generated random
node. Find the new current node n, which has the
lowest computational cost among the generated tree
at each cycle. Select a waypoint as a bypass point
from arbitrarily chosen points that are a certain distance
away from the obstacles and have the minimum Goal
score. Connect the selected points to the starting and
target points to generate the path. (See Sec. II-B)

5) Calculate the inverse kinematics values after obtaining
the path.

6) If there are segments with waypoints that do not have
inverse kinematics solutions, return to the segment with
waypoints that have inverse kinematics solutions and
randomly expand the tree. Next, select a random point
and check if it satisfies the constraints and Goal score
for the randomly generated sample at a certain distance
from the nearest node. If satisfied, add it to the tree
and connect the starting and target points to generate a
path that avoids obstacles. If a Goal score exists without
obstacles and is smaller than the existing Goal score,
expand the new sample for each segment.

7) Move the manipulators.

8) End the algorithm if the current node gets sufficiently
close to the target position.

9) Perform the harness operation and move to the next
target coordinates.

Therefore, this method controls path planning and move-
ments by considering the joint constraints of the robot,
enabling the robot to perform tasks safely and efficiently.
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A. REDUNDANCY RESOLUTION PROBLEM

The inverse kinematics with weighting matrix in the proposed
scheme, as shown in Fig. 2. The joint configuration of the
robot must be determined so that it can operate along a
computed end-effector path. In this system, the weighted
least-norm solution to generate joint movements, considering
the range limitations of the joints. This approach enabled the
robot to move to the desired position and orientation while
adhering to the constraints imposed by the joint limits [3],
[15], [16].

B=WTagW ) ' ®R+Kxs —x). (D)

Here, the weighting matrix, W, are represented by a
7 x 7 diagonal matrix, in which increasing the value of
the i-th weight result, w; in a smaller inverse weight in the
inverse kinematics equation, which restricts the motion of the
corresponding joint.

1) JOINT LIMIT AVOIDANCE

To generate weighting matrix for joint limit avoidance, the
weight w; corresponds to the i-th diagonal element of the
weight matrix W:

oH . oH
1+ |—1, if A|—]| >0,
w; = 8qi 8%‘ (2)
1, otherwise.

In (2), the potential function was used to determine the
proximity of the joint positions to the upper and lower limits.
To capture the variations in the potential function with respect
to each joint change, the gradient vector of the potential
function is expressed as follows:

ﬁ _ (Qi,max - q:’,min)z(z%'

— — 4i,max — Qi,min) (3)
a%' 4(%‘ max

- Qi)z(%‘ — dqi, min)2

Consequently, the weight term |3H | indicates that as its
absolute value increases, the magmtude of the gradient, W,
decreases, resulting in slower joint velocities. This means
that, if the change in the absolute value of the gradient is
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FIGURE 2. Flowchart of the proposed Inverse Kinematics algorithm.

positive, i.e., the joint is moving toward its upper or lower
limit, we introduced weights to restrict the movement. If the
change in the absolute value of the gradient is zero or
negative, i.e., the joint maintained its position, we assigned
a weight of 1 to allow unrestricted movement.

The weighted least-norm solution algorithm utilizes
weights to control joint movements and introduces a potential
function based on joint positions to account for joint range
limitations. However, this algorithm does not provide specific
collision detection or avoidance methods. Therefore, it should
be integrated with other algorithms that address collision
detection and avoidance, which is necessary to plan the path
of the robotic arm, as shown in Sec. I1I-B.

2) SELF COLLISION AVOIDANCE

In this section, the concept of a minimum distance between
robot links is explained, and an algorithm for estimating and
monitoring the distance between adjacent links is proposed.
To achieve this, a safety radius larger than its actual radius
was set for each link, and the minimum distance formula was
used to calculate the shortest distance between links.

‘When the sensors detect a collision within the safety radius
between links, the joint values are determined using a cost
function. This cost function was formulated to be inversely
proportional to the minimum distance between the joints,
meaning that the cost function value increased as the distance
between the links decreased. This ensured that the reciprocal
values of the minimum distances for all the links decreased,
thereby avoiding self-collisions.

1
14+ |—], if A|—|>O
wi = di,j lj @)

1, otherwise.

where d;; represents the minimum distance between the
i-th and j-th links, as shown in Fig. 3. And ;- denotes the
reciprocal of the minimum distance. As the denommator
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decreases, the distance between the links decreases and
the value of - increases. Condition Al | indicates that
dij

the rate of change of - is positive, 1ndlcat1ng a decrease
/

in the distance between the links. Therefore, a cost function

h is added when the distance between the links decreases.

3) OBSTACLE COLLISION AVOIDANCE

When a robot collides with an obstacle in its workspace,
it can damage itself, the working environment, or surrounding
equipment. Therefore, in this study, an algorithm was
proposed to avoid collisions by defining the subtask objective
function (h) of the robot as the minimum distance between the
robot links and the center of the obstacle (camera), as shown
in Fig. 4.

To design the algorithm, three cases are considered:

« Case 1: When the center of the obstacle is located outside
the endpoint Tf)v of the link, the distance between T(’;’ and
the camera center (p), subtracting the camera’s size as
the radius (7.), is computed and used as the cost function.

o Case 2: When the obstacle is located between endpoints
T} and Tf)v *+1 of the link, the distance between a point
and line, after subtracting the camera’s radius r, is used
as the subtask objective function.

o Case 3: When obstacle p is located outside endpoint
Tg +1 6of the link, the distance between TS’ +1 and P:
subtracting the camera’s radius, is used as the subtask
objective function.

VOLUME 11, 2023
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FIGURE 5. (a) Static sphere obstacle collision verification, (b) dynamic
sphere obstacle collision verification.

Furthermore, a path-planning algorithm that considers
dynamic obstacles is required for a robot to achieve safe
movement and task execution in a dynamic environment
[17], [18]. In this study, a velocity-based dynamic obstacle
method was proposed to address the path-planning problem
of a robot.

The algorithm generates smooth paths by considering the
current position, dynamic obstacle position, and velocity
information during the iterations. It performs collision
avoidance and explores safe paths based on the position
and velocity of dynamic obstacles. Because this algorithm
considers the position and velocity of an obstacle under
the assumption of known static obstacle conditions, it is
applicable when such information is available

norm(Tf)V ,P)— e Case 1
norm(cross(TS’ Tf)v + Tg’ p) —r. Case?2 (®)]
Case 3

di/,j/ =
norm(Tf)V+1 ,P) — Fe

B. DUAL-ARM MANIPULATOR PATH PLANNING PROBLEM
Robot path planning aims to minimize the energy consumed
by the robot while translating from the starting point to the
destination with the shortest possible distance. To achieve
this, sampling-based algorithms [12], such as RRT, PRM,
and RRT*, are commonly used. These algorithms proba-
bilistically extend trees and efficiently explore obstacle-free
regions to generate paths, as shown in Fig. 6.

Previous research has primarily focused on connecting
paths by considering only the end effectors of robots,
particularly highly articulated manipulators. However, this
approach may not fully utilize the robot’s DoF, and instead
may impose constraints on path generation and collision
avoidance if joint movements are not considered. In this
study, a method is proposed to consider both the robot’s joint
space and workspace by representing the local planner values
as the motor angles (g;) of each joint.

ain]" 6)

Furthermore, in previous studies, cost functions were used
to evaluate the cost required to move to an arbitrary point,
typically determining the nearest node using the Euclidean
distance. However, those methods did not consider the robot’s
joint values but only the closest distance based on the end

q= [61:'1 qi
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FIGURE 6. Flowchart of the proposed path-planning algorithm.

effector. Therefore, they may not accurately reflect the cost
or feasibility of paths in complex environments involving
joint constraints, obstacles, kinematic constraints, or high-
dimensional configuration spaces.

To address this issue, this study proposed a new cost
function (qnn, qup) that was redefined in the joint space.
This cost function combines the rates of change of the joint
angles and the distance between the robot and camera, using
the nearest node (qyy) and new point (quyp) of the joints as
inputs. In other words, as the rate of change increased and the
distance between the robot and the camera decreased, the cost
function increased.

To calculate the cost function, the method took as inputs
the joint angles (quy) and distance to obstacles (dlcyy)
when the robot is at the current node (nearest node) and the
joint angles (quyp) and distance to obstacles (dlcyp) at the
newly generated node. The cost was computed as the sum
of differences between the joint values when moving to the
new point 27: 1(gnp — qun) and the ratio of the difference
between the distance to obstacles at the new point and the
current obstacle distance. In other words, as the rate of change
of the joint angles increased and the distance between the
robot and the obstacles decreased, the cost function increased.
This process was iteratively updated until a solution was
obtained.

ZZ:](qNP —qnN)

cost = . 7)
dlCNP — dlCNN

Through this approach, the cost function verifies the exis-
tence of paths that satisfy the constraints between the joint
values of each node, thereby enabling path generation by
considering the robot joint values and distances.

On the other hand, the RRT* algorithm generates
numerous points to represent the state space, which can
lead to increased computational complexity and memory
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usage for path calculations. The RDP algorithm reduces
unnecessary points while maintaining a close approximation
of the original curve in a simpler form. By applying this
algorithm, the complexity of curve can be reduced, and the
memory usage can be optimized. Therefore, in this study,
the Ramer—Douglas—Peucker algorithm was introduced to
reduce redundant points in the sampling-based algorithm.
The algorithm operates according to the following steps:
First, a set of n points was defined on curve C starting from
the initial point (P;). Assuming these points form a line
segment, we calculated the distances between each point and
the line segment. Among these, the point with the maximum
distance that satisfied a predefined threshold condition was
identified. This point was referred to as the farthest point.
Another line segment was drawn connecting the farthest point
and this line segment. Based on the newly drawn segment,
the curve was divided into two subcurves. The same process
was recursively applied to each subcurve. By repeating this
process, we obtained a simpler form of the curve, which
approximated the original curve.

Ill. VALIDATION RESULTS

A. SCENARIO 1: STATIC OBSTACLE

To validate the performance of the proposed algorithm, it was
embedded in a simulation to verify whether the two robots,
in the presence of static and dynamic obstacles, could evade
obstacles and accurately track the target positions while
performing wiring harness tasks. Simulation results of the
entire robot path in an environment with static obstacles are
illustrated in Fig. 7. Sixteen tasks were performed, as follows:
(1) starting from the initial point (Pgy), (2) moving along
the cable path (Pcgpe), (3) moving from markers P1 to
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P13, and (4) verifying the successful execution of tasks,
including reaching the goal and direction (Pgoq;). For the left
arm, the simulation started from the initial state Py,y =
[700, 350, 850]. P.qpie moved along the cable path and
subsequently reached [2200, 950, 1850]. P1 — P3 involved
moving from markers P1 to P13. The goal position Pg,;, was
setto [700, 350, 850]. Similarly, the right arm started from the
initial state Py, = [1930, 350, 850]. P41 moved along the
cable path, reaching P, = [2200, 950, 1600]. P1 — P13
involved moving to marker P1. The goal position for the right
arm was set as the arrival point (in place) at [1930, 350, 850].

The static obstacles were represented as spheres with a
radius of 150 mm, whereas the actual size of the robot
was 210 mm. Consequently, when the distance between the
robot and the obstacle was less than 500 mm, the situation
was considered a collision risk. Collision detection was
implemented to ensure that the robot could move along a safe
path. The tolerance for the position error was set to 50 mm
and that for the direction error to 50 rad. The algorithm was
designed to terminate when both the position and direction
errors were within the specified ranges and the final path
was reached. Figure 8 compare the distances between the
left arm robot and obstacle, right arm robot and obstacle,
and the avoidance algorithm before and after the application,
respectively. The distance represents the distance between the
joint angles of the seven joints of the robot and the minimum
distance of the obstacle.

Figure 8(a) shows that, before deploying the collision
avoidance algorithm, the distance between the left-arm
robot and obstacle led to a collision after 4 and 16 s of
simulation. However, after deploying the collision avoidance
algorithm, the minimum distance was maintained at 500 mm

VOLUME 11, 2023
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FIGURE 10. Simulation results of the proposed framework for wiring-harness manipulators in Scenario 2.

or more to ensure safe execution of the task. Similarly,
Figure 8(b) demonstrates that, before the algorithm was
deployed, the distance between the right-arm robot and the
obstacle would lead to a collision after 23 s of simulation.
However, after deploying it, the minimum distance was
maintained at 500 mm or more to ensure safe execution
of the task. Figure 8(c) illustrates that, before execution,
a collision between two robots was expected between 5 and
10 s in the simulation. However, after execution, a safe
path without collisions was generated. According to the
experimental results, while moving from P4, to P1, the
robot encountered challenges in searching for a narrow
path that avoids the obstacles. However, when the proposed
algorithm was deployed, it successfully generated paths that
allowed the robot to move safely without colliding with any
obstacles. These findings demonstrate the effectiveness of
the proposed algorithm for robot path planning in complex
environments.

To overcome this issue with Sec. II-B, in Fig. 9, the
results of the implementation of the RDP algorithm to path
optimization are evaluated. This experiment was conducted
to assess the performance of the proposed algorithm in
path optimization for robot motion planning. An epsilon
threshold value of 30 mm was used for the optimization.
The experimental results show that, when the existing
RRT* algorithm was used to generate paths, as shown in
Fig. 9(a), 183 paths were produced, whereas this number
was reduced to 10 after the RDP algorithm was applied.
This reduction indicated the elimination of unnecessary parts,
which resulted in shorter, more efficient paths. Additionally,
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path simplification reduced the computation time of the
robot. Figure 9(b) presents the results in a static obstacle
environment, where the initial path consisted of 13 points,
which were reduced to six points after optimization. More-
over, by setting the epsilon value to 30 mm, the system
achieved appropriate path optimization. This demonstrated
the capability of the RDP algorithm in simplifying robot
trajectories and generating efficient paths in static obstacle
environments. Similarly, Fig. 9(c) illustrates the results in
a dynamic obstacle environment, where the initial path
consisted of 15 points, which was reduced to six points
after optimization. Once again, setting the epsilon value to
30 mm resulted in an optimal path. The RDP algorithm was
utilized to optimize the robot’s paths by considering dynamic
obstacles. This highlights the capability of the RDP algorithm
to simplify robot trajectories and generate efficient paths in
the presence of mobile obstacles. Consequently, application
of the RDP algorithm to the proposed RRT* algorithm made
the benefits of path simplification evident. These findings
demonstrate the utility and applicability of the algorithm in
robot path planning.

B. SCENARIO 2: DYNAMIC OBSTACLE

For Scenario 2, we performed simulations to determine the
possibility of a robot arm to safely perform tasks by avoiding
collisions with one static and two dynamic obstacles. The
radius of the robot arm was set to 210 mm, and both static
and dynamic obstacles were represented as spheres. The radii
of the static and dynamic obstacles were both set to 90 mm.
We considered a collision risk scenario when the distance
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between the robot and an obstacle was less than or equal to
400 mm and implemented measures to detect collisions and
enable the robot to move along a safe path.

The center position of dynamic obstaclel was [1000, 1200,
1500] mm with velocities of [2.7, —2.7, —2.5] mm/s along
the x-, y-, and z-axes, respectively. Dynamic obstacle 2 had
a center position of [2000, 1200, 2000] mm and velocities
of [-2.5, —2.5, —2.5] mm/s along the x-, y-, and z-axes.
The simulations were conducted based on these settings. The
range of the position error was set to 50 mm and the direction
error to 50 rad. The robot was designed to satisfy both the
position error and direction error conditions, and to terminate
the algorithm once it ventured on the final path, as shown in
Fig. 10 and 11.

IV. CONCLUSION

This study proposed a motion-planning algorithm that used a
dual-arm manipulation system for complex tasks in wiring
harness operations. The algorithm considered cooperation
and communication among robots, joint constraints, and
collision avoidance with the aim of reducing operation time
and improving efficiency.

The main contributions of the proposed algorithm are as

follows:

o To address collision avoidance, a subtask objective
function that incorporates self-collision avoidance and
collision avoidance between the robots and obstacles
was proposed. By leveraging inverse kinematics, the
algorithm performs joint constraint tasks. When the
distance between the robot and the obstacle is below a
certain threshold, subtasks are executed for self-collision
and obstacle collision avoidance. However, if the
distance condition between the robot and the obstacle
is satisfied, the robot uses a sampling-based algorithm
to find collision-free paths with the obstacle.

o Unlike previous path-planning methods that focused
only on the end effectors of the robot, this algorithm
simultaneously considers the target poses and joint
values for each task. Furthermore, we propose a method
to determine the joint values of the new nodes being
added by using inverse kinematics, thereby developing
a motion-planning algorithm that considers all joints of
the robot.
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« To enhance the efficiency of the path-planning results,
we adopted the Ramer-Douglas—Peucker algorithm.
This algorithm simplifies generated paths and removes
unnecessary points, thereby improving their represen-
tation. Through simulation validation, the proposed
algorithm exhibited superior performance in terms of
robot adaptability, task efficiency, and safety compared
to existing techniques.

Future research directions include the development of
collision-avoidance algorithms in various environments and
performance evaluations in real work environments. In addi-
tion, the applicability and scalability of the algorithm in actual
industrial settings must be explored considering the flexibility
of cables.
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