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Abstract: Robotic manipulator faces a challenge in navigating dynamic environments while ensuring collision-free
trajectories, especially for redundant manipulators. Inverse kinematics involves finding joint angles to reach a
specific point in 3D space. The shift from classical analytical and numerical methods to optimization heuristic
algorithms is driven by the increasing complexity of robotic systems and the demand for more versatile and adaptive
solutions. Meta-heuristic algorithms offer a transformative approach by framing the inverse kinematics problem as
an optimization challenge, providing a flexible and robust means to navigate complex solution spaces.
Metaheuristic algorithms, known for their ability to explore high-dimensional search spaces and avoid local optima,
offer robust solutions for these challenges. They enhance computational efficiency, enabling real-time decision-
making and obstacle avoidance, making them ideal for complex robotic applications. These characteristics of the
metaheuristic algorithms can used in developing an integrated framework that offers complete solution to robot
manipulators. This research article presents a generalized framework leveraging meta-heuristic algorithms to
address dynamic obstacle avoidance in redundant manipulators. The framework uses meta-heuristic algorithms as
the inverse kinematics solver, 3D trajectory planner, and obstacle avoidance mechanism, encompassing both static
and dynamic obstacles. The proposed framework is generalized and gives the user to select the type of robot
manipulator, with any number of links with any custom trajectory within the workspace of the robot manipulator.
Also, any metaheuristic algorithm can be used in the proposed framework. The proposed framework is
implemented in MATLAB’s app designer for simulation with six different meta-heuristic algorithms. The
effectiveness of the framework was evaluated in terms of its capability to generate 3d path, its ability to follow
generated trajectory, while seamlessly adapting to dynamically changing environments. Through simulation, the
framework showcased robust performance in navigating workspaces with moving obstacles, ensuring collision-free
motion for redundant manipulators.

Keywords: Adaptive Trajectory Tracking; Collision-free Trajectory Follower; Dynamic Obstacle Avoidance; Hybrid
Meta-heuristic Algorithm; Inverse Kinematics Solver; Real-time Obstacle Avoidance; Redundant Robot Manipulator

1. Introduction

In today's industrial automation landscape, robotic systems play an increasingly important role.
Industrial robots have evolved into indispensable assets, improving production processes, increasing
productivity, and ensuring precision in a wide range of applications. As we enter this technological era, the
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use of robotic manipulators has increased across a wide range of industries, from automotive assembly lines
to pharmaceutical manufacturing, demonstrating the revolutionary impact of automation on modern
businesses. In the pursuit of efficiency and versatility, redundant robot manipulators have emerged as a
significant achievement in robotic design. Redundancy in these manipulators adds degrees of freedom,
allowing for greater adaptation to complicated tasks and dexterity in adverse conditions. This characteristic
allows robots to navigate complex workspaces and carry out jobs with previously unthinkable agility.
However, the deployment of redundant manipulators creates significant issues, especially when faced with
dynamic barriers in their operational environment. The dynamic nature of modern industrial environments
necessitates powerful algorithms capable of dynamically adjusting robot trajectories to avoid collisions,
assuring both safety and continued operation. This requirement is even more obvious in situations where
real-time modifications are critical, such as collaborative workspaces where people and robots cohabit.
Inverse kinematics, trajectory planning, and obstacle avoidance are the key processes that enable any
industrial robot to operate in complex environments, avoid obstacles, and complete tasks with precision
and efficiency. A comprehensive review of various control strategies for robotic manipulators and potential
solutions for obstacles, with an analytical study explaining the various control strategies, link types, models,
applications, and degrees of freedom is done in [1].

Inverse kinematics is the process of determining the joint configurations required to achieve a desired
end-effector position and orientation. This mathematical computation is essential for translating task
specifications into actionable commands for the robot's joints. The classical analytical methods [2-5] that
were proposed for solving inverse kinematics are not versatile, and the robot mechanisms that can be
created are limited. For robots with complex kinematic systems, closed-form solutions could not exist or be
practical. Furthermore, in some configurations, the analytically derived solutions may not be as reliable due
to their sensitivity to singularities. Several numerical methods [6-7] have been put forth to solve inverse
kinematics problems when an analytical solution cannot be obtained. However, the numerical methods may
have convergence issues, and the choice of initial guesses can affect the solution. Iterative methods may
require more computational resources, especially for robots with a large number of degrees of freedom.

In contrast, heuristic and metaheuristic algorithms offer a transformative approach by framing the
inverse kinematics problem as an optimization challenge. These algorithms, inspired by natural processes
or mathematical optimization techniques, provide a flexible and robust means to navigate the complex
solution spaces associated with redundant manipulators. They can incorporate various constraints,
including joint limits and task-specific criteria, allowing for a more adaptable and customized approach to
inverse kinematics problem-solving. The advantages of these algorithms are their ability to handle
redundancy effectively, optimize performance criteria, and offer flexibility in the face of dynamic changes
or uncertainties in the environment. Furthermore, these algorithms are well-suited for real-time
applications, ensuring adaptability in scenarios where the robot must continuously adjust its configuration.

Metaheuristic algorithms, inspired by natural phenomena have proven to be effective in solving
complex optimization problems [8-10]. Researchers have employed various heuristic and metaheuristic
algorithms for solving the inverse kinematics of the robot manipulators. To name a few, Genetic Algorithm
(GA) [11], modified GA [12], Particle Swarm Optimization (PSO) and its variants [13-14], variant of Artificial
Bee Colony (ABC) [15], Firefly [16], beta salp swarm algorithm [17], Bat algorithm and its variants [18],
Cuckoo and Imperialist Competitive algorithm [19], etc. Various other optimization algorithms that are
used for robot manipulator’s inverse kinematics problem, trajectory tracking is available in [20-23].

Metaheuristic methods, inspired by natural or mathematical principles, offer a pragmatic means to
navigate the intricate solution spaces associated with inverse kinematics. Furthermore, when extending
these approaches to trajectory planning with obstacle avoidance, the adaptability of these algorithms
becomes paramount. Metaheuristic-based methods can efficiently explore alternative trajectories,
optimizing joint configurations to navigate around obstacles and ensuring collision-free paths. These
qualities motivated us in developing a metaheuristic-based framework that can act as inverse kinematics
solver, trajectory planner, obstacle avoidance including dynamic obstacles for redundant robot
manipulator.

The rest of this paper is organized as follows: Section 2 presents the general flow a typical metaheuristic
algorithm. Section 3 explains the proposed framework for redundant robot manipulator and the roles of
metaheuristic algorithm in the proposed framework. Section 4 elaborates the implementation of the
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proposed framework and discusses about the results obtained through simulation. Section 5 concludes the

paper and presents the future work.

2. Metaheuristic Algorithm

Metaheuristic algorithms may differ in their details, but generally they follow a set of common steps.
The flow of a typical metaheuristic algorithm is shown in Figure 1.

Figure 1. Flow of a typical metaheuristic algorithm

The generalized overview of the typical steps followed in many heuristic algorithms are as follows.

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

Population initialization

Generate an initial set of solutions (population) based on the problem requirements and
assign initial values to parameters and variables.

Fitness evaluation

Assess the quality of each solution in the population using the objective function or fitness
measure associated with the optimization problem. Constrains if any are added while
evaluating the fitness of each solution.

Global best solution update

Based on the fitness, the top feasible solution is considered as the best solution.

Stopping Condition

Define stopping conditions to determine when the algorithm should stop. Common
criteria include a maximum number of iterations, reaching a satisfactory solution quality,
or a specific level of convergence.

Exploration and Exploitation

If the desired solution is not obtained, then create new candidate solutions through
operations such as mutation, crossover, random walk or other specific operators relevant
to the heuristic algorithm being used.

Algorithm termination

Step 1 is a one-time process, whereas steps 2 to 5 are repeated until the termination
condition for the algorithm is met.
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The effectiveness of any metaheuristic algorithm often depends on careful tuning of parameters and
the problem-specific characteristics. Hence, the algorithm parameters must be changed dynamically during
the optimization process based on the performance or characteristics of the current solutions. Also, the
algorithm has to handle the constraints appropriately and ensure that the generated solutions meet the
specified constraints.

3. Proposed Framework - Flow

This section explains the proposed framework which incorporates inverse kinematics solver, 3D
trajectory planner and follower, obstacle avoidance for static as well as dynamic obstacles for a redundant
robot manipulator. The flow of this proposed framework is shown in Figure 2.

The initial input to the framework encompasses crucial information about the robot manipulator,
specifically the Denavit-Hartenberg (DH) parameters. Subsequently, environmental parameters pertaining
to the robot’s trajectory are considered, including the starting and ending points, obstacle presence and their
respective positions. Utilizing these inputs, both the robot and its workspace undergo modelling. The
ultimate input integrates the metaheuristic algorithm, functioning as an inverse kinematic solver, 3D path
planner, and trajectory follower equipped with static and dynamic obstacle avoidance capabilities

Input to the M Robot Start, End Point, Metaheuristic
Framework pulator’s Obstacle information Algorithm
DH Parameters 8

e

Environment
Modelling Modelling

: Generate solution for
Simulate Robot, workspace start and end pointusing

and obstacles selected algorithm

Move the manipulator along
the path without colliding
with the obstacles

Generate a path between
stand and end point

Figure 2. Metaheuristic based framework for redundant robot manipulator

3.1. Robot and Environmental Parameters

The major parameters mentioned in the proposed framework are robot’s DH parameters and the
environmental parameters.

DH parameters or the Denavit-Hartenberg are a set of standardized parameters used to describe the
kinematic structure of a robot manipulator. These parameters facilitate the derivation of transformation
matrices between consecutive links in a robotic arm, allowing for the determination of the end-effector's
pose based on joint angles. This process is called forward kinematics. The DH parameters consist of four
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values for each joint in the robot manipulator. They are link length (a), link twist angle (@), link offset (d)
and the joint angle (8) as shown in Figure 3.

Axisi—1 Axis{

Figure 3. DH parameters - a revolute joint [24]

The link length (a;) is the distance between the Z-axes of adjacent joints, measured along the common
normal. It represents the distance from the i*" joint to the (i + 1)** joint along the common perpendicular
between the Z-axes. The link twist angle (a;) is the angle between the Z-axes of adjacent joints, measured
about the common normal. It represents the twist or rotation between the i*" joint and the (i + 1) joint
about their common perpendicular. Link offset (d;) is the offset along the Z-axis from the i*" joint to the
(i + 1) joint. It represents the distance along the Z-axis from the i joint to the common perpendicular.
Joint angle (6;) is the angle of rotation about the common normal, measured from the X-axis of the (i — 1)*"
joint to the X-axis of the i*" joint. These parameters are defined with respect to the reference frames assigned
to each joint. Typically, the Z-axis is aligned with the joint axis, the X-axis is chosen to form a right-handed
coordinate system, and the Y-axis is determined to complete the frame.

The transformation matrix between consecutive links can be derived from these parameters, and by
multiplying these matrices, the overall transformation from the base to the end-effector can be obtained
which is given by the following equation.

Tex Txy Tez DPx

PagET = DT x AT+ 3T o # AT w4 AT = [ g; b b

0 0 o0 1

Here, n represents the number of links and ‘~IT represents the transformation matrix from link (i — 1)

to link i which is calculated using equation (2).

()

cos8; —sinf;cosa; sinf;sina; a;cosb;

i-1p sinf; cosO;cosa; —cosl;sina; a;sinb; @)
¢ 0 sina; cosa; d;
0 0 0 1

The elements of the transformation matrix can be calculated using the DH parameters of the robot
manipulator. Consider a 2-link planar robot with the following DH parameters. The link lengths a,, a, = 1;
the link twist angles ay,a, = 0; link offsets d;,d, = 0; joint angle 64,0, = 30°,45°respectively. By
substituting these values, the transformation matrix ?**¢T is given by:

cosf, —sinB;cosa; sinfysina; a,cosf,

basep — sinf; cosO,cosa; —cosB;sina; a,sinf,
! 0 sinay cosa, dq
0 0 0 1
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cos30° —sin30°cos0° sin30°sin0° cos30°] 0.8660 —0.5 0 0.8660
sin30° cos30°cos0° —cos30°sin0° sin30°| _| 0.5 0.8660 0 0.5
1 o sin 30° cos 0° o [ o 0 1 0
0 0 0 1 0 0 0 1

Similarly, the transformation matrix from link 1 to 2 is given by:

cos45° —sin45°cos0° sin45°sin0°  cos 45° [0.7071 —0.7071 0 0.7071
17 — sin45°  cos45°cos0? —cos45°sin0° sin45°| _0.7071 0.7071 0 0.7071
z 0 sin 45° cos 0° 0 0 0 1 0

0 0 0 1 [ 0 0 0 1
The overall transformation matrix is obtained by multiplying the above two matrices which is given

by

[0.8660 —0.5 0 0.8660] [0.7071 -0.7071 0 0.7071
05 08660 0 05 | _]07071 0.7071 0 0.7071
0 0 1 0 0 0 1 0
0 0 0 1 0 0 0 1
[0.2588 —0.9659 0 1.125
0.9659 0.2588 0 1.4659
0 0 1 0
0 0 0 1

For the 2-link planar robot and the DH parameters considered in the example, the end effector position
is (1.125,1.4659).

Inverse kinematics is the reverse process of forward kinematics, i.e., it is the process of determining the
robot manipulator’s joint angles that will lead to the desired end-effector position. Since the complexity of
inverse kinematics spikes with increase in robot manipulator’s degree of freedom, forward kinematics
integrated with metaheuristic algorithms are used as inverse kinematics solver.

The environmental parameters include the start point and end point of the robot manipulator, number
of obstacles, their size and position with respect to the robot manipulator. Using the DH parameters and
the environmental parameters, the robot and its environment are modelled.

bang — basi‘T % %T —

3.2. Metaheuristic Algorithm as Inverse Kinematics Solver

For any robot manipulator, with nL links, inverse kinematics is the process of finding the joint angles
(64, ...6,.) to reach a target point T(x,y,z) within the workspace of the robot manipulator. Due to the
complexity of inverse kinematics, these link angles can be found using metaheuristic algorithm and forward
kinematics. The block diagram for using forward kinematics with metaheuristic algorithm as inverse
kinematics solver is shown in Figure 4.

Find the end Find the error
Generate link effector position between the actual
angles randomly using forward effector position and

kinematics desired position

Fine tune the link angles

to minimize the error <:I Error
using metaheuristic acceptable

algorithm

Output the link

angles

Figure 4. Forward Kinematics + Metaheuristic algorithm as inverse kinematics solver
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The first step is to convert the problem of interest, i.e., the inverse kinematics into a maximization or
minimization problem. For any random joint angles (63, ... 6,,.), A(x, y, z) represent the actual point reached
by the robot manipulator which is calculated using the forward kinematics. The 3D distance between the
points T(x,y, z) and A(x, y, z) represents the error which needs to be minimized. This minimization problem
can be taken as the objective for the metaheuristic algorithm.

The constrains involved in this problem are the limits of the joint angles (6,, ... 6,,;) and the obstacles.
There will be lower and upper limit to the each of the joint angles in the robot manipulator which is
provided by the manufacturer. The next constrain is that the robot manipulator must reach the target point
T (x,y,z) without colliding with any of the obstacles present in its workspace.

Thus, the inverse kinematics problem is converted into a minimization problem with two constrains
which is stated as follows.

Objective: Minimize the 3D distance error between the target point T(x,y,z) and the actual point
A(x,y, z) reached by the robot manipulator.

Constrain 1: The generated joint angles (6,,...0,;) must be within the limits provided by the
manufacturer.

Constrain 2: The robot manipulator must not collide with the obstacles present in the workspace at
any point of time.

The pseudo code to use any metaheuristic algorithm as inverse kinematic solver is shown in Algorithm

1.
Algorithm 1. Metaheuristic algorithm as inverse kinematics solver
1. Initialize algorithm related parameters
2. Generate initial solution:

A population with nP solutions, 1i.e., Jjoint angle vectors with
dimension nL is generated randomly

1 (61_ gnL)
2 [(61-6)
npP (61v gnL)
3. Apply forward kinematics and generate A(x,y,z) for each of the nP
solution
4. Fitness evaluation:

Evaluate each solution by finding the error between the target point
T(x,y,z) and the achieved point A(x,y,z) by satisfying the constrains

5. Assign the solution with minimum error as the best solution

6. While (stopping criteria is not met)

7. {

8. Perform exploration and exploitation

9. Generate new solutions

10. Apply forward kinematics for the new solutions (as in step 3)
11. Fitness evaluation (as in step 4)

12. Assign the solution with minimum error as the best solution
13. Update algorithm related parameters (if required)

14. }

3.3. Trajectory Planner

The 3D path is generated using trapezoidal velocity profile. The path is generated based on the start /
end point, and the intermediate points. By using a trapezoidal velocity profile, trajectories can be generated
that ensure smooth and efficient motion while adhering to the acceleration and deceleration limits of the
robot. This approach minimizes jerky movements and reduces the risk of overshooting or oscillations,
leading to more precise and controlled motion. Trajectories with trapezoidal velocity profiles are commonly
employed in various robotic applications, including industrial automation, pick-and-place tasks, and
robotic manipulation, where smooth and accurate motion is crucial for task performance and safety [25].
Once the path is generated, the joint angles required to reach each and every point in the path is obtained
using the inverse kinematics solver as explained in section 3.2.

3.4. Dynamic Obstacle Avoidance

The joint angles required for the robot manipulator to reach each and every point in the path are
generated using metaheuristic algorithm. Hence, the robot manipulator continues to follow the generated
trajectory unless otherwise faced with an obstacle.
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3.4.1. Obstacle Colliding with Robot Manipulator

Any moving obstacle within the workspace of the robot manipulator could colliding with one of more
links of the robot manipulator. During such instance, a new solution, i.e., new joint angles for the robot
manipulator have to be generated for that particular target point, as explained in the section 3.2. The path
of the robot manipulator remains unchanged. If the solution for the subsequent points in the trajectory
undergoes collision, then the solution for those points is also generated using the metaheuristic algorithm.

This is illustrated in Figure 5.
Obstacle colliding with robot manipulator New solution without collision
1 1

|
09,

0.8 0.8

0Ty Start Point
06

08|
05|
04, 04, P
A (//’/f’\\ -
0.2, 02,
[N / .

0]

Obstacle

ee®® *
[N .ot el Target Point &

Path unchanged

05 N

X axis ' . %
.2 Y axis 0.2

Figure 5. Obstacle colliding with robot manipulator

3.4.2. Obstacle in the path of the Robot Manipulator

The second scenario is where the obstacle could appear in the path of the robot manipulator. In this
case the path has to replanned in such a way that it avoids the obstacle and reaches the destination. This
new optimized path is also generated using the metaheuristic algorithm. Furthermore, for this new path,
new solutions have to be generated for the robot manipulator. This scenario is illustrated in Figure 6.
To ensure a smooth and optimized trajectory, a special logic is implemented which is as follows. The path
of the robot manipulator consists of a start / end point, one or more intermediate stop points. Using these
few points, the entire trajectory is constructed. Consider a case with one start point, one end point and two
intermediate stop points. To ensure smooth movement of the robot manipulator, using these four points, a
path with 100 points is generated. Of these 100 points, if the obstacle has collided with nC points in the path,
in addition to the collided nC points, points before the collision point and after the collision point are taken.
That is, a total of 3 * nC points are taken from the path and replaced by new points which are generated
using metaheuristic algorithm. This scenario is illustrated in Figure 7. The steps for generating an optimized
new path using metaheuristic algorithm is shown in Algorithm 2.

Algorithm 2. Metaheuristic algorithm as 3D path planner

1. Input: 3*nObsP points from current path
2. Initialize algorithm related parameters
3. newPath[3*nObsP] = 0
4. for i = 1 to 3*nObsP
5. {
6. Generate initial solution:
A population with nP 3D points are generated randomly
7. Calculate the distance between the generated points and the i" input point
8. Fitness evaluation:
The point which is nearest to the i® input point is taken as the best
solution with the constrain that it is not colliding with the obstacle
9. While (stopping criteria is not met)
10. {
11. Perform exploration and exploitation
12. Generate new solutions
13. Calculate the distance between the i input point and the new
solutions (as in step 7)
14. Fitness evaluation (as in step 8)
15. Assign the solution with minimum distance as the best solution
16. Update algorithm related parameters (if required)
17. }
18. newPath[i] = best solution
19. 1}
20. Output: newPath with 3*nObsP points
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Obstacle in the path of robot manipulator New path generated

1 1 New solution needs to
) generated for these new points

06 0.8 -
0.6
0.4 - Ll b .

0z oz ' ) 02 . ) 02
Y axis 0 < - Y axis 0

Take additional nC
points before and after
collision point

nC points
collided

Figure 7. 3D path planner after colliding with the obstacle

The key features of this proposed framework are as follows:

e Metaheuristic algorithm can handle high-dimensional search spaces, making them suitable for
redundant robot manipulators

e Many metaheuristic algorithms are computationally efficient and suitable for real-time
implementation as they can generate obstacle-avoidance trajectories quickly, making them
suitable for applications where rapid decision-making is essential, such as human-robot
collaboration or agile manufacturing environments

e The proposed framework offers a complete solution for redundant robot manipulator’s 3D
path planning and path following with static and dynamic obstacle avoidance

e The proposed framework is generalised and works for any type of robot manipulator, with
any number of links for any trajectory within the workspace of the robot manipulator

e Furthermore, any metaheuristic algorithm that is appropriate for a specific scenario or
application can be used with the proposed framework

4. Implementation and Results

The proposed framework is implemented using MATLAB R2023a. A Graphical User Interface (GUI),
as shown in Figure 8, is developed in MATLAB using App Designer!. The GUI is grouped into seven parts
which are listed in Table 1Error! Reference source not found..

The “Select Input Parameters” button is for getting input parameters of the robot manipulator and
modelling it. Clicking the button will open a separate dialog box as shown in Figure 9.

The number of links for the robot manipulator can be selected. The default values of link offset (d),
link length (a), link twist angle (a), lower and upper limits of the joint angle (8) will be populated in the
table. The table is editable and user can enter their own parameters of their choice. Clicking the “Save

1https://in.mathworks.com/products/matlab/app-designer.html
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Parameters” button completes the robot modelling. The presence of obstacles in the environment can be
selected using the “No. of Obstacles” drop down menu. The obstacle’s type could be static or dynamic
which can also be chosen using the radio buttons. And finally, the metaheuristic algorithm, the brain of the
framework, is selected. This algorithm acts as inverse kinematics solver, 3D path planner, trajectory follower
with dynamic obstacle avoidance. Particle Swarm Optimization (PSO), Bat Algorithm (BAT), Gravitational
Seach Algorithm (GSA), Whale Optimization Algorithm (WOA), Aquilla Optimizer (AO), enhanced
exploration and exploitation GSA (e3GSA) are the few algorithms that are implemented in the proposed
framework. After selecting the required algorithm, clicking “OK” button closes the dialog box and returns
to the main window. The selected parameters are displayed in the status box at the top of the window.

3 MATLAB App

Start / Eng
Point

02[2] [ 08l [ 03l

Intermediate Point(s)

R e[

imulation Environment

o) [ o[ o

Total no. of points in the
trajectory

04 |

50

Generate | Regenerate
Solutions

Change Obstacle Position Dynamically

Figure 8. GUI - Proposed Framework
Table 1. Parts in the Proposed Framework GUI

Part Usage
1 Input part for getting Robot’s DH parameters, metaheuristic algorithm selection,
obstacle’s presence
2 3D Path Planner: with inputs such as start / end point, intermediate points, total
number of points in the trajectory
3 Simulation Environment Window that displays the simulation of robot manipulator
4 Inverse kinematics solver
6 Input part for getting the obstacle’s position (dynamic obstacle avoidance part)
57 Start and stop of simulation
r
I} MATLAB App - o b4
‘:‘ L ~. e T g, )
i Robot F i - Algoritym
7 + =
- ~
s No.ofLimks | 63 | saveParameters feacsA =,
1
d a alpha Lower Limit | Upper Limit asa) N
= [ 0.1000 0.0500| 500000  -180.0000]  180.0000 CrEst [
0 0.4000 900000 -260,0000 260.0000 Fs0 !
o7 T T BAT ]
0 0.3000 90.0000 -260.0000 260.0000 .
0 0.4000 0 -260.0000 260.0000 G !
06 r —l
o 02000 50.0000]  -260.0000 260.0000| | | WOA —
00500 f’\ 0 o 3500000 3500000 Environmental Parameters
> 05 pn
¢ Noof [1 v
Obstacles
: i
! Obstacle Type
03 Values in the " (®) Static
table are editable ! () Dynamic cally
02 N
4 0
0.1 “
0 |
o o1 02 03 04 05 06 07 08 08 1 e L
b3

Figure 9. GUI — Parameter selection window
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ER MATLAB App
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e3GSA Algorithm for 6 link manipulator with 1 obstacle(s) | Select Input Starl/End [ =i ;

/ . Point | 921 | ¢

Simulation Environment Intermediate Point(s)
Status [ 1 [ 25| 2]

05[=] [ 0421 0]

@
i
=
P
1

LREIS

Total no. of points in the
trajactory

Generate | Regenerate
Solutions

50+

Generated Path

—/

Simulation Environmmnet

Change Obstacle Position Dynamically

6 link robot

- Y axis
manipulator

Figure 10. GUI - Generated path with robot manipulator and obstacle

The path that needs to followed by the robot manipulator can be generated using the data from the
second part of the GUI. The start / end point, and two intermediate points and the total number of points in
the trajectory are given by the user. Using these, the path is generated by trapezoidal velocity profile. The
total number of points generated is based on the user’s input in the field “Total no. of points in the
trajectory”. By clicking the “Show Environment” button, the generated path, along with the robot
manipulator and the obstacle can be viewed in the simulation environment section of the GUI as shown in
Figure 10.

The next part is to find solutions for the robot manipulator to follow the generated path. This can be
achieved by using the selected metaheuristic algorithm as inverse kinetics solver. The steps for achieving
this is mentioned under section 3.2, Algorithm 1. Clicking “Generate / Regenerate Solutions” button will
create solution. i.e., robot manipulator’s joint angles (6, ... 6, ) for each and every point in path. The solution
of the robot manipulator for the generated path can be visualized by clicking the “Test Run” button.

For simulation, a 6-link robot manipulator is modeled with the parameters mentioned in Table 2. The
environmental parameters used for the simulation are listed in Table 3. The metaheuristic algorithm used
is e3GSA [25].

Table 2. Robot Manipulator’s Parameters

Parameter Link 1 Link 2 Link 3 Link 4 Link 5 Link 6
Link offset (d in mm) 0.1 0.0 0.0 0.0 0.0 0.05
Link length (a in mm) 0.05 0.4 0.3 0.4 0.2 0.0
Link twist angle (« in degree) 90 -90 90 0 90 0
Lower limit of the joint angle (6 in degree) -180 -260 -260 -260 -260 -360
Upper limit of the joint angle (8 in degree) +180 +260 +260 +260 +260 +360
Table 3. Environmental Parameters
Parameter Value

Start / End Point (0.2,0.8,0.3)

Intermediate Point 1 (1.0,0.2,0.2)

Intermediate Point 2 (0.5,0.4,0.1)

No. of points in the trajectory 50

Obstacle Presence Yes, Dynamic

The solution generated for the robot manipulator using e3GSA algorithm at selected points of the
trajectory are shown in Figure 11. The solution can be regenerated by clicking “Generate / Regenerate
Solutions” button any number of times. Every time the algorithm generates different solution for the robot
manipulator to follow the generated path.

The final part of the GUI is the dynamic obstacle avoidance. With the solution generated for the entire
path, “Run” button will simulate the robot manipulator to follow the generated path continuously. During
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this time, the obstacle’s position can be varied dynamically using the X, Y, Z spinners which are marked 6
in Figure 8. The initial solutions are generated with the obstacle in the position (0.2, 0.2, 0.6). After clicking
the “Run” button, the robot manipulator starts following the path based on the solution, i.e., link angles
generated by the selected e3GSA algorithm. Now, the position of the obstacle is changed as the robot
manipulator moves along the path. The proposed framework test whether the current solution of the robot
manipulator collides with the new position of the obstacle throughout its movement along the path. If the
collision is predicted based on the new position of the obstacle, then the solution of the robot manipulator
is regenerated using the selected metaheuristic algorithm such that it avoids the obstacle along its path.
Figure 12 shows the robot manipulator at different points in the trajectory for two different scenarios, viz.,
obstacle position at (0.2, 0.2, 0.6) and second with obstacle moved to (0.1,0.15, 0.4). The figure clearly shows
that the robot manipulator’s solutions are regenerated to avoid collision with the obstacle when it is moved.
The number in the right top of the figure represent the i*" point in the trajectory.
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Figure 11. Robot Manipulator following the generated path with static obstacle
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Figure 12. Robot Manipulator following the generated path with dynamic obstacle (a) obstacle position (0.2, 0.2, 0. 6)

(b) obstacle position (0.1, 0.15, 0. 4)
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Figure 13. Robot Manipulator’s joint angles with dynamic obstacle (a) obstacle position (0.2, 0.2, 0. 6) (b) obstacle

position (0.1,0.15,0.4)

To study the characteristics of the solution generated, the joint angles of the robot manipulator are
recorded throughout the trajectory. The variation of the joint angles when the obstacle is in the position
(0.2,0.2,0.6) and when the obstacle is moved to (0.1,0.15,0.4) are plotted in Figure 13. The joint angle variation
plot shown in Figure 13 shows that there is no abrupt variation of the joint angles even when the obstacle
is moved. This shows that the proposed framework generates optimized solution avoiding dynamic

obstacle exerting with less effort on the robot manipulator.
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5. Conclusion

This research article proposes a generalized framework for redundant robot manipulators, leveraging
metaheuristic algorithms as versatile tools for inverse kinematics solving, 3D trajectory planning, and
dynamic obstacle avoidance. This innovative framework is designed to be adaptable for any type of robot
with any number of links, ensuring broad applicability across various robotic systems. It empowers users
with the flexibility to generate customized 3D paths by adjusting start points, end points, and intermediate
stop points, thereby catering to specific task requirements.

One of the significant advantages of this framework is its ability to handle dynamic and static obstacles.
Users can alter the positions of these obstacles within the environment, enabling the robot to adapt to
changing conditions and ensuring safe navigation. This adaptability is crucial for real-world applications
where the environment may be unpredictable or subject to change. The core strength of the proposed
framework lies in its integration with metaheuristic algorithms. These algorithms, known for their
robustness in handling high-dimensional search spaces and avoiding local optima, can be easily
implemented and tailored to specific scenarios or applications. This flexibility allows for the selection of the
most suitable metaheuristic algorithm based on the specific needs of the task, enhancing the overall
efficiency and effectiveness of the robotic manipulator.

The comprehensive nature of this framework addresses the complete spectrum of challenges faced by
redundant robot manipulators. From solving complex inverse kinematics problems to planning precise 3D
trajectories and navigating through dynamic obstacles, this framework offers a holistic solution. Its
versatility and adaptability make it a valuable tool for a wide range of industrial and research applications.

To validate the framework's efficacy, extensive simulations were conducted in MATLAB. These
simulations demonstrated the framework's capability to generate optimal joint configurations and
trajectories, dynamically adapting to changing environments. The results underscore the potential of this
generalized framework to significantly improve the performance and reliability of redundant robot
manipulators in diverse and dynamic settings. Thus, this research paves the way for more advanced and
adaptable robotic systems, capable of performing complex tasks with high precision and efficiency.

6. Future Work

Moving forward, several avenues for future research emerge from this work. One key area is the
performance and scalability of different metaheuristic algorithms. By examining how these algorithms
perform under various conditions and tasks, researchers can better understand their suitability for specific
robotic applications and environments. This could involve comparative studies to identify which
algorithms are most efficient and effective in different scenarios, ultimately leading to more optimized
solutions for robotic manipulation.

Another important direction is the development of hardware implementations and experimental
validations in real-world environments. While simulations in MATLAB have demonstrated the
framework's potential, real-world testing is crucial for assessing its practical viability. By deploying the
framework in industrial settings, researchers can observe its performance in actual operations, identify any
limitations or areas for improvement, and refine the system accordingly. This step is essential for bridging
the gap between theoretical research and practical application, ensuring that the framework can be reliably
used in diverse industrial contexts.

Furthermore, this research opens up new possibilities for advancing dynamic obstacle avoidance in
redundant manipulators. Exploring innovative approaches to obstacle detection and avoidance, integrating
advanced sensors and machine learning techniques, could significantly enhance the framework's
capabilities. By continuing to innovate and expand on the current research, future work can contribute to
the development of more sophisticated and adaptable robotic systems.

Overall, this work lays the groundwork for future innovations in robotic manipulation, offering a
robust foundation for further exploration and development. By pursuing these research directions, the field
can achieve greater advancements in dynamic obstacle avoidance and overall robotic efficiency and
effectiveness.
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