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Abstract 

This article presents an optimization-based approach for determining the Inverse Kinematics (IK) of redundant robot 

manipulators for industrial welding applications. Nine degrees of freedom (DOF) kinematic configuration of a robot 

manipulator with one prismatic and eight revolute joints has been modeled to improve maneuverability in a welding 

environment. To perform welding operations at desired task space locations (TSLs), the IK are to be determined. The IK 

problem is solved using a constrained multi-objective optimization technique with the objective of a reachability manipulator 

with minimal positional and orientational errors. An obstacle avoidance algorithm is also implemented to avoid collisions 

during welding operations. IK Simulations of the redundant manipulator in different welding applications were performed in 

a Matlab environment. The obtained results shows that the welding manipulator reached desired locations successfully and 

this approach is adaptable for various shapes of weld joints. 

Keywords: welding robot; redundant manipulator; Inverse Kinematics; Multi-Objective Particle Swarm 

Optimization (MOPSO); Obstacle avoidance. 

1. Introduction 

Welding exits in various industrial manufacturing processes. It requires several skilled operators to work in 

hazardous areas. When welding is performed along a complex shape or path, moving the welding torch in desired 

orientations is a difficult task, and it is continuous work for the operator. So, Industrial robots are introduced for 

this repetitive type of work. The end-effector of the robot manipulator is equipped with a welding torch and these 

welding robots require automated path-planning algorithms to generate high-efficiency weldments [1]. 

Positioning the manipulator for the offline welding process is one of the key issues in welding applications. 

This can be achieved by the proper selection of joint variables obtained from the kinematic analysis. To position 

the welding torch in desired Task Space Locations (TSLs), Inverse Kinematics (IK) are solved for joint variables. 

IK can be solved by either an analytical approach or a numerical approach. In analytical methods, solutions are 

obtained in closed form and generate solutions in less time than in numerical methods. But with an increase in 

DOF, solutions are difficult to generate. In the numerical methods, IK solutions are generated in iterative nature. 

These methods are computationally effective even with more number of DOF [2].  

Anatoly et. al., [3] considered a 6 DOF welding tool manipulator for arc welding, to position the manipulator 

in the desired orientation. A novel formulation and solution for the inverse kinematics problem were proposed to 

place the welding torch relative to gravity. From the literature, it is noted that robot manipulators are utilized for 

welding applications in industries. To perform welding in in-accessible locations and to increase maneuverability, 

more DOF is required. Whenever DOF is more than 6, the manipulator is known as a redundant manipulator and 

this manipulator is capable of reaching TSLs by avoiding singularities.  

Inverse Kinematics is also solved using Optimization techniques. Kumar et al. [4] formulated IK as a non-

linear optimization problem by considering energy minimization as the objective function. In [5] neural networks 

are applied to determine the IK solutions for 6 DOF robot manipulators. Liguo Huo and Luc Baron [6] used 6 

DOF industrial robots and solved the IK problem using an optimization technique. In this article, Joint limits and 

Singularity avoidance are considered objectives for simulating the welding robot. During the welding process, 

motion planning of the welding manipulator is another key issue to improve efficiency. Yang Yueqiang and Tang 

Zhiwei [7] proposed an algorithm using Particle swarm optimization and simulated using Matlab. Julian et al., [8] 

computed optimal motions for a robot manipulator working in the manufacturing process 
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using Rapidly-exploring Random Tree (RRT). A collision avoidance technique is also implemented for the robotic 

manufacturing process. To increase the positional accuracy of a manipulator in Electron Beam Welding (EBW), 

Yuri Turygin et al., [9] proposed a new EB butt positioning model. Xuewu Wang et al., [10] used an Ant Colony 

search algorithm for collision-free path planning and PSO is used for global path planning purposes during the 

welding process.  Ngoc Chi Nam Doan [11] presented a study on redundancy resolution of a welding robot by 

minimizing energy consumption. A ‘modified particle swarm optimization’ (MPSO) is proposed for the 

optimization of welding torch angle with the conditions of collision avoidance, energy minimization, and joint 

limit avoidance. Wang Xue-We [12] introduced an intelligent path optimization approach to attain an optimized 

sequence of weld seams. In this, MOPSO is used to get the optimal length for the welding path with minimum 

deformation in the welded object through a simulated study. 

Collision avoidance is one of the main features to be considered in motion planning and IK during the welding 

process. Several techniques have been implemented for motion planning in cluttered environments. Some 

researchers worked on the computational geometry, here a polyhedral interface is used to detect the collisions 

between the objects [13].  In [14] Van Henten proposed the ‘bounding box’ method to model the robot links, and 

to improve the accuracy, refinement is done by increasing the number of bounding spherical while reducing their 

sizes in different levels.  

From the literature study, robot manipulators are utilized in industries for welding applications. To produce 

more accurate weldments, and to work in complex environments, redundant manipulators are needed. It is also 

noted that for the off-line welding process the optimal welding path generation and obstacle avoidance algorithms 

are needed. In this article, the kinematic modeling of the 9DOF manipulator is presented in section 2. Problem 

formulation for Multi-objective Particle Swarm optimization is discussed in section 3, obstacle avoidance 

technique in section 4, in 5th section simulation results were presented, and concluded the present study in section6. 

2. Kinematic Modelling 

The robot manipulator is modeled according to Denavit-Hartenberg parameters. To access the locations of 

weld zones, a serial manipulator with 9 Degrees of freedom is chosen. To facilitate work at overhead welding 

areas, a prismatic joint is selected for joint 1. The remaining joints are revolute for achieving greater flexibility to 

reach desired locations [15]. To perform the kinematic analysis, DH frames are assigned to the manipulator as 

shown in Fig. 1, and translation/rotation of the joints are along/about the Z axis. Frame nine is attached to the 

welding torch. The transformation between the joints is determined using the transformation matrix as given in 

equation 1. The welding torch location with respect to frame {0} (base) is determined using equation 2. 

 

Fig. 1. D-H co-ordinates for a redundant manipulator 
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3. Problem Formulation 

3.1. Objective Functions 

The reachability of the robot manipulator to the TSLs is one of the objectives of the IK problem. The distance 

between TSL (Pdesired) and the current end-effector location (Pactual) is the measure of Euclidean distance. As well 

as the required orientation at TSLs (Odesired) and the current end-effector orientation (Oactual) is the measure of the 

Orientational error. The objective function is derived from equations 3 & equation 4 and is given in equation 5. 

2 2 2 [( )   ( )   ( ) ]error d a d a d aP x x y y z z= − + − + −  (3) 
2 2 2 [( )   ( )   ( ) ]error d a d a d aO      = − + − + −  (4) 

 Minimize:  R error errorf P O= +  (5) 

Where,  ( ,  ,  )desired d d dP x y z=  and  ( ,  ,  )actual a a aP x y z=  are desired and actual position of the end-effector in 

cartesian coordinates  

Minimization of joint rotations leads to minimizing the joint torques and it is considered as the second 

objective during IK calculations. This can be achieved by minimizing the joint rotations between two successive 

robot configurations. The objective function is the sum of the difference in individual joint rotations as given in 

equation 6.  
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J i f

j

Minimize f  
=

= −  (6) 

Where, θi = initial joint angle, θf  = final joint angle and j  = number of joints. 

3.2. Multi-objective Particle Swarm Optimization (MOPSO) 

The Particle Swarm Optimization (PSO) is a population based optimization technique developed by 

considering the movement of organisms in a bird flock or fish school. Each particle has position coordinates and 

velocity terms relative to the target location. During the process, all particles start with some random solutions 

and are modified during the search for finding the best solution. The flowchart of PSO algorithm is given in Fig. 

2. At each step, the particles are updated with Pbest and Gbest. Where, Pbest is the best solution obtained by the 

particle until the current step, and Gbest is the best solution obtained among all particles until the current step. The 

velocity and position of particles are updated from Pbest and Gbest according to equation 7 and equation 8. 

1 1 1 1( 1)  ( )  ( ( ))  ( ( ))
i

d d d d d d

i i pbest i gbest iv t v t c r x x t c r x x t+ = + − + −  (7) 

( 1)  ( )  ( 1)d d d

i i ix t x t v t+ = + +  (8) 

Where: xi and vi are the position and velocities of particle i, t, step, d, variable, r1 and  r2 are the real numbers, 

generated randomly in the (0-1) range, c1 and c2 are acceleration factors for scaling, and learning respectively. 

3.2.1. Fitness Evaluation: 

In a multi-objective optimization problem, It is challenging to assess the solution's quality, because one 

objective may benefit from it while another may suffer. Consequently, the multi-objective optimization method 

includes a weighted linear combination (WLC) and Pareto front.  

WLC is a method for converting multi-objective problems to single-objective problems. The weight 

coefficients are allocated based on the importance of the objectives.  It is required to execute a dimensionless 

operation on the objective function since various objectives frequently have different dimensions and orders of 

magnitude. The total objective function consisting of Distance minimization (reachability) and minimum joint 

rotation is as follows: 



( ) ( ) ( )R R J Jf q C f q C f q= +  (9) 

1R JC C+ =  (10) 

Where q is a 9-dimensional vector of joint variables. CR and CJ are the weight coefficients for Distance 

minimization and Joint rotation minimization. fR(q) and fJ(q) are the dimensionless objective functions of Distance 

minimization and Joint rotation minimization. 

 

Fig. 2. PSO flowchart 

4. Obstacle Avoidance 

To determine the collisions during path planning, an obstacle avoidance technique has been implemented [16]. 

In this work, to avoid collisions, workpieces are enclosed with several bounding boxes. The solid edges of the 

bounding box are represented by a number of point sets. The extremum coordinates of these point sets are selected 

to determine the vertices, using the convex hull algorithm. From these vertices, faces are constructed to form 3D 

bounding boxes as shown in Fig. 3. During the welding operation, if any configuration of the robot manipulator 

dwells within the volume shared by the bounding box, the collision is perceived, and these configurations are to 

be avoided. 

 
Fig. 3. Bounding box for cylindrical object 

To detect the collision of the robot with the surrounding environments, each manipulator link is modeled as a 

‘line’. A set of uniformly distributed points is considered along the length of the line, and are considered as query 

points. Each query point is checked with the extremum points of the bounding box, whether it lies within the 



bounding box or not to detect the collisions between the manipulator and the welding environment. Whenever 

these query points dwell within the bounding box volume, a collision has been detected. These configurations of 

the robot manipulator need to be avoided.  

To avoid the robot configuration which is causing collisions with the surroundings, penalties are imposed 

during the Inverse Kinematics calculations. The objective function with the addition of penalties is given in below 

equation 11. 

2 2 2

1

 Minimize:  [( ) ( ) ( ) ]
m

id ia id ia id ia i

i

f x x y y z z C
=

= − + − + − +  (11) 

Where, Ci is the penalty of ith collision, and m is the number of collisions.  

5. Simulation results 

In this study, the Multi-Objective Particle Swarm Optimization technique was implemented to attain the 

Inverse Kinematics of a nine-DOF spatial robot in a welding shop.  

 The results are reported for the following two conditions: 

• Inverse Kinematics of a redundant robot manipulator in cartesian space 

• Inverse Kinematics of a redundant robot manipulator in virtual welding workspace. 

5.1. IK of a redundant manipulator in cartesian space 

The IK of the robot manipulator is determined at different TSLs located in a circular path. Here, the IK problem 

is modeled using an optimization technique, with the objective of welding torch reachability. This is the sum of 

errors present in Euclidean distances and Euler angles. The difference in Euclidean distances between the Target 

and the current location of the welding torch represents the positional error, and similarly, errors in Euler angles 

represent the orientational errors. In a cartesian space, seven targets (Task space locations) are considered along 

a circular path. These targets are free from obstacles. The joint configurations of the welding robot manipulator 

for seven TSLs are computed by taking the objectives of distance minimization and minimal joint rotations. This 

IK problem is solved using the Multi-Objective Particle Swarm Optimization (MOPSO) )technique as discussed 

in section 3.2. In this section, various TSLs are considered along a circular path, for each TSLs, the joint variables 

are determined and functional convergence values (errors) are presented in Table 1. In Fig. 4, joint configurations 

for each TSL are shown. The TSL coordinate (66, 20, 65) and orientation (30, 45, 20), the error obtained in 

MOPSO after the convergence is 70.8648. The convergence ended at iteration number 154, and is shown in Fig. 

5.  Frome the figure, it is noted i.e., the convergence of functional value is achieved after 40 iterations. From this 

convergence rate, it is inferred that the computational time for these simulations is 5.35 sec, which is taking less 

computational time compared to [17]. 

Table 1. IK solutions for TSLs in a circular path 

S.No 

TSLs Joint Variables 

Error (x, y, z) (α, β, γ) q1 θ1 θ2 θ3 θ4 θ5 θ6 θ7 θ8 

(cm) (deg.) (cm) (deg.) 

1 (66, 20, 65) (30, 45, 20) 3.00 31.01 32.51 30.00 21.77 20.00 60.85 20.00 47.44 70.8648 

2 (63.74,24.70,65) (33, 48, 25) 3.00 36.90 36.43 20.00 29.20 20.00 59.85 20.00 52.85 73.6279 

3 (58.66,25.85,65) (36, 51, 30) 3.00 41.77 31.31 32.81 25.17 20.00 63.51 20.00 59.89 77.9657 

4 (54.6,22.60,65) (39, 54, 40) 3.00 42.12 30.88 36.00 28.97 20.00 64.27 20.00 61.96 80.7342 

5 (54.6,17.40,65) (42, 57, 45) 3.00 36.29 31.13 37.40 30.39 20.00 65.90 20.00 58.65 79.1364 

6 (58.66,14.15,65) (38, 53, 43) 3.00 29.22 30.91 36.10 28.98 20.00 62.88 20.00 51.21 74.8177 

7 (63.74,15.31,65) (34, 47, 37) 3.00 27.43 31.34 32.83 25.33 20.00 56.60 20.00 47.11 74.4287 

 



 

 

Fig. 4. Manipulator configurations for TSLs in a circular path Fig. 5. convergence plot for (60, -50, 10) TSL 

 

5.2. IK of a redundant manipulator in a virtual welding workspace 

In this section, the IK simulations of the robot manipulator working in welding environments are presented. 

The redundant robot manipulator of 9 DOF with 9 different links are considered. Here, the links from 1 to 6 are 

20 cm in length. The remaining 3 links consist of an end effector with a holding welding torch. The IK solutions 

are computed using MOPSO discussed in 3rd section.  The collision avoidance algorithm presented in [16] is 

implemented for avoiding the obstacles presented in the welding shop. When a configuration of the robot leads to 

collisions with the obstacles, a constant penalty value of 200 is added to the objective function.  

Two plates are considered for welding along a straight-line path. For the continuous welding process, the 

welding robot configuration needs to be changed at each time step. The IK for reaching each TSLs is computed 

using MOPSO as mentioned in section 3.2. The welding plates in the welding zone and the robot itself become 

obstacles for robot motion planning. These obstacles are avoided using the bounding box technique as discussed 

in section 4. The solutions obtained IK problem for 4 different TSLs are listed in Table 2 and Fig. 6 shows the 

robot configurations during the welding process.  

Table 2. IK solutions for TSLs in welding applications 

S.No 

TSLs Joint Variables 

Error (x, y, z) (α, β, γ) q1 θ1 θ2 θ3 θ4 θ5 θ6 θ7 θ8 

(cm) (deg.) (cm) (deg.) 

1 (60, -50, 10) (35,25,30) 20 -40.55 50.98 -28.32 -92.08 36.83 -111.68 175.87 175.87 324.482 

2 (60, -25, 10) (40,30,35) 20 -20.33 59.01 -29.98 -120.51 28.64 160.96 -43.31 152.29 344.172 

3 (60, 25, 10) (45,35,38) 20 20.33 59.01 -29.98 -120.51 -28.64 162.43 16.14 -150.65 344.172 

4 (60, 50, 10) (37,28,33) 20 40.55 50.98 -28.32 -92.08 -36.83 -165.5 172.3 162.7 324.482 

Similarly, the joining of two pipes along a circular path is shown in figure 7. In this case, the welding torch 

needs to follow a circular path by reaching the individual TSLs as discussed in section 5.1. Here, the arrangement 

of pipes will cause obstacles for the welding robot. By using the bounding box technique, collisions are avoided 

between the manipulator and the cylindrical objects. The IK solutions are determined at each TSLs using the 

MOPSO algorithm, and robot configurations show in Fig. 7. From Fig. 4 and Fig. 7, it is stated that there is a 

change in the robot configuration for reaching the TSLs in a circular path due to presence of obstacles. 



 

 
Fig. 6. Manipulator configurations for TSLs in welding zone along a 

straight line 
Fig. 7. Joint configurations of redundant manipulator in 

welding zone along a circular path 
 

6. Conclusions 

In this article, the Inverse Kinematics for redundant welding robot manipulator are determined using an 

evolutionary optimization technique. To access the welding zone in different directions, a manipulator with 9DOF 

is chosen. The IK problem is modelled as a multi-objective optimization problem, having the objectives of welding 

torch reachability, and minimum joint rotations. A series of TSLs are considered along a circular path in cartesian 

space, and determined robot configurations using Multi-objective Particle Swarm Optimization. Results shows 

that the IK solutions are computationally effective and it is extended to welding applications. A collision detection 

technique is implemented to avoid collisions in between the robot manipulator and the weld plates. The results 

show that solutions given by the MOPSO are accurate with a good convergence rate. From the simulation results 

of IK problem with obstacles, this method is adaptable for various shapes of weld plates. This work was further 

extended for effective dynamic control over the redundant manipulator.  
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