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 Many industries use robotic arms to perform tasks like picking and placing. The main goal 

of this paper is to derive and implement the forward and inverse kinematics of a 6-degree-

of-freedom articulated robotic arm. In addition, a closed-form solution is required to design 

the inverse kinematics, unlike the forward kinematics. Then, the inverse kinematics and 

forward kinematics modeling were successfully performed on the WidowX 250 6-degree-

of-freedom robotic arm. The MATLAB modeling results are compared to the ROS results, 

which showed a matching percentage of 99%. In addition, the inverse kinematics results 

revealed a range of solutions that are approximately identified to the desired results, while 

others were not, such as the value of the third joint angle is obtained at ±1.57 radians. 

Finally, due to the accuracy value of this comparative work between real ROS and 

MATLAB derived equations of the WidowX 250 6DOF robot arm, it is concluded that the 

joints and coordinates of this robot are identified.     
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1. Introduction  

Robotics is a state-of-the-art field of modern technology that 

crosses traditional engineering boundaries in industrial 

applications. A comprehensive understanding of robots and 

their applications requires an education in (mechanical, 

electrical, systems, and industrial engineering, economics, 

computer science, and mathematics) [1]. In addition, the 

robotic arm is referred to as the manipulator, and a redundant 

manipulator robot is composed of links joined together by 

joints, similar to a chain. Kinematics problems are represented 

by manipulator motion without force and torque perception. 

The robotic arm system was widely used in processing product 

transportation, production, domestic services, and others 

because of its advantages such as (high efficiency, precise 

movements, and capacity for carrying) [2], [3]. 

In a robotic arm, degrees of freedom are the number of 

independent variables or directions a robot arm can move. The 

more degrees of freedom DOF a robot arm has, the more 

complex movements and tasks it can perform. A robotic arm 

typically has between 2 and 7 degrees of freedom, depending 

on its design and intended usage. A 2-DOF robot arm can move 

in two directions, such as up-down or left-right. A three-degree-

of-freedom robot arm can move in three rotational movements, 

such as left-right, down-up, and backward-forward [4], [5]. The 

robotic arms of most industrial robots have six degrees of 

freedom, which means the robotic arms can move in six 

different directions, including rotational motion in three axes. 

This enabled the robotic arm to move more dexterously and 

flexibly, allowing it to perform multiple tasks such as welding 

and assembling components. In this paper, the WidowX250 (6 

DOF robot arm) was manufactured and designed by Trossen 

Robotics. The 6-axis robotic arm was built to be precise, highly 

versatile, and adaptable to various applications [6].  

Bao et al. [7] studied the kinematic model of a 4-DOF 

manipulator, and Robot Toolbox was used to simulate and 

analyze the forward and inverse kinematics, as well as the 

trajectory planning for the manipulator for the working space 

diagram [7]. Chao et al. [8] investigated Cartesian space for a 

geometrical inverse solution to drive a space and a hydraulic 

manipulator for four degrees of freedom. The divergent and 

structural characteristics of the manipulator were analyzed in 

the FK using the Denavit Hartenberg (DH) technique. Under 

the kinematics constraint, the manipulator's EE's orientation 

and position can be determined. The inverse kinematics IK 
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solutions of the robotic arm can be obtained by analyzing the 

structure, and the robot's mechanism can determine the 

communication between joint-space and drive-space. IK and 

conversion are validated using simulation to meet manipulator 

motion planning and control needs. The operating and design 

of a pick and place arm robot was applied in the packaging of 

tomatoes with a gripper at the EE to grab an object and place it 

somewhere else, as discussed by Dewi et al. in [9].  

Implementing an IK analysis of a 4-DOF arm robot 

manipulator design with an FLC (fuzzy logic controller) to 

ensure smooth grab movement does not require much research. 

The input and experimental results were compared to explain 

the efficiency of the suggested approach. In [10], the author 

described the design of the mechanical equations of a 4-DOF 

robotic manipulator used in industry development. The 

manipulator's kinematic analysis was developed using IK to 

determine the precise model that indicated the joint positions. 

In IK, an optimized computational algorithm was used to obtain 

the angular joint values without requiring too much algebraic 

and computational processing. The researcher in [11] analyzed 

various kinematic modeling approaches that included 

applicability, difficulty to a certain type of robot, and the 

required joint variables to define that type of robot. A 5-DOF 

articulated manipulator was used in a similar investigation to 

demonstrate how different methods can be applied to obtain the 

valid parametric method needed to design precise kinematic 

models.  A sensor used in medical applications and robot IK of 

complex robotic arms was solved for redundancy manipulators 

using an Adaptive Neuro Fuzzy Inference System (ANFIS), 

respectively [12], [13].  

In 2015, Das and Mahapatra proposed an approach to predict 

the inverse kinematics of a Pioneer robotic arm with a 6 DOF 

end-effector using an Adaptive Neuro-Fuzzy Inference System 

(ANFIS) [14]. Modeling, forward kinematics of a 6-DOF 

robotic arm from DFROBOT on LabVIEW was presented. 

Denavit-Hartenberg (DH) representation method was used to 

determine the forward kinematics, while the inverse kinematics 

was solved analytically using the geometrical method [15]. In 

another study, an approach was designed to solve the inverse 

kinematics problem of a redundant robot manipulator that 

combines the Neural Network (NN) and Genetic Algorithm 

(GA) techniques to obtain an optimal solution to the inverse 

kinematics problem [16].   Other studies addressed the work 

related to the robotic arm to automatically grasp and classify 

the target, placing it in a specified area [17]-[20]. Obied et al. 

studied the visualizing kinematics of altered joint angles on end 

effector orientation and position for the Widowx250 6DoF 

robotic arm [21]. As such, based on our previous publications, 

this paper derives and implements the forward and inverse 

kinematics of a 6-degree-of-freedom articulated robotic arm. In 

addition, the current study was conducted to simulate the 

Trossen Robotics WidowX250 6DOF robotic arm at the 

University of Wasit. 

In this research, the kinematics of the WidowX 250 robotic arm 

with its DH parameters is explained in section 2, followed by 

the forward kinematics FK and inverse kinematics ( IK analysis 

methods in section 3. Section 4 illustrates the system model and 

simulation, while Section 5 reports the results and analysis. The 

study concludes in section 6 with an overall summary and 

discussion of the findings. 

 

2. Kinematics Modeling of Robot  

Kinematic modeling in robotics creates a mathematical model 

of a robot's motion, excluding the forces that caused that 

motion. The model is typically used to describe the planning 

(trajectory) of the End-Effector of the WidowX 250 robot as it 

moves through space, such as the gripper at the arm's End-

Effector. A robot's kinematic model is typically split into two 

parts: Forward Kinematic and Inverse Kinematic [22]. The FK 

describes the correlation between the position, orientation, and 

joint angles of the WidowX-250 robot EE. The FK can be 

implemented to find the orientation and position of the EE in 

3D space given the joint angles. Meanwhile, the IK is applied 

to obtain the joint angles to achieve the desired EE orientation 

and position. It was frequently used in motion planning and 

control applications where the robot must move to a specific 

location or manipulate an object in a specific manner [23]. 

2.1. Mechanism of Robotic Arm  

A manipulator, also known as a robotic arm, is a mechanical 

system implemented to mimic the movement of a human arm. 

It was typically made up of a number of rigid links (segments) 

connected by joints (actuators) that allow the arm to move in 

various directions. Consequently, the revolute joint is the most 

common type in robot arms, allowing rotation around a single 

axis. Meanwhile, prismatic and spherical joints allow linear 

motion along a single axis and rotation around multiple axes, 

respectively [24]. Moreover, actuators are important parts of 

the robot system, such as electric motors or hydraulic cylinders, 

which control the arm's movement. Thus, actuators apply 

torque or force to the joints to move the arm through its various 

degrees of freedom. Furthermore, Sensors such as encoders or 

potentiometers are used to measure the position and velocity of 

each joint, and this information is fed back to a controller, 

which computes the necessary actuator commands to achieve 

the desired arm movement.  

The end-effector is attached to the last link of the robotic arm, 

which is usually a tool or gripper. The end-effector performs 

various tasks and can be programmed to manipulate objects, 

pick up, weld, drill, and paint. A mechanism of the robotic arm 

is manufactured to visualize its performance for multiple tasks. 

The factors of the robotic arm, such as payload, capacity, the 

range of motion, speed, and precision of the arm, are all 

considered when designing and manufacturing it. The control 

system and the advancements in the science of materials have 

resulted in the development of robot arms capable of 

performing multiple tasks with higher efficiency and accuracy 

[25]. Table 1 shows the properties of the WidowX 250 6DOF 

manipulator. Default joint limits are the safe range of operation 

for each joint, as shown in Table 2. Fig. 1 shows the WidowX 

250 6DOF arm links [26]. Table 3 illustrates the Links and 

length (mm) of WidowX 250 6DOF [26]. 
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Table 1. Properties of WidowX 250 6DOF Manipulator [26]. 

WidowX-250 6DOF 

Degrees of Freedom 6 

Reach 650mm 

Total span 1300mm 

Accuracy 1mm 

Working Payload 250g 

Total Servos 9 

Wrist Rotate Yes 

 

Table 2. Default Joint Limits [26]. 

Joint Min Max ServoID(s) 

Waist -180 180 1 

Shoulder -108 114 2+3 

Elbow -123 92 4+5 

Wrist Angle -100 123 6 

Forearm Roll -180 180 7 

Wrist Rotate -180 180 8 

Gripper 30mm 74mm 9 

 

Figure 1. WidowX 250 arm links [26]. 

 

Table 3. Links and length (mm) of WidowX 250 6DOF [26]. 

Link 

A 

Link B Link C Link D Link E Link F 

Arm 

Base 

Elbow 

Joint 

Wrist 

Tilt 

Joint 

Wrist 

Rotate 

Gripper 

Rail 

Finger 

Tip 

2.2. WidowX 250 Robot Arm  

WidowX 250 6DOF robotic arm can move in six directions. It 

is manufactured by Trossen Robotics with a high-performance 

arm and was built for education and research. The WidowX 250 

robotic arm has six degrees of freedom, meaning it can perform 

precise multi-movements. It has a reach of up to forty-one cm 

and can carry up to 0.25 kg of payload. WidowX 250 is the 

most powerful robotic arm in the X series family of robotic 

manipulators. The X series family has more effective heat 

dissipation in a small form factor than previous robot versions 

and has current, actuators, and torque that offer strong action 

with high durability. The main purpose of using the WidowX 

250 robotic arm is the highest efficiency, besides its raised 

maneuverability. Moreover, the pose of an arm can be 

described using the orientation (pitch, roll, and yaw) and 

position (x, y, and z) of its end effector in 3D space. While each 

of these factors of the pose of the arm must be constrained by 

lower DOF arms, one or more of them can be controlled 

independently with a six-degree-of-freedom arm. Also, the 

WidowX 250 has a modular design that allows users to remove 

or add components to tailor the arm to their specific 

requirements. It has many options and accessories, such as 

wrist rotation, grippers, and custom end-effectors. Overall, the 

WidowX 250 robotic arms are a complex system that combines 

electronic and mechanical components to provide robust and 

precise movement. Its customizable control options and 

modular design make it an adaptable tool for various 

applications [27], [28]. 

2.3. Denavit Hartenberg DH Convention    

The forward kinematics problems deal with the relationship 

between the orientation and position of the end-effector or the 

tool and the individual joints of the robot manipulator. As 

described in the previous section, a manipulator of robots 

comprises links connected by various joints. The joints are 

divided into simple (such as a prismatic joint or a revolute joint) 

and complex (such as a socket and a ball joint). The Denavit-

Hartenberg (DH) matrices have four quantities 𝑎𝑖 , 𝛼𝑖 , 𝑑𝑖 , 𝜃𝑖, 

which are generally associated with link 𝑖 and joint 𝑖, given the 

names link length, twist angle, link offset, and joint angle, 

respectively [29]. Denavit and Hartenberg developed the 

symbolic notation that completely describes lower pair 

mechanisms. This symbolic notation furnishes a reliable 

analytical procedure and a robust approach since the operations 

depend on matrix algebra. These parameters are the revolute 

joint 𝜃𝑖 or joint variable, and three quantities would be fixed 

parameters of the link. The definition of manipulator through 

these parameters is conventionally called Denavit-Hartenberg 

notation [29]. 

Forward kinematics may be computed directly from a product 

of the exponentials of the POE chain. The POE method uses 

only two frames of reference: the tool frame T and the base 

frame S. In order to reduce six parameters to four for Denavit-

Hartenberg twists parameters, the Denavit-Hartenberg 

parameters for a robot require the careful selection of the tool 

frame to enable cancellations. In the product of the exponential 

method, the joint twists are easier to construct directly without 

considering adjacent joints in the chain and are easier to process 

by computer. Moreover, prismatic and revolute joints are 

treated separately and uniformly using DH parameters in the 

POE method. The equations below depict the kinematic 

properties (product of exponentials) for the WidowX 250 

6DOF robotic arm [30]-[33].  

gst(0) =      [
R p
0 1

]  (1) 

𝐌 = [

𝟏. 𝟎 𝟎. 𝟎 𝟎. 𝟎 𝟎. 𝟒𝟓𝟖𝟑𝟐𝟓
𝟎. 𝟎 𝟏. 𝟎 𝟎. 𝟎 𝟎. 𝟎
𝟎. 𝟎 𝟎. 𝟎 𝟏. 𝟎 𝟎. 𝟑𝟔𝟎𝟔𝟓
𝟎. 𝟎 𝟎. 𝟎 𝟎. 𝟎 𝟏. 𝟎

 ]              (2) 

𝑆𝑙𝑖𝑠𝑡 = 
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[
 
 
 
 
 
0.0 0.0 1.0 0.0 0.0 0.0
0.0 1.0 0.0 −0.11065 0.0 0.0
0.0 1.0 0.0 −0.36065 0.0 0.04975
1.0 0.0 0.0 0.0 0.36065 0.0
0.0 1.0 0.0 −0.36065 0.0 0.29975
1.0 0.0 0.0 0.0 0.36065 0.0 ]

 
 
 
 
 
𝑇

(3) 

Where: 𝑔𝑠𝑡 is the transformation matrix from the tool frame to 

the base frame, R is the rotation matrix, p is the translation 

vector, M is the Position and Orientation of the End Effector 

matrix, and S list is the Spatial twist matrix.  

 

3. Methods 

Some considerations, including software and hardware, must 

be highlighted to ensure that the robot moves correctly. As a 

result, the software should be simple to use and stable to avoid 

problems. Moreover, hardware is important in implementing a 

solid robot that will move as planned. The algorithm in this 

study was created using MATLAB software (MathWorks) and 

ROS (Robot Operating System). 

3.1. Forward and Inverse Kinematic Analysis 

FK analysis is utilized to find the orientation and position of the 

EE given the joint angles. In contrast, IK analysis determines 

the joint angles needed to position the EE at a particular 

orientation and position. The DH convention technique was 

utilized for forward modeling. The CFS approach was utilized 

to find all sets of probable solutions for IK modeling. Following 

that, a correlation analysis was performed to see if there was 

any relationship between the FK and IK models. Finally, 

performance was assessed using waypoint-tracking and 

trajectory-planning algorithms in ROS and MATLAB [24]-

[28].  

3.2. Modeling of Forward Kinematics 

The DH convention technique for modeling the FK of the robot 

is composed of three stages. The first stage involves analyzing 

the robot arm's configuration to determine its DH parameters. 

Fig. 2 depicts the dimensions analysis in mm for the WidowX 

250 Robotic arm. Table 4 displays the D-H convention 

parameters for the WidowX 250 robotic arm obtained after the 

configured analysis. Fig. 3 shows the WidowX 250 Robotic 

arm model with all six degrees of freedom and links [28].  

 

Figure 2. WidowX 250 robotic arm dimensions analysis in 

mm [28]. 

 

Figure 3. WidowX 250 robotic arm model with all six 

degrees of freedom and links [28]. 

On the robot arm configuration, there is a displacement 

between joints 2 and 3, resulting in an offset angle. The offset 

angle is defined and taken into account in the DH parameters. 

There are nine servos, one for the gripper and eight for the arm. 

According to the schematic, servos two and four are on the 

robot's back, while servos three and five are on the Front. To 

provide the required torque, Joints two and three each have two 

servos:  For joint two, servo three rotates in the same direction 

as 𝜃2, whereas servo two is the complement, i.e., 180-𝜃2. For 

joint three, servo five rotates in the same direction as 𝜃3, while 

servo four is its complement, i.e., 180-𝜃5. Servo seven rotates 

in the same direction as𝜃5. The transformation matrix is 

calculated using the DH convention in the next stage.   

The DH parameters will be included in the transformation 

matrix after they have been determined. Because 6 DOFs were 

used, the linked matrix's limit is 𝑇6
0. Fig. 4 illustrates the 
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computation of the offset angle 𝜃0 between Joints 2,3 for the 

WidowX 250 robotic arm [28]-[32]. 

 

Figure 4. The computation of the offset Angle, 𝜃0, between 

Joints 2,3 [28]. 

The transformation matrix equations are as follows [33]-[35]: 

𝑇1
0 = [

cos (𝜃1)  0

sin (𝜃1)  0
 
       −sin (𝜃1) 0

         cos (𝜃1) 0
0            −1
0               0

  
           0          𝑑1

           0          1

]                (4) 

           𝑇2
1 =   

[

−sin (𝜃0 + 𝜃2) 𝑐𝑜𝑠 (𝜃0 + 𝜃2) 

𝑐𝑜𝑠 (𝜃0 + 𝜃2) − sin(𝜃0 + 𝜃2)     
    

0     −𝑎2 ∗ sin (𝜃0 + 𝜃2)

0 𝑎2 ∗ cos (𝜃0 + 𝜃2)
0                        0
0                        0

                          1                            0
                          0                            1

]

(5)      

𝑇3
2 =  [

cos (𝜃0 − 𝜃3)  0

−sin (𝜃0 − 𝜃3)  0
 
       −sin (𝜃0 − 𝜃3) 0

       − cos (𝜃0 − 𝜃3) 0
0                    
0                  

  
      1                   0                   0
       0                  0                  1

]       (6) 

𝑇4
3 =  [

cos(𝜃4)        0

sin(𝜃4)        0
 
       −sin (𝜃4)       0

        cos (𝜃4)       0

0                −1
0                   0

  
                 0            𝑑4

                 0            1

]                  (7) 

𝑇5
4 =  [

cos(𝜃5)        0

sin(𝜃5)        0
 
           sin (𝜃5)       0

       −cos (𝜃5)       0

0                     1
0                   0

  
                 0             0
                 0            1

]                 (8) 

𝑇6
5 =  [

cos(𝜃6)        0

sin(𝜃6)        0
 
          −sin (𝜃6)       0
           cos (𝜃6)       0

0                    −1
0                   0

  
                 0             𝑑6

                 0            1

]             (9) 

The next step is combining the values of 𝑇1
0, 𝑇2

1, 𝑇3
2, 𝑇4

3, 𝑇5
4, 

and 𝑇6
5 in sequence and clarifying them. 

𝑇6
0 =  𝑇1

0 · 𝑇2
1 · 𝑇3

2 · 𝑇4
3 · 𝑇5

4 · 𝑇6
5                                         (10) 

 

The final stage is obtaining the position vector for the EE. After 

simplification, the equation of the transformation matrix is as 

follows: 

𝑇6
0 = [

𝑛𝑥                   𝑜𝑥

𝑛𝑦                   𝑜𝑦
 
                   𝑎𝑥       𝑝𝑥

                  𝑎𝑦          𝑝𝑦

𝑛𝑧                    𝑜𝑧

0                   0
  
                𝑎𝑧             𝑝𝑧

                 0            1

]          (11) 

Where n (𝑛𝑥, 𝑛𝑦 , 𝑛𝑧), o (𝑜𝑥 ,  𝑜𝑦, 𝑜𝑧), and a (𝑎𝑥 ,  𝑎𝑦, 𝑎𝑧) 

are orthogonal unit vectors that define the orientation of the 

frame for the EE as decelerated in the following: 

𝑛𝑥 = 𝑐1𝑐2𝑠3𝑠4𝑠6 − 𝑐5𝑐6𝑠1𝑠4 − 𝑐1𝑐2𝑐3𝑐6𝑠5 − 𝑐4𝑠1𝑠6 +
𝑐1𝑐3𝑠2𝑠4𝑠6 + 𝑐1𝑐6𝑠2𝑠3𝑠5 − 𝑐1𝑐2𝑐4𝑐5𝑐6𝑠3 − 𝑐1𝑐3𝑐4𝑐5𝑐6𝑠2 (12) 

𝑜𝑥 = 𝑠1𝑠4𝑠5 − 𝑐1𝑐2𝑐3𝑐5 + 𝑐1𝑐5𝑠2𝑠3 +  𝑐1𝑐2𝑐4𝑠3𝑠5 +
 𝑐1𝑐3𝑐4𝑠2𝑠5                                                                (13) 

𝑎𝑥 = 𝑐5𝑠1𝑠4𝑠6 − 𝑐4𝑐6𝑠1 + 𝑐1𝑐2𝑐6𝑠3𝑠4 + 𝑐1𝑐3𝑐6 𝑠2𝑠4 +
 𝑐1𝑐2𝑐3𝑠5𝑠6 − 𝑐1𝑠2𝑠3𝑠5𝑠6 + 𝑐1𝑐2𝑐4𝑐5𝑠3𝑠6 +

 𝑐1𝑐3𝑐4𝑐5𝑠2𝑠6                                                                              (14) 

𝑛𝑦 = 𝑐1𝑐4𝑠6 + 𝑐1𝑐5𝑐6𝑠4 − 𝑐2𝑐3𝑐6𝑠1𝑠5 + 𝑐2𝑠1𝑠3𝑠4𝑠6 +

 𝑐3𝑠1𝑠2𝑠4𝑠6 + 𝑐6𝑠1𝑠2𝑠3𝑠5 − 𝑐2𝑐4𝑐5𝑐6𝑠1𝑠3 − 𝑐3𝑐4𝑐5𝑐6𝑠1𝑠2      

(15) 

𝑜𝑦 =  𝑐5𝑠1𝑠2𝑠3 − 𝑐2𝑐3𝑐5𝑠1 − 𝑐1𝑠4𝑠5 + 𝑐2𝑐4𝑠1𝑠3𝑠5 +

 𝑐3𝑐4𝑠1𝑠2𝑠5                                                                         (16) 

𝑎𝑦 =  𝑐1𝑐4𝑐6 − 𝑐1𝑐5𝑠4𝑠6 + 𝑐2𝑐6𝑠1𝑠3𝑠4 + 𝑐3𝑐6𝑠1𝑠2𝑠4 +

 𝑐2𝑐3𝑠1𝑠5𝑠6 − 𝑠1𝑠2𝑠3𝑠5𝑠6+𝑐2𝑐4𝑐5𝑠1𝑠3𝑠6 + 𝑐3𝑐4𝑐5𝑠1𝑠2𝑠6 (17) 

𝑛𝑧 = 𝑐2𝑐3𝑠4𝑠6 + 𝑐2𝑐6𝑠3𝑠5 + 𝑐3𝑐6𝑠2𝑠5 − 𝑠2𝑠3𝑠4𝑠6 −
𝑐2𝑐3𝑐4𝑐5𝑐6 + 𝑐4𝑐5𝑐6𝑠2𝑠3                                                   (18) 

𝑜𝑧 = 𝑐2𝑐5𝑠3 + 𝑐3𝑐5𝑠2 + 𝑐2𝑐3𝑐4𝑠5 + 𝑐4𝑠2𝑠3𝑠5               (19) 

𝑎𝑧 = 𝑐2𝑐3𝑐6𝑠4 − 𝑐6𝑠2𝑠3𝑠4 − 𝑐2𝑠3𝑠5𝑠6 − 𝑐2𝑠2𝑠5𝑠6 +
 𝑐2𝑐3𝑐4𝑐5𝑠6 − 𝑐4𝑐5𝑠2𝑠3𝑠6                                                (20) 

where (c) relates to cos and (s) to sin. While the p (𝑝𝑥, 𝑝𝑦, 𝑝𝑧) 

is the position vector of the EE as decelerated in the following 

equations: 

𝑝𝑥 =  𝑑4𝑐1𝑐2𝑐3  −  𝑎2𝑐0𝑐1𝑠2 − 𝑎2𝑐1𝑐2𝑠0 − 𝑑4𝑐1𝑠2𝑠3 −
 𝑑6𝑠1𝑠4𝑠5 + 𝑑6𝑐1𝑐2𝑐3𝑐5 − 𝑑6𝑐1𝑐5𝑠2𝑠3 − 𝑑6𝑐1𝑐2𝑐4𝑠3𝑠5 −

 𝑑6𝑐1𝑐3𝑐4𝑠2𝑠5   (21) 

𝑝𝑦 =  𝑑4𝑐2𝑐3𝑠1 − 𝑎2𝑐0𝑠1𝑠2 − 𝑎2𝑐2𝑠0𝑠1 + 𝑑6𝑐1𝑠4𝑠5 −

 𝑑4𝑠1𝑠2𝑠3 + 𝑑6𝑐2𝑐3𝑐5𝑠1 − 𝑑6𝑐5𝑠1𝑠2𝑠3 − 𝑑6𝑐2𝑐4𝑠1𝑠3𝑠5 −
 𝑑6𝑐3𝑐4𝑠1𝑠2𝑠5  (22) 

𝑝𝑧 =  𝑑1 − 𝑑4𝑐2𝑠3 − 𝑑4𝑐2𝑠3 − 𝑑4𝑐3𝑠2 + 𝑎2𝑠0𝑠2 −
 𝑑6𝑐2𝑐5𝑠3  −  𝑑6𝑐3𝑐5𝑠2 − 𝑑6𝑐2𝑐3𝑐4𝑠5 + 𝑑6𝑐4𝑠2𝑠3𝑠5 (23)   

 

3.3. Modeling of Inverse Kinematics 

The IK equations for a 6-DOF robotic arm such as the WidowX 

250 can be complex. However, in general, they involve solving 

a set of nonlinear equations that relate the joint positions and 

orientations to the desired EE position and orientation. Fig. 5 

shows the Widow X250 robotic arm joints with assigned angles 

[36].               
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Table 4. Link DH parameters table of widowX250 6DOF robot arm [28]-[30]. 

𝑳𝒊𝒏𝒌𝒊 𝒂𝒊 (m) 𝜶𝒊 (deg) 𝒅𝒊(m) 𝜽𝒊 (deg) range 𝜽𝒊 (deg.) 

1 0 -90 0.11025 𝜃1 -180 to 180 

2 -0.25495 0 0 𝜃2+90 +11.5 -108 to 114 

3 0 90 0 𝜃3 -11.5 -123 to 92 

4 0 -90 0.25 𝜃4 -100 to 123 

5 0 90 0 𝜃5 -180 to 180 

6 0 0 0.157625 𝜃6 -180 to 180 

 

 

Figure 5. The joints of the robotic arm [26]. 

𝜃1, 𝜃2, and 𝜃3 can be calculated using the following: 

𝜃1 = 𝐴𝑡𝑎𝑛2( 𝑝𝑥;  𝑝𝑦)                                                          (24) 

𝜃2 = 𝐴𝑡𝑎𝑛2(√𝑝𝑥
2 + 𝑝𝑦

2 − 𝑑2;  𝑝𝑧 − 𝑑1) − 𝐴𝑡𝑎𝑛2(𝑎2 +

 𝑎3𝑐3 ;  𝑎3𝑠3)                                                                        (25) 

𝜃3 = 𝐴𝑡𝑎𝑛2( 𝐷 ; ±√1 + 𝐷2)                                             (26) 

Where D is: 

𝐷 =
𝑝𝑥

2+ 𝑝𝑦
2−𝑑2+(𝑝𝑧− 𝑑1)2− 𝑎2

2 − 𝑎3
2

2𝑎2𝑎3
                                        (27) 

while 𝜃4, 𝜃5, 𝑎𝑛𝑑 𝜃6 calculated using the following equations 

𝜃4 = 𝐴𝑡𝑎𝑛2( 𝑠1𝑜𝑥 − 𝑐1𝑜𝑦  ; 𝑐1𝑠23𝑜𝑥 + 𝑠1𝑠23𝑜𝑦 + 𝑐23𝑜𝑧) (28) 

𝜃5 = 𝐴𝑡𝑎𝑛2( ±√1 − (−𝑐1𝑐23𝑜𝑥 − 𝑠1𝑐23𝑜𝑦  ; + 𝑠23𝑜𝑧)
2
−

𝑐1𝑐23𝑜𝑥 − 𝑠1𝑐23𝑜𝑦  ;  + 𝑠23𝑜𝑧                                          (29) 

𝜃6 = 𝐴𝑡𝑎𝑛2( 𝑐1𝑐23𝑎𝑥 + 𝑠1𝑐23𝑎𝑦  − 𝑠23𝑎𝑧  ;  −𝑐1𝑐23𝑛𝑥 +

 𝑠1𝑐23𝑛𝑦 + 𝑠23𝑛𝑧)                                                           (30) 

 

 

 

 

4. Results and Discussion 

In this section, the results of MATLAB modeling are provided 

and compared to the findings obtained by ROS for the position 

of the end-effector arm in FK. In addition, the angle values in 

modeling IK are derived from the position values in FK. 

4.1. Forward Kinematics Modeling 

Table 4 illustrates the results of the EE-coordinate using 

MATLAB. Ten cases have been taken in this study to obtain 

the joint variables in (rad) and the EE-Coordinate (𝑝𝑥; 𝑝𝑦;𝑝𝑧) in 

(mm). The angle values from 𝜃1to 𝜃6 have been assumed, and 

𝑝𝑥, 𝑝𝑦, 𝑎𝑛𝑑 𝑝𝑧 were  

obtained using (21), (22), and (23). Table 5 also demonstrates 

the results of EE coordination using ROS, using 10 similar 

states that were applied in MATLAB to construct variables and 

the EE Coordinates.  

Table 6 shows the error of EE-Coordinates between Tables 2 

and 3, which means the error between MATLAB and ROS in 

calculating 𝑝𝑥.𝑝𝑦. 𝑎𝑛𝑑 𝑝𝑧 values, and the most significant 

margin of errors appeared in case 3in py and case 7 in px. Table 

6 shows the error of EE-Coordinates between MATLAB and 

ROS in calculating 𝑝𝑥.𝑝𝑦. 𝑎𝑛𝑑 𝑝𝑧 values. The flowchart of the 

forward kinematic modeling approach is shown in Fig. 6. The 

created algorithm contains D-H parameters to get the end-

effector's coordinates of the robotic arm, and the transformation 

matrix is computed to obtain the equations for the end-effector's 

coordinates. Fig. 7 and Fig. 8 present a sample of the End-

Effector Coordinates simulation results for the set of solutions 

for the position using MATLAB and RO, S, respectively. In 

these modeling, two different positions have been considered, 

the first end effector coordinate was (𝑝𝑥 =  0.458, 𝑝𝑦 =
 0.000, 𝑝𝑧 =  0.360), Which illustrates the first case (home 

position), and the second was (𝑝𝑥 =  0.262, 𝑝𝑦 =  0.184, 

𝑝𝑧 = 0.056), That indicates the fourth case. The two used 

programs (MATLAB and ROS) showed virtually the same 

outcome. Also, case 1 (left image of Fig. 7) was set at (90.0°.0 

Roll, -0.0° Pitch, and -90.0° Yaw). Thus, case 4 (right image of 

Fig. 7) was set at (-179.7° Roll, 24.8° Pitch, and -75.1° Yaw). 
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Table 7 shows the accuracy between MATLAB and ROS of the 

EE coordinates. 

In case 1 (below image of Fig. 8), ROS was set the position at 

(0.407; 0; 0.361) and the orientation at (0; 0.00077; 0;1) for arm 

link and position at (0.458; 0; 0.361) and the orientation at (0; 

0.00077; 0;1) for gripper link. In case 4 (above image of Fig. 

8), ROS was set the position at (0.2622; 0.1707; -0.0) and the 

orientation at (0.241; 0.704; -0.05;0.6) for arm link and position 

at (0.2622; 0.183; -0.05) and the orientation at (0.241; 0.704; -

0.05;0.6641) for gripper link. 

                                                                       

 

Figure 6. Forward kinematic modeling algorithm flowchart. 

 

Table 5. ROS results of EE coordinates. 

EE_Coordinates (m) Joint Variable (rad) Case 

𝑷𝒛 𝑷𝒚 𝑷𝒙 𝜽𝟔 𝜽𝟓 𝜽𝟒 𝜽𝟑 𝜽𝟐 𝜽𝟏 

0.361272 0 0.45824 0 0 0 0 0 0 1 

-0.07016 0.086538 -0.0779 1 1 1 1 1 1 2 

0.561395 0.390145 -0.11482 -1 -1 -1 -1 -1 -1 3 

-0.05605 0.183944 0.262225 0.5 0.5 0.5 0.5 0.5 0.5 4 

0.716458 -0.00805 0.089376 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 5 

0.053919 0.004146 -0.15789 1.5 1.5 1.5 1.5 1.5 1.5 6 

0.203323 0.515107 0.124107 -1.5 -1.5 -1.5 -1.5 -1.5 -1.5 7 

0.150201 0.0005 0.036126 1.32 2.15 0 0.95 0 0 8 

0.073497 0 0.137752 1.44 0.48 0 1.61 -1.57 0 9 

0.146393 0 0.158274 1.44 0 0 1.61 -1.57 0 10 

 

 

 

 

START 

END 

Determine 

DH_Parameters 

Determine the equations for the EE 

coordinates by calculating the 

transformation matrix. 

Create arbitrary values for the six joint 

angles. 

Using the equations obtained from the 

transformation matrix, get the EE 

coordinates 
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Table 6. Error between MATLAB and ROS of the EE 

coordinates. 

Error (mm) 

𝑷𝒛 𝑷𝒚 𝑷𝒙 Case 

1.172 0 0.06 1 

2.155 1.5221 1.8021 2 

1.405 3.745 0.676 3 

1.2991 0.456 0.325 4 

0.058 2.13306 2.9659 5 

2.3593 0.31483 0.894 6 

0.977 0.493 3.407 7 

0.001 0.001 2.4543 8 

0.7166 0 0.952 9 

1.593 0 0.774 10 

 

Table 7. The accuracy between MATLAB and ROS of the 

EE coordinates. 

Accuracy (%) 

𝑷𝒛 𝑷𝒚 𝑷𝒙 Case 

99.8828 100 99.994 1 

99.7845 99.84779 99.81979 2 

99.8595 99.6255 99.9324 3 

99.87009 99.9544 99.9675 4 

99.9942 99.78669 99.70341 5 

99.76407 99.96852 99.9106 6 

99.9023 99.9507 99.6593 7 

99.9999 99.9999 99.75457 8 

99.92834 100 99.9048 9 

99.8407 100 99.9226 10 

 

 

Figure 7. Modeling through MATLAB End-Effector 

Coordinates' results. Act Case 1 for the left image and Act 

Case 4 for the right image. 

Fig. 9 shows the EE-frame (𝑝x, 𝑝y, and 𝑝z) derived by ROS 

simulation and MATLAB modeling and their comparison for 

the ten imposed scenarios, which show that they are similar 

and equivalent. 

Fig. 10 depicts the accuracy between the two comparative 

sections and for every case, with the lowest accuracy being 

99.6% and the maximum accuracy being 100%. 

 

 

Figure 8. ROS simulation results of End-Effector 

coordinates. Act Case 1 is for the image below, while Act 

Case 4 is for the image above. 

4.2. Inverse Kinematics Modeling 

Table 8 presents the findings of IK modeling, showing a set 

of solutions for joint angles in rad for ten situations. The joint 

angle solutions for the IK model are presented in Table 5. 

There are ten cases to verify the inverse kinematics. (24) to 

(30) were used to determine the IK of the robotic arm. It 

produced various results, some of which were close to 

expectations, while others were far away from them. As is 

well known, one of the most significant features of IK 

modeling is difficulty in deriving and achieving the same 

results as FK modeling, especially if the arm has more than 

3DOF. As a result, numerical techniques, optimization, and 

artificial intelligence technologies are used to handle such 

challenges. An interesting observation is that the angle of the 

third joint remains constant between ±1.57 radians across all 

instances studied, indicating certain limitations in the arm's 

motion range. From equation 26 (for 𝜃3), it remains constant 

between ± 90° and according to the end-effector. Also, the 

arm is redundant. While 𝜃1 ranged from 0° to 180°, it was 

significantly higher in case 9. Meanwhile, the 𝜃6 of the arm 

ranges from (28.7° to 122.7°) (30). The flowchart of the 

inverse kinematic modeling algorithm is shown in Fig. 11. 

The end-effector coordinates are sent into the algorithm to 

determine the joint angles required for achieving the desired 

end-effector position.  
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Figure 9. ROS via MATLAB modeling EE-coordinates. 

 

Figure 10. ROS via MATLAB EE-Coordinates accuracy. 

 

                                             

             

Figure 11. Inverse kinematic modeling algorithm flowchart 

5. Conclusions  

Based on this investigation, the forward and inverse 

kinematics modeling for the WidowX250-6DOF robotic 

arm, manufactured by Interbotix, was successfully executed. 

This work could significantly impact various applications, 

including industrial automation, healthcare, and even 

entertainment. The FK and IK of the Widowx250 6DOF 

have been derived and implemented. The results obtained for 

the FK of the arm, conducted through MATLAB modeling, 

and compared with the ROS simulation results, showed a 

matching percentage of over 99% for the end effector 

position and the arm in general. However, for the IK,  

the results revealed a range of solutions for each joint angle, 

some of which were close to the desired results, and others 

were not. The value of the third joint angle was established 

at ±1.57 radians, requiring further future studies to refine the 

results using various numerical analysis methods such as 

fuzzy logic, artificial intelligence, and modern robotics 

techniques. Also, future work will test the optimized model 

based on a theoretical foundation in areas such as path 

planning, kinematic optimization, and structural design for 

robots.   
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Table 8. Inverse kinematic modeling results.

Case 𝜽𝟏(rad) 𝜽𝟐(rad) 𝜽𝟑(rad) 𝜽𝟒(rad) 𝜽𝟓(rad) 𝜽𝟔(rad) 

1 0.0000 -2.7561 1.5708 -1.5708 3.1416 1.5708 

3.5271 

3.1416 -0.3855 -1.5708 1.5708 -3.1416 -1.5708 

5.8977 

2 1.0000 -3.9318 1.5708 1.0000 1.0000 1.0000 

2.3514 

4.1416 -5.4930 -1.5708 -2.1416 -1.0000 -2.1416 

0.7902 

3 2.1416 -2.1873 1.5708 2.1416 1.0000 2.1416 

4.0959 

5.2832 -0.9543 -1.5708 -1.0000 -1.0000 -1.0000 

5.3288 

4 0.5000 -3.1928 1.5708 0.5000 0.5000 0.5000 

3.0904 

3.6416 -6.2320 -1.5708 -2.6416 -0.5000 -2.6416 

0.0512 

5 -0.5000 -1.7016 1.5708 2.6416 0.5000 2.6416 

4.5816 

2.6416 -1.4400 -1.5708 -0.5000 -0.5000 -0.5000 

4.8432 

6 1.5000 -4.6336 1.5708 1.5000 1.5000 1.5000 

1.6495 

4.6416 -4.7911 -1.5708 -1.6416 -1.5000 -1.6416 

1.4921 

7 1.6416 -2.9348 1.5708 1.6416 1.5000 1.6416 

3.3484 

4.7832 -0.2068 -1.5708 -1.5000 -1.5000 -1.5000 

6.0764 

8 0.0000 -2.9084 1.5708 0.0000 2.1500 1.3200 

3.3747 

3.1416 -0.2331 -1.5708 -3.1416 -2.1500 -1.8216 

6.0500 

9 3.1416 -1.5727 1.5708 0.0000 0.4800 1.4400 

4.7105 

6.2832 -1.5689 -1.5708 -3.1416 -0.4800 -1.7016 

4.7143 

10 3.1416 -1.5727 1.5708 1.5708 0.0000 1.6952 

4.7105 

6.2832 -1.5689 -1.5708 -1.5708 -0.0000 -1.4464 

4.7143 
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