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Abstract—In disaster areas, robot manipulators are used to 

rescue and clearance of sites. Because of the damaged area, 

they encounter disturbances like obstacles, and limited 

workspace to explore the area and to achieve the location of the 

victims. Increasing the degrees of freedom is required to boost 

the adaptability of manipulators to avoid disturbances, and to 

obtain the fast desired position and precise movements of the 

end-effector. These robot manipulators offer a reliable way to 

handle the barrier challenges since they can search in places 

that humans can't reach. In this research paper, the 9-DOF 

robotic manipulator is designed, and an analytical model is 

developed to examine the system’s behavior in different 

scenarios. The kinematic and dynamic representation of the 

proposed model is analyzed to obtain the translation or 

rotation, and joint torques to achieve the expected position, 

velocity, and acceleration respectively. The number of degrees 

may be raised to avoid disturbances, and to obtain the fast 

desired position and precise movements of the end-effector. 

The simulation of developed models is performed to ensure the 

adaptable movement of the manipulators working in distinct 

configurations and controlling their motion thoroughly and 

effectively. In the proposed configuration the joints can easily 

be moved to achieve the desired position of the end-effector 

and the results are satisfactory. The simulation results show 

that the redundant manipulator achieves the victim location 

with various configurations of the manipulator. Results reveal 

the effectiveness and efficacy of the proposed system. 

Keywords— Hyper-Redundant Robotic Manipulator; 9 DOF; 

Rescue Robot; Cataclysmic; Functional Modeling. 

I. INTRODUCTION 

 The manipulators can perform dynamic adaptive 

manipulation in unstructured situations and are 

exceptionally dexterous, docile, and flexible. The robot 

manipulators are being utilized in various forms as 

rehabilitation robots for dysfunction of the hand [1], for 

telemetry operations by using quadcopter [2], the dancing 

robots to be used in competitions in place of humans [3], for 

the distant operation tasks [4], where the manipulator is 

used for inspecting the perilous areas or as cleaning robots 

to wipe the complex industrial territories [5]. Regarding the 

fatality in the disaster zones, it is needed that manipulators 

can bend with the proper curvatures and adapt to 

complicated regions. A redundant manipulator with more 

than six or more degrees of freedom can alter its 

configuration while maintaining a fixed position and 

orientation for its end-effector. Hyper redundant robot 

manipulators don't have hard joints like conventional rigid 

link robots have, and they also have more degrees of 

freedom, which provide them with some highly beneficial 

characteristics. It is very difficult in disaster areas to reach 

every location to rescue the victims with regular robot 

manipulators due to the unevenness of the ground and 

obstacles in the way. The most important issues in disaster 

areas are safety, precision, and robot movement. Various 

disaster management systems based on microcontrollers are 

also in consideration [6]. Nowadays robots are widely used 

in the process of disaster mitigation [7]-[8]. The robots can 

provide accuracy and precision during the job [9]. The 30 

percent of deaths in disasters are due to a lack of timely aid 

and assistance [10]. With the evolution of technology, 

robots are being used in almost every field like industries, 

medical, atomic power plants, search, and rescue operations 

to ease human tasks and minimize the risks [11]. The proper 

techniques should be applied so that robots must navigate 

through simple or complex environments [12]. The 

manipulators having an extra degree of freedom for a task 

are known as Hyper Redundant Robotic (HRR) 

Manipulators. The redundant robots are used to conquer the 

inadequacies of robots [13]-[14].  These Manipulators have 

the shape of snakes or tentacles [15].  

The most used robotic Manipulators for industries are 

Serial link manipulators with 6 DOF, manufactured to work 

like a human arm; comprises of rigid links with a fixed base, 

and the joints connected through links have motors and 

gears. The Joint’s actuator determines the feasible 

movement of the manipulator whereas the total torque 

involves the torque of the motor and torque due to load 

determines the performance of the joint [16]. There is plenty 

of advantages of redundant manipulators over 6-DOF 

manipulators [17]-[22]. The manipulator is designed to 

achieve target points in the workspace by adjusting the robot 

joint angles to move the end-effector to the prescribed target 

[23]. The control schemes are presented to deliver the torque 

within limits [24]. Robotic arms certainly run into singular 

configurations during movement resulting in poor 

performance, thus discerning the singularities is extremely 

essential [25]. The inexplicit singular configurations and 

techniques are identified for the 4 DOF and 7 DOF 

redundant manipulators [26]. Whenever the end-effector 

reaches a singular point, Robot’s motion becomes difficult 

in a certain direction so, to confront the singularities and to 
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make the manipulator flexible so that all assigned target 

points should be achieved by increasing the number of 

degrees of freedom. The methods to elude the singularity for 

the co-robots are discussed in [27]. 

Kinematic modeling using the DH method is used to 

model 6 DOF manipulators [28]. A 3-DOF small-scale 

robotic arm is designed for educational purposes and inverse 

kinematics is applied [29]. The methods to solve inverse 

kinematics of a redundant manipulator are optimized by 

fixing the joints [30]-[31]. The DH approach is typically 

employed in the kinematic modeling of manipulators. Ref. 

[32] computed kinematics through the Denavit Hartenberg 

method on LabVIEW. The paper [33] implemented a real-

time configured kinematics of 9 DOF surgical robot, using a 

decision maker to auto-select the specific movements, 

control, and speed as per the velocity of tactual device. In 

[34], Denavit Hartenberg analysis of the forward and 

inverse kinematics of 5 and 6 DOF manipulators was 

performed. In. [35], evaluated the kinematics and workspace 

of the designed 6 DOF manipulator. Typically, the 

Lagrange-Euler equation is employed to derive the dynamic 

model of the manipulators. Ref. [36] used the Lagrange-

Euler technique to derive the dynamic modeling of a 2-DOF 

manipulator. In [37], designed a system of controlled 

Robotic arm on wheelchair containing 7-DOF arm with 2-

DOF control of wheelchair for the disabled people. In paper 

[38], using AutoCAD and MATLAB as testing tools, 

Kinematics, path planning, and Jacobian velocities were 

evaluated in an AL5B Educational Robot. This study [39] 

combined two distinct approaches that are axis-invariant and 

dual quaternions for the location and orientation of the end-

effector with the least amount of error to simulate the 

inverse kinematics for the 6 DOF manipulator. The paper 

[40] presented a 7-DOF humanoid robotic arm with a 

configuration like a human arm. To get the inverse solution 

of the humanoid robotic arm, an integrated approach and 

optimization of the arm angle technique were proposed. 

Accurate trajectory tracking is a key component in the 

design of position control for robot manipulators since robot 

manipulators have complex dynamics and are impacted by 

large uncertainties and outside disturbances. This paper [41] 

developed an extended state observer-based position control 

system for a robot manipulator. The DH approach was 

utilized to determine the forward kinematics of a 6 DOF 

manipulator model for flat welding movement, while 

geometric and algebraic methods were employed to 

calculate the inverse kinematics. Through the LSPB (linear 

segment parabolic bend) approach, trajectory tracking was 

performed [42].  

Hyper redundant manipulators are ideal candidates for 

optimization methods because they can avoid obstructions 

and singularities. Because of their great ability to avoid 

obstacles, hyper-redundant manipulators made of numerous 

serially connected short links are effective in challenging 

and constrained environments like disaster zones, nuclear or 

chemical plants, and space stations. The earlier studies lack 

considering the hyper-redundant manipulators to be 

implemented in catastrophic areas, most of the studies 

examine employing them in the industrial or medical fields, 

whereas to outreach sufferers the proposed model by 

variegated configurations can be exerted by progressing 

through the asymmetrical path.  

In this study, limitations of less DOF robotic 

manipulators,  such as singularities which occur whenever 

the two axes of the robot manipulator become parallel and 

the manipulator cannot achieve the aim position,  a 

constrained work area that is imposed on a robotic system 

that reduces the range of motion that it is capable of, and the 

joint limit specifying the amount of motion that rotating 

parts of an assembly are permitted to undergo are overcome. 

Thus, by raising the number of degrees of the manipulator, 

redundancy is included to improve performance in 

challenging circumstances. A requirement for upcoming 

contemporary and unmanned industries, manipulator 

performance must be able to deliver flexible and efficient 

fabrication. The research contribution is to develop a model 

of a redundant robot manipulator with 9 degrees of freedom 

that can avoid obstructions, and singularities and can help to 

search the victim’s position by using redundancy. It can 

function in confined spaces, reach unstructured 

circumstances, and navigate through environments with a 

high density of obstacles. 

II. ANALYSIS OF ROBOT KINEMATICS 

A. Kinematic Modeling 

There should be no forces or torques in the kinematic 

model for the 9 DOF HRR Manipulator. To obtain the 

location and orientation of the end-effector, the kinematic 

modeling is solved using the Denavit- Hartenberg method. 

The first step in the DH technique is to give the joints 

coordinate frames to show how the end-effector is oriented 

and where it is about the base. Seven revolute joints and two 

prismatic joints are part of the 9-DOF manipulator model 

that is being exhibited. The joints are designated as Ɵi and 

Table-I contains the DH table for resolving the 

manipulator's kinematics in the homing position. The 

Denavit- Hartenberg convention is used to get the 

Homogenous Transformation Matrix [43]. 

TABLE I.  9-LINK DH PARAMETER TABLE  

Joints 
i 

( ) 

𝑑𝑖 

(mm) 

𝑎𝑖 

(mm) 

𝑖 

( ) 

(0-1)1 Ɵ1 0 a2 900 

(1-2) 2 Ɵ2 +900 0 a3 900 

(2-3) 3 Ɵ3 0 a4 900 

(3-4) 4 Ɵ4 0 0 0 

(4-5) 5 900 0 a5+a6+d5 0 

(5-6) 6 Ɵ6 -900 0 a7 -900 

(6-7) 7 Ɵ7 0 0 900 

(7-8) 8 900 0 a8+a9+d8 0 

(8-9) 9 Ɵ9 0 a10 0 

 

The link function in the Robotics toolbox is used to map 

the link object containing details for one axis, Function 

named Serial-link gathers every link object and generates 

the manipulator. A 9 DOF Robotic manipulator at homing 

position is shown in Fig. 1 where the joints are stretched to 

their fullest possessing a configuration 

R1 ┴ R2 ┴ R3┴ R4 ┴ P5  ║ R6 ┴ R7 ┴ P8 ║ R9 
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Where P and R show Prismatic and Revolute joints 

respectively. 

 In Fig. 2, the manipulator is in a random position whose 

P5 ┴R6┴R7. While in Fig. 3 the pattern changes and R1┴R2 

║R3. The configuration of Fig. 4 shows P5 becomes 

orthogonal to  R6. In Fig. 5, the arrangement of the joints to 

penetrate atypical domains can be seen whose R1 and R2 are 

orthogonal to each other, and the joints are at various 

angles. Similarly, Fig. 6 also demonstrates the configuration 

for peculiar environs where 

R1 ├ R2 ┴ R3 ├ R4 ┴ P5  ║ R6  ├ R7 ┴ P8   ┴R9 

 

Fig. 1. 09 joint Redundant manipulator at Homing Position. 

 

Fig. 2. 09 joint  manipulator at Random configuration-A 

 

Fig. 3. 09 joint  manipulator at Random configuration-B 

 

Fig. 4. 09 joint  manipulator at Random configuration-C 

 

Fig. 5. 09 joint  manipulator at Random configuration-D 



Journal of Robotics and Control (JRC) ISSN: 2715-5072 803 

 

Zuha Anjum, Design and Modeling of 9 Degrees of Freedom Redundant Robotic Manipulator 

 

Fig. 6. 09 joint  manipulator at Random configuration-E 

The forward kinematics is to be calculated to realize the 

accumulative impact of all joint variables on the end-

effector and is analyzed through homogenous 

transformation given as in Equation (1), where c denotes the 

cos angle, s shows the angle of sin and an illustrates the 

respective link lengths. The Homogenous matrix for 

revolute joint 1 can be seen in Equation (2). To ascertain the 

total impact on the end-effector, the homogeneous 

transformation for each individual joint must be found. The 

second revolute Joint matrix is shown in Equation (3).  

Equation (4) depicts the homogenous transformation for the 

third joint. For the fourth revolute joint, the matrix is given 

as in Equation (5). The fifth joint is prismatic, Equation (6) 

is its homogenous matrix. Equation (7) shows the sixth joint 

homogenous matrix, where the matrix for the 7th joint is 

given in Equation (8). Equation (9) and (10) delineates the 

homogenous matrix for joint 8th and 9th respectively. 

𝐻𝑛
0 =  [

c(Ɵn) − s(Ɵn) c(αn) s(Ɵn) sin(αn) 𝑎𝑛 ∗ c(Ɵn)

s(Ɵn) c(Ɵn) c(αn) − c(αn) sin(Ɵn) 𝑎𝑛 ∗ s(Ɵn)

0 s(αn) c(αn) 𝑑𝑛
0 0 0 1

] 

 (1) 

𝐻0
1 = [

𝐶1 0 −𝑆1 𝑎1 ∗ C1
𝑆1 0 𝐶1 𝑎1 ∗ S1
0 −1 0 0
0 0 0 1

] (2) 

𝐻1
2 = [

𝐶2 0 −𝑆2 𝑎2 ∗ C2
𝑆2 0 𝐶2 𝑎2 ∗ 𝑆2
0 −1 0 0
0 0 0 1

] (3) 

𝐻2
3 = [

𝐶3 0 𝑆3 𝑎3 ∗ 𝐶3
𝑆3 0 −𝐶3 𝑎3 ∗ 𝑆3
0 1 0 0
0 0 0 1

] (4) 

𝐻3
4 = [

𝐶4 0 −𝑆4 0
𝑆4 0 𝐶4 0
0 −1 0 0
0 0 0 1

] (5) 

𝐻4
5 = [

1 0 0 𝑎5 + 𝑎6

0 1 0 0
0 0 1 0
0 0 0 1

] (6) 

𝐻5
6 = [

𝐶6 0 𝑆6 𝑎7 ∗ 𝐶6
𝑆6 0 −𝐶6 𝑎7 ∗ 𝑆6
0 1 0 0
0 0 0 1

] (7) 

𝐻6
7 = [

𝐶7 0 −𝑆7 0
𝑆7 0 𝐶7 0
0 −1 0 0
0 0 0 1

] (8) 

𝐻7
8 = [

1 0 0 𝑎8 + 𝑎9

0 1 0 0
0 0 1 0
0 0 0 1

] (9) 

𝐻8
9 = [

𝐶9 −𝑆9 0 𝑎10 ∗ 𝐶9
𝑆9 𝐶9 0 𝑎10 ∗ 𝑆9
0 0 1 0
0 0 0 1

] (10) 

 

To determine the cumulative influence of all joint 

variables on the end-effector, the forward kinematics must 

be determined. This analysis is done using the homogeneous 

transformation given in (11). 

𝐻0
𝑛   = [

𝑛𝑥 𝑜𝑥 𝑎𝑥 𝑃𝑥

𝑛𝑦 𝑜𝑦 𝑎𝑦 𝑃𝑦

𝑛𝑧 𝑜𝑧 𝑎𝑧 𝑃𝑧

0 0 0 1

] (11) 

Links that connect the joints in a robotic arm model have 

precise values that allow the arm to move to different 

distances. The link length values are taken from Table II, 

where d5 and d8 represent prismatic links and the other links, 

numbered from a1 to a10, revolute joints. 

TABLE II.  LINK LENGTHS 

Joints a1 a2 a3 a4 d5 a6 a7 d8 a9 a10 

Length 

(m) 
0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 

 

It is determined that the homogenous matrix Hf for the 

manipulator displaying the end effector's orientation and the  

location at homing position is illustrated in (12). 

𝐻𝐹 = [

1.000    0      0 5.2000
0 −1.000   0    0
0
0

   0
   0

−1.000
 0

0
1.000

] (12) 

The forward kinematic matrix for the designed 

manipulator is given in (13). 

B. Dynamic Modeling 

Dynamic modeling considers the forces and torques 

modifying the system. The difference between the potential 

and kinetic energy can be used to represent the dynamic 

system and to calculate the forward dynamics and inverse 

dynamics using the Euler-Lagrange Approach. The dynamic 

model that is used the most is delineated in (14). 
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𝑀(𝑞)�̈� + 𝐶(𝑞, �̇�) + 𝑔(𝑞) = 𝜏 (14) 

Where 𝑞 represents the angular position of the link and τ 

represents the torque. M, C, and g are the inertia matrix, 

force matrix containing the Coriolis and centripetal, and 

gravity sequentially. The supposed dynamic parameters to 

simulate the model are specified in Table III. 

TABLE III.  DYNAMICS PARAMETERS TABLE 

Joints 1 2 3 4 5 6 7 8 9 

Mass 
(kg) 

3.60 3.60 3.60 3.60 3.90 3.60 3.60 3.90 3.60 

COG 
0.2
0
0

 
0.2
0
0

 
0.2
0
0

 
0.2
0
0

 
0.2
0
0

 
0.2
0
0

 
0.2
0
0

 
0.2
0
0

 
0.2
0
0
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C. Trajectory 

The points allocated to the manipulator to get to the 

desired position are referred to as the trajectory. Trajectory 

planning is tricky and a necessity for robotic manipulators 

[44]–[46]. the study on several trajectory generation curves 

is presented [47]-[49]. The boundary constraints for the 

initial and final position, velocity, and acceleration must be 

satisfied for flat transitions [50].  The joint position values 

are applied using cubic or quintic polynomial methods to 

move the manipulator to the desired positions. Polynomial 

function for n degrees used for waypoints estimation is 

given in (15). For locally determined and designed 

trajectories, different trajectories cover various portions of 

the route. The points defining the geometric path are 

interpolated in a smooth way. 

Ɵ(𝑡) = 𝑎0 + 𝑎1𝑡 + 𝑎2𝑡2 +. . . +𝑎𝑛𝑡𝑛 (15) 

Equation (16) contains a fifth-order polynomial function for 

the quintic polynomial for the position. Accordingly, 

derivations for the velocity and acceleration are illustrated in 

Equations (17) and (18) respectively. 

Ɵ(𝑡) = 𝑎0 + 𝑎1𝑡 + 𝑎2𝑡2 + 𝑎3𝑡3 + 𝑎4𝑡4 + 𝑎5𝑡5 (16) 

Ɵ̇(𝑡) = 𝑎1 + 2𝑎2𝑡 + 3𝑎3𝑡2  + 4𝑎4𝑡3 + 5𝑎5𝑡4 (17) 

 

 

Ɵ̈(𝑡) = 2𝑎2 + 6𝑎3𝑡 + 12𝑎4𝑡2 + 20𝑎5𝑡3 (18) 

The trajectory optimization algorithms are applied in [51]-

[57]. 

III. RESULTS AND DISCUSSION 

The number of degrees is raised to prevent disruptions 

and to quickly achieve the appropriate position and exact 

motions of the end-effector. To conduct dexterous 

movements, improve performance, and carry out duties 

precisely to track the sufferer, increased degrees of freedom 

manipulators are used. To assure the conformable 

movement of the manipulators operating in various 

configurations and directing their motion comprehensively 

and effectively, generated models are simulated. The 

simulation's findings demonstrate that the manipulator can 

successfully reach the victim's location using a variety of 

manipulator configurations. Fig. 7 illustrates the quintic 

function's typical trajectory transitions for an angular 

position, velocity, and acceleration. The horizontal axis 

always displays time instants, and the vertical line of the 

graph is where position, velocity, and acceleration values 

that vary with respect to time are plotted. 

 

Fig. 7. Quintic Polynomial Function  

A. Individual joint Performance: 

The angular position (°), velocity (°/s), and acceleration 

(°/s2) for every single joint are depicted in this section, the 

legend shows the respective plots for the quantities. The y-

axis expresses the angular position and time is displayed on 

the x-axis. Fig.8 shows the transition of the first joint to the 

desired point.  The transformation of a second revolute joint 

is in Fig. 9. Fig. 10 portrays the joint three progressions 

towards the required point.  The fourth joint is revolute 

whose transition can be seen in Fig. 11.  The transfiguration 

of a prismatic joint is depicted in Fig. 12. Fig. 13 illustrates 

the moving of the sixth joint to a goal position. The 

transition plots for the seventh and eighth joints can be seen 

in Fig. 14 and 15 respectively, whereas Fig. 16 characterizes 

the last revolute joint’s transformation to the wanted 

position. 

𝐻0
9 = [

− C(Ɵ9) ∗ (S(Ɵ7) ∗ ⋯ − C(Ɵ7) ∗ (S(Ɵ4) ∗ (S(Ɵ1) … + a3 ∗ C(Ɵ1) ∗ C(Ɵ2) ∗ C(Ɵ3)

⋮ ⋱ ⋮ ∗ S(Ɵ4))  +  a3 ∗ C(Ɵ2) ∗ C(Ɵ3) ∗ S(Ɵ1)

S(Ɵ9) ∗ (S(Ɵ6) ∗ (C(Ɵ2) ∗ ⋯ S(Ɵ7) ∗ (C(Ɵ6) ∗ (C(Ɵ2) ∗ ∗ S(Ɵ2) +  a7 ∗ S(Ɵ2) ∗ S(Ɵ3) ∗ S(Ɵ6)
0 0 0 1

] 

 (13) 
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The angular positions (°) of all the nine joints are 

depicted in Fig. 17 and q shows the joint number. The 

angular velocities (°/s) are displayed in Fig. 18 while the 

angular accelerations (°/s2)   are plotted in Fig. 19. Fig. 20 

describes the torque required for each joint to move the 

manipulator to the target point. 

 

Fig. 8. Plot  for joint 1  

 

Fig. 9. Plot  for joint 2 

 

Fig. 10. Plot  for joint 3 

 

Fig. 11. Plot  for joint 4 

 

Fig. 12. Plot  for joint 5 

 

Fig. 13. Plot  for joint 6 

 

Fig. 14. Plot  for joint 7 
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Fig. 15. Plot  for joint 8 

 

Fig. 16. Plot  for joint 9 

 

Fig. 17. Positions of 9-Joints. 

 

Fig. 18. Velocities plot for 9-Joints. 

 

Fig. 19.  Accelerations plot for 9-Joints. 

 

Fig. 20. Plot for 9-Joints torques  

IV. CONCLUSION AND FUTURE RECOMMENDATIONS 

The proposed configuration of a 9 DOF (4RP2RPR) 

robotic manipulator has been modeled in this study. The 

work determined the dynamic and kinematic modeling of 

the manipulator. The designed model can be used in 

disastrous places, where the manipulator can achieve 

complex shapes circumventing barriers, to enter the holes or 

sides of walls intending to reach the target points.  The 

Model shows precise angles of joints to move the 

manipulator’s end-effector to the required position. The 

velocities and accelerations are plotted by the quintic 

approach. Torques required for each joint are plotted to 

move the manipulator to the goal position. The evaluated 

results show an effective and appropriate approach to be 

implemented practically. The study can further be advanced 

by applying the inverse kinematics with the controller to the 

manipulator and indicating the realistic tracks of the 

destructive domain to get the objectives with minimum error 

and improved efficiency. 
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