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 We examined mechanism design and kinematic simulation of a new six 

degrees of freedom (DOF) robotic arm with rotational joints and a linkage 

motion mechanism. In the design, a parallel linkage mechanism, 

accompanied by an additional set of bevel gears, was used to create the 

desired motion for all six links along with transfer of all actuators to the 

robot’s base to reduce the mass of most of the arms. These changes resulted 

in reduction of the torque required for joints 1, 2, and 3. Using this parallel 

mechanism ensures dependence to motion links and creates a special case for 

the control of the robot and more rigidity against unwanted movement. 

Initially, we examined mechanism design methods for a parallel linkage 

mechanism and considered methods for application in an operational robot. 

In the next step, we determined the kinematic relationships that were 

established between the robot’s actuators and joints spaces due to the use of 

this mechanism. Then, we developed an example of the robot’s function in a 

performance simulation. The simulation results indicated that the mechanism 

and controller performance were acceptable. 
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1. INTRODUCTION 

The robots used in most industries are 6 DOF robotic arms [1], because they have the ability to 

position and rotate for their end effectors with high accuracy. In the past few decades, various mechanisms 

have been considered to provide 6 degrees of freedom for the motion of robotic arms, with the robotic arms 

with rotational joints and wrists with intersecting axes being used most often. Currently, most industries use 

such robots, and Figure 1 shows the usual mechanism of motion for these robots. Due to the intersecting axes 

of the robot’s wrist, the entrance rotational axes for joints 4, 5, and 6 must be set up by a rectifier mechanism, 

such that it is placed in arm 3. Therefore, the motors that move these three joints must be placed beside each 

other at the beginning of arm 3 (Figure 1, No. 8). The motors of the other three joints (joints 1, 2, and 3) are 

attached directly to the rotational part of the joints. 

Now, it is obvious that, in the usual mechanism of such robots, the motors of joints 1, 2 and 3 must 

move motors of next joints as well as the links after them. Therefore, moving the motors of these joints 

requires more torque than was required to move just the structure of the links of the robot. In previous years, 

different mechanisms have been suggested to improve the performance of such robots systems by decreasing 

the power required by their motors. Some of these mechanisms that have been used are the cable mechanism 

[2, 3, 4], and the belt mechanism [5, 6, 7], which have similar functions, as well as hydraulic [8, 9, 10], 

pneumatic [11, 12, 13], and linkage [14, 15, 16], mechanisms. These mechanisms can cause motions to occur 

by transferring the robots’ motors (such as cable, belt, and linkage mechanisms) or their main source of 
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producing power (such as hydraulic and pneumatic mechanisms) to the robot’s base, thereby transferring 

motion from these motors to the rotational axes of the related joints. 

 

 

 
 

Figure 1. Usual mechanism for motion structure of 6 DOF Robotic arms: 1- Link 1; 2- Link 2; 3- Link 3; 4- 

Robot wrist including links 4, 5, and 6; 5- place of setup motor for joint 1; 6- motor of joint 2; 7- motor of 

joint 3; 8- motors of joints 4, 5, and 6. (The picture belongs to Robotic arm, product of KUKA Company) 

 

 

In this article, we describe our successful mechanism design and kinematic simulation to create six 

degrees of freedom for motion in a robotic arm, which allowed us to effectively control its motion. The 

functionality of this system is based on parallel mechanisms [17, 18]. In this mechanism we have used 

specially from establishment of some 4-bar linkage mechanisms in a parallel combination. By so doing, we 

were able to transmit the rotational motion of the motors of joints 3, 4, 5, and 6 (all of which were placed in 

the Robot’s base and in the link 1) to its own main rotational axis for joint 3 and to the rectifier mechanism 

for the other joints. We should notice to this issue that the high rigidity of parallel robots (and parallel 

mechanisms) is one of the characteristics for which they are selected for some applications [18]. The main 

reason for selection of a parallel linkage mechanism by us, was to assist the robot in being rigid against 

unwanted movement, which is very important in terms of robot’s vibration and control of its motion. In fact, 

the location and performance of the motors of joints 1 and 2 were the same as they are in the usual 

mechanisms for such robots, since changing the position of the motor of joint 1 is impossible, and, in joint 2, 

tangible change in the amount of imported torque on the motor of joint 1 is ineffective. 

In section two of this article, we show the design method of this motion transfer mechanism, we 

designed a CAD model for an operational 6 DOF robotic arm based on this mechanism, and at last we 

provide the kinematic relationships between the actuators space and the joints space of the robot with this 

mechanism. In third section, an open-loop control method used in kinematic simulation was reviewed. 

Moreover, the kinematic specifications of the simulated robot, simulation payload, and finally, the design of 

a simulation path and implementation approach, were done in MATLAB SimMechanics software were 

reviewed. In the section four, we provide the results of kinematic simulation of the robotic arm’s function in 

MATLAB SimMechanics software and various graphs showing the results of the simulation, and in the last 

section we will express the conclusions obtained from the simulation results. 

 

 

2. MECHANISM DESIGN OF MOTION TRANSFER SYSTEM 

The basis of the functionality of the mechanism presented here was established on the parallel 

combination of some of 4-bar linkage mechanisms. The process of transferring rotational motion by the 4-bar 

linkage mechanism (C-C) [Crank – Crank] is illustrated in Figure 2. 

 In Figure 2, we can see transmission of rotary motion from the actuator motor (Point O1) to 

the follower link’s center of rotation (Point O2). Further, the D link is rotated by the motor, because the 

parallelogram geometric model of the 4-bar linkage (C-C) mechanism and the F link will turn according to its 

center of rotation. So the D and F links always will be parallel. 

Figure 3 shows the efficacy and interaction of the rotational motion of an independent joint that’s 

concentric with the rotational center of the driver link of 4 bar linkage mechanism based on the procedure of 

rotational motion of that 4-bar linkage mechanism, which is placed in the internal space of linked arm. It 

should be noted that the design and use of an appropriate bearing installation will make the rotational 

movement of the 4-bar linkage mechanism’s driver link independent of the rotation of the joint's axis. 
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Figure 2. Right: Transition procedure of rotational motion by the 4-bar linkage mechanism (Crank – Crank). 

Left: An equivalent functional structure with this mechanism was also provided on the right side, at the base 

of the robot’s motion mechanism. It’s a linkage mechanism of joint 3 and from the motor of that joint up to 

the joint 2 axis. 

 

 

According to Figure 3, we determined that by rotating joint and the attached arm to α degrees, 

assuming that the driver link of 4 bar linkage mechanism (D) is fixed in the arm of this construction, because 

of the parallelogram structure of 4 bar linkage mechanism, the coupler link (C) will rotate α degrees with 

respect to its original state. This means that there will be no rotation for the follower link (F), and it remains 

fixed to its original state. According to the conditions described above, links D and F, will always remain 

parallel to each other irrespective of the amount of rotation of the arm’s joint that contains the 4-bar linkage 

mechanism. 

Thus, the procedure of interaction and the effect of rotational motion of a joint on the performance 

of the linkage mechanism make it possible to transfer rotational motion to the next joint or to the rectifier 

mechanism. Figure 4 shows an example of this in the connection between joints 2 and 3. In the figure (right), 

two aligned arms are visible in three different conditions in which we can define the orientation of link No. 3 

concerning the rotation of joint No. 2 and by the rotation of the motor of joint 3. 

 

  

 
 

Figure 3. Right: Procedure of influencing the rotation of joint 2 on the performance of the motion transfer 

linkage mechanism of joint 3 (and similarly for joints 4, 5, and 6): Mode 1 is the initial mode of the motor of 

joint 3 (green); Mode 2 is the motor of joint 3 after rotating +α degrees (blue); Mode 3 is the motor of joint 3 

after rotating + (α+β) degrees (red). Left: An equivalent functional structure with this mechanism was also 

provided on the right side, the mechanism was applied from the base up to arm (Link) No. 3 of the robot’s 

motion mechanism. 
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In Figure 4, generally, we want to consider the relationship between the motion of the said 

mechanism and the rotation of the joints that are placed in the path of mechanism movement. This Figure 

shows that the linkage mechanism of joint 3 from the motor of that’s joint to joint 2 has the same conditions 

as in Figure 2. Also, the next part of the linkage mechanism inside link 2 and from joint 2 to joint 3 has the 

same conditions as in Figure 3. Hence, according to what we learned about the 4-bar linkage mechanism in 

Figures 2 and 3, it is apparent that the final follower link and the initial driver link always are parallel to each 

other. Since the final follower link is the driver for joint 3 in this figure and determines how the attached arm 

should be located, arm 3 always will remain parallel to the first driver link, and it is connected to motor of 

joint 3 in the robot’s base. Considering the three conditions shown in Figure 4, we have the following: 

The first condition: The motor of joint 3 is in the initial state and is not rotating; joint 2 has +α 

degrees rotation (assuming that the direction of normal vector of rotation is inward the plate). Now, we can 

see that the arm of joint 3 has deviated –α degrees from link No. 2, therefore we have: 
  

       3 2 3 3 2 30 ( ) m a a a a m                
               

(1)      
 

 

* m: rotation related to the motor of joint; a: rotation related to the joint. 

 

 The second condition: The motor of joint 3 has been rotated +α degrees, and joint 2 also has +α degrees of 

rotation. Now, we can see that links No. 3 and No. 2 are in the same direction. Therefore we have: 

 

 3 2 3 3 2 3( ) ( ) 0 m a a a a m                
             

(2)      

 

The third condition: The motor of joint 3 is rotated + (α+β) degrees, and joint 2 is rotated +α degrees. Now, 

we can see that the arm of joint 3 has deviated +β degrees from the arm of joint 2. Therefore we have:  
 

                3 2 3 3 2 3( ) ( ) m a a a a m                  
             

(3)      

 

Now, we have discussed the conditions of the relationships of motion between the rotation of joint 

3, rotation of joint 2, and rotation of the motor of joint 3 in all three conditions. After calculating the equation 

creating these conditions, if we want to distribute this relationship to linkage mechanisms of joints No. 4, 5 

and 6, because the linkage mechanisms of these joints from the base of the robot up to the joint 3 are similar 

to linkage mechanism of joint 3, for all of the linkage mechanisms of these four joints (3, 4, 5 and 6), we 

have a relationship between the motion of linkage mechanisms and the rotations of joints No. 2 and 3. 

 

                 3 2a a 
                           (4)

 

 

This equation (No. 4) is equal to 3m  (required rotation for motor of joint 3) for joint 3’s rotation 

procedure, and equal to the affected angle on the linkage motion mechanisms of joints No. 4, 5 and 6 from 

rotations of joints No. 2 and 3. We must bear in mind that the rotation of joint No. 1 has no influence on the 

motion of the connectors of the 4-bar linkage mechanisms. 

 

  Up to this step, we have discussed how the rotation of joints 1, 2, and 3 occurs, and, also, the 

dependency of the motion of joint 3 to joint 2 was explained. For other links (4, 5, and 6), we transfer 

rotational motion by means of a linkage mechanism from their motors to their connection points to the set of 

bevel gears. From this step onwards, we have a mechanism that is approximately similar to the usual 

mechanism of these Robots, i.e., a rectifier mechanism with three couples of bevel gears where the ratios 

between them are pairwise equal to 1 and all are formed at 90˚ angles. This mechanism changes the rotational 

axes of the motion transfer system of joints 4, 5, and 6 from the related linkage mechanism on a 3-uniaxial, 

nested shafts. Figure 5 shows the structure of this mechanism as a CAD model. 
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Figure 5. Structure of the rectifier mechanism for motion transfer of joints 4, 5, and 6, which lies in arm 3: 1) 

motive gear of joint 6 connected to motion transfer link; 2) follower gear of joint 6 connected to motion 

transfer shaft; 3) motive gear of joint 5 connected to motion transfer link; 4) follower gear of joint 5 

connected to the motion transfer shaft; 5) motive gear of joint 4 connected to the motion transfer link; 6) 

follower gear of joint 4 connected to the motion transfer shaft; 7) motion transfer shaft of joint 6; 8) motion 

transfer shaft of joint 5; 9) motion transfer shaft of joint 4; 10) related motion transfer link of linkage 

mechanism of joint 6; 11) related motion transfer link of linkage mechanism of joint 5; 12) related motion 

transfer link of linkage mechanism of joint 4. (The rotational directions drawn in this figure are to create 

rotation in the positive direction for joints 4, 5, and 6.) 

 

 

After this step, the motion transfer shaft related to joint 4 from the rectifier mechanism is connected 

directly to the link’s arm and to the motion transfer shafts for rotational motion of joints 5 and 6 by means of 

three couples of bevel gears where the ratios between them are pairwise equal to 1 and all are formed at 90˚ 

angles. These bevel gears form the structure of the robot’s wrist and rotate the joints No. 5 and 6 axes [19]. 

Figure 6 [19] shows a view of the structure of the components of this part (Robot’s wrist) as a CAD model. 

 

 

 
 

Figure 6 [19]. Structure of Robot’s wrist mechanism to impose desired motion of joints 5 and 6: 1) motive 

gear connected to the main shaft of joint 6; 2) middle gear and waste rotation of joint 6; 3) gear connected to 

motion transfer shaft of joint 6; 4) fixed gear without any rotation for load support of gear No. 5; 5) motive 

gear connected to main shaft of joint 5; 6) gear connected to motion transfer shaft of joint 5. (The circular 

sides illustrated in this figure are to create rotation in the positive direction for joints 5 and 6.) 

 

 

Regarding this point, it is essential to know that there are interactions and dependency between the 

motion components in the wrist and the rectifier mechanisms of the Robot, i.e. the gears of joints 4, 5, and 6. 

This case is very important to compute the kinematic control or simulation of Robot. This issue is discussed 

in section 2.2. The widespread use of bevel gears for motion transfer in this mechanism, and since there is 

always backlash when using gears, and actually, this issue has a direct effect on a robot’s dynamic control 

procedure. It’s a very important issue that we must use from zero-backlash gearbox systems and sets in the 

manufacturing process of the commercial and operational robots with this mechanism. Utilizing this 

approach allows for improve dynamic control of the robot and performance accuracy to an acceptable level. 

2.1.  Designing a CAD Model of an Operational 6 DOF Robotic Arm 
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Based on the discussion of the linkage mechanism and its use to create 6 degrees of freedom in the 

motion of robotic arms with rotational joints, we attempted to design a CAD model of a 6 DOF robotic arm 

with rotational joints and a wrist with intersecting axes. Figs. 7, 8 and 9 provide pictures of the CAD model 

for this robotic arm and associated information about the main parts that form it. For this purpose, this robot 

was checked by means of CATIA DMU Kinematic software for considering this fact that none of internal or 

external components should conflict with each other. We have used data from the textbook entitled 

“Tabellenbuch Metall” (reference No. [20]), to choose models and specifications and to calculate mechanical 

part sizes (for example: screws, nuts, bearings and etc.). These specifications were used in the design of the 

CAD model for this operational robotic arm. Robot’s component materials include: (1) steel 304, (2) 

aluminum (Al 2219- T87) and (3) titanium (Tit / Ti-8Al-1Mo-1V) and their mechanical properties are 

presented respectively in reference No. [21]. 

 

 

 

 

Figure 7. Overall view of the outer structure of the CAD model of the 6 DOF Robotic arm: 1) Robot’s base 

(location of motors of joints); 2) link No. 1; 3) link No. 2; 4) link No. 3; 5) link No. 4; 6) link No. 5; 7) link 

No. 6 (end effector); 8) joint 2; 9) joint 3; 10) motor of joint 2. 

 

 

 

 

 

Figure 8. view of the inner structure of the robot’s 

base on which the motors for the joints are placed: 1) 

container of motors and the links connected to them 

in robot base; 2) link No. 1 (arm of joint 1); 3) joint 

2; 4) link No. 2; 5) motor of joint 1; 6) motor of joint 

2; 7) motor of joint 3; 8) motor of joint 4; 9) motor of 

joint 5; 10) motor of joint 6.                                        

 

Figure 9. a view of the inner structure of link No. 

2,until the end effector of robot where the 

arrangement of motive components of mechanism is 

observed: 1) arm of joint No. 2 and the links in it; 2) 

joint 3; 3) link No. 3 and set of gears of rectifier 

mechanism in it; 4) set of gears of mechanism of 

robot wrist; 5) link No. 4; 6) link No. 5; 7) link No. 6 

(end effector) 

2.2.  Kinematic Relationships between Joints Space and Actuators Space  
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As mentioned in the Introduction, the rotations of the joints in this robot are interrelated, and the 

rotational motions of joints 3 through 6 are dependent on the rotations of the other joints. It is very important 

to consider this issue in the kinematic simulation of the robot. In fact, without knowing this relationship, it is 

not possible to control or simulate a robot with such a motion transmission mechanism. To do this and to 

calculate the relationship between the joints’ space and the actuators’ space, we reviewed and calculate the 

latest mobile robot parts, i.e., the end effector to its base and the motors of its joints. According to Figure 6, 

which shows the structure of the robot’s wrist and method of rotation of joints 5 and 6. The rotational angles 

of gears No. 1 to No. 6, which are the only effective parts in this section and ratios between them are pairwise 

equal to 1, are equal to: for gears No. 1: 
6 , No. 2: 

6 , No. 3: 
6 5 4     , No. 4: 0 , No. 5: 5  

and No. 6: 4 5   . These amounts are given based on the practical rotation angle of the robot’s main 

joints. And also for the rotation of joints 5 and 6 in the positive direction. 

In the following and according to the values derived from Figure 6, we review Figure 5 and the 

performance of the rectifier mechanism. It is important to note in this section that the rotational motion of 

gears No. 2 and 4 in Figure 5 is equal to the amount of rotation of gears No. 3 and 6 in Figure 6, because the 

gears are joined mutually to each other by means of nested shafts 7 and 8, as shown in Figure 5. Considering 

this fact, we examined the rotational angles of gears No. 1 through 6 in Figure 5, which are the only effective 

moving parts in the rectifier mechanism. The ratios between them are pairwise equal to 1. These values are 

equal to: for gears No. 1: 
6 5 4     , No. 2: 

6 5 4     , No. 3: 
5 4   , No. 4: 5 4   , No. 5: 

4  and No. 6: 4 . These rotation values of the gears are given based on the practical rotation angle of the 

robot’s main joints, which can rotate joints No. 4, 5, and 6 in the positive direction. 

In the next step, considering the calculations in this section which have determined the rotations of 

gears No. 1, 3 and 5 of Fig 5, and the relationships of motion between the actuators and the internal mobile 

components in links No. 2, No. 3 and the base of robot, these were already calculated in section 2 and based 

on Figs. 2, 3 and 4 (equations No. 1 to 4). Because the rotational axes of those gears (gears No. 1, 3 and 5) 

and the rotational axes of joints No. 2 and 3 are the same and in one direction we can sum the amounts of 

those rotational angles so we can calculate the kinematic relationship between the mobile components and 

the actuators for all six joints of the 6-DOF robotic arm discussed in this paper, considering the positive 

direction of rotation for the actuators shown in Figure 8. This relationship can be expressed as shown below: 
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Conclusions from equation 4      Conclusions from Figs 5           Kinematic relations between actuators apace  

    (from base up to joint 3).         and 6 (from joint 3 up to                 and joints space for complete robot. 

                   (5-1)                          end effector). (5-2)                                                (5-3) 

 

 

* m: rotation related to the motor of joint; a: rotation related to the joint. 

 

In the kinematic simulation of this robot, it’s an important fact that we can calculate the related 

equations for the angular velocities and the angular accelerations between the actuators and the internal 

mobile parts by calculating the derivative of both sides of Equation (5-3) with respect to time. These 

equations provide three sets of information that are necessary for kinematic simulation of the robotic arm that 

we have assessed in this paper. 

 

 

3.     SIMULATION PLAN 
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Our goal in this section is to examine the kinematic simulation procedure of the robotic arm in 

MATLAB SimMechanics program. Kinematic simulation of a robotic arm means that we only simulated an 

open-loop control system for the kinematic elements of the robot’s movement, which are position, velocity 

and acceleration of the joints and the robot’s end effector, in the Cartesian system and/or in the Rotational 

system. Indeed, we do not need to check the other two main issues, one of which is the kinetics element of 

robot motion. This means that we do not consider the lifting torque exerted on the joints and their 

enforcement. Other issues are the flexibility of the joints and arms and conducting a vibration analysis of the 

robot. To apply kinematic simulation on the robotic arm, we should do the following steps in order: 

[1] Calculate the path generation of desired kinematic elements: a process that has four internal stages, i.e., 

1.1. Calculation of the inverse kinematic; 1.2. Calculation of the velocity of joints based on the speed of 

the end effector and the Jacobian matrix; 1.3. Calculation of the path-generation formulas based on 

third or fifth degree polynomials. 1.4. Calculation of the desired kinematic elements to simulate robot in 

joints space based on the path-generation formulas and the simulation time. The methods of calculation 

in this section are the same as those for other robotic arms. Therefore, to avoid excessive and repetitive 

information, we did not provide the equations and their solutions here. For more information, see 

reference No. [19] (Ch. 4, 5 and 7). 

[2] Calculating the values of the kinematic elements of the actuators: which are entered to the robot as 

command values. These amounts will be calculated on the basis of the values that are defined as desired 

values for the motion of joints from the path generation block and also the relationships between the 

actuators space and joints (internal motive parts) space that are created because of this motion 

transmission mechanism (as explained in section 2.2). 

[3] Rotational position error: We implemented kinematic simulation of the robot in the rotational space of 

the joints, so errors in the rotational position of the joints can be defined as follows. 

 

6 [19] )          d o
E     
 

* o: output of simulation values, d: desired values 

  

Figure 10. Shows a Block Diagram of the Open-Loop Control System of the Kinematic Simulation of This 

Robotic Arm Based on the Above Discussion. 

  

  

 
 

Figure 10. Block Diagram of the Open-Loop Control System of  the Kinematic Simulation of Our Robotic 

Arm. 

* d: desired values, c: command values, o: output of simulation values and e: error values. 

 

The structure of the SimMechanics model for the kinematic simulation of this robotic arm and the 

open-loop control procedure in that SimMechanics model can be found in Appendix 

 

3.1.  Kinematic properties of simulated robotic arm 

Figure 11 and Table 1 show the frames related to each of the joints, which indicate their kinematic 

properties along with the Denavit-Hartenberg notation [22] parameters of the robot in this example. (Here, 

L1 = 40.5 mm, L2 = 420 mm, and L3 = 442 mm). 
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Figure 11. Assignment of Frames Between Each of the Manipulators. 

 

 

Table 1. Denavit-Hartenberg notation parameters of the robot: θ1 to θ6 in this table shows the angle of 

rotation for the motors of each joint. 
 

i a i-1 α i-1 d i θ i (deg) 

1 0 0  0 
1
  

2 0 90  -L1 
2

90   

3 L2 0  0 
3

90   

4 0 90  L3 
4

90   

5 0 90  0 
5

  

6 0 90  0 
6

  

 

 

3.2.  Tool Used in the Simulation 

The tool we used for this simulation was a cylinder with a diameter and height of 60 mm. The 

cylinder was a filled aluminum (AL 2219-T87) block and the density of this metal is 2840 kg/m
3
. Regarding 

the kinematic properties of the tool related to the robot’s end effector, we considered the rotation of the frame 

linked to the tool to be exactly the same as the rotation of the frame of joint No. 6, and there was a distance of 

139 mm between the meeting point of tools to the end effector and the frame of joint No. 6; therefore, the 

distance between tool’s frame and the wrist’s frame was 199 mm. According to the explanations about tool 

from the above, the payload of the robot in this simulation is equal to 482 grs. 

 

3.3.  Designing the Simulation Path  

The motion path we considered as an example to simulate the performance of the robotic arm was 

composed of four target frames, and Table 2 provides the angles that generated these frames and the angles 

that generated the origin and destination frames. The motion path for this simulation was designed such that 

the robot stops for 0.5 s in the origin frame, moves for 1 s towards target frame 1, stops there for 0.5 s, and, 

then, continues for 1 s each in its movement towards target frames 2, 3, and 4. In each of them, we observed 

a 0.5 s stop for the end effector. Then, in the return path, the robotic arm came back in the same manner and 

with the same arrangements, so that the simulation was completed after reaching the destination frame, i.e. 

the origin frame, and stopping for 0.5 s. 

 

 

Table 2. Set of Angles Used to Generate Frames for the Origin, Destination and Four Target Points 

Destination 4 3 2 1 Origin 
Rotational 

Angles 

°0  205.47° 115.47° 25.47° -64.53° °0  1θ 

°0  -48.92° -48.92° 48.92° 48.92° °0  2θ 

°0  -35.37° 35.37° -35.37° 35.37° °0  3θ 

°0  135.21° 45.21° -44.79° -134.79° °0  4θ 

°0  -72.17° -36.08° 36.08° 72.17° °0  5θ 

°0  52.28° 26.14° -52.28° -26.14° °0  6θ 
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Accordingly, the simulation time was 12.5 s, of which 4.5 s for stopping nine times for 0.5 s each in 

the frame locations, and 8 s were required to move in the eight paths (1 s in each path). The simulation time 

steps were considered in MATLAB SimMechanics software as variables, and the maximum time interval of 

these steps taken to be 0.00125 s. The solver for this simulation also was chosen as a trapezoidal solver 

function and/or ode23t in MATLAB. The lengths of the time steps and type of solver function used had 

significant effects on the quality of the results and the accuracy of the simulation of the robot’s motion. We 

used the 0.5 s stop for each of the frames from origin to the destination in order to decrease the errors that 

occurred in simulate the robot’s motion and to provide the robot’s structure adequate time to achieve 

stability. 

 

 

4.    SIMULATION RESULTS 

In the following and in Fig. 12, the output graphical images of MATLAB SimMechanics software 

can be observed from the simulation model of the robot’s motion as well as the manner of positioning the 

tool’s frame on the goals frames. 

  

 

 
(a) Placement of Frame of  Tool on Goal Point 

Frame No. 1 

 

 
(c)   Placement of Frame of  Tool on Goal Point 

Frame No. 3 

 

 
(a) Placement of Frame of  Tool on Goal Point 

Frame No. 2 

 
(d) Placement of Frame of Tool on Goal Point 

Frame No. 4 

 

Figure 12. Images  “a” Through “d” Shows Placement of  the Tool’s Frame of the Robot on Goal Point 

Frames 

 

Figure 13 shows the 3D drawing of the motion of the robot’s end effector (frame connected to joint 

No. 6 of the robot), both theoretically and output of simulation, where the origin and destination points and 

the points related to the target frames are named and identified in accordance with the order given in Table 2. 

 

 

 
 

 

Figure 13. In This Image the Black Continuous Lines Indicate the Desirable Path, While the Dashed Red 

Lines Show the Output Path in the Simulation for the Position of the Robot’s End Effector. 
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Figure 14 shows the Theoretical and Output of Simulation Values for the Joints’ Space Elements 

(Rotation Angles of Each of The Joints) During the Robot’s Motion Simulation Process. 

  

 

 
 

* o: output of simulation values, d: desired values 
 

(a) Left: The trajectories of desired and simulation output values of rotation angle of joint No. 1 

Right: The trajectories of desired and simulation output values of rotation angle of joint No. 2 
 

 
 

(b) Left: The trajectories of desired and simulation output values of rotation angle of joint No. 3 

Right: The trajectories of desired and simulation output values of rotation angle of joint No. 4 

 

 
 
 

(c) Left: The trajectories of desired and simulation output values of rotation angle of joint No. 5 

       Right: The trajectories of desired and simulation output values of rotation angle of joint No. 6 

 

Figure 14. Figures “a” through “c” includes the trajectories related to drawing the desired and simulation 

output rotation angles of joints next to each other. 

 

 

  In terms of degrees, the error we observed between simulation output and desired values relating to 

the rotation angle of each of the joints and in joints’ space are presented in Table 3. 

 

 

Table 3. Numerical Maximum, Numerical Minimum, And Average Values Of The Errors That Occurred In 

The Robot’s Joints’ Rotation Angles. 
 

Ave Values (deg) Numerical Min (deg) Numerical Max (deg) Joints No. 

1.1207e-16 -1.4211e-14 2.8422e-14 1 

6.8950e-17 -7.1054e-15 7.1054e-15 2 

9.6329e-11 1.6664e-11 1.5989e-10 3 

0.0040 0.0040 0.0040 4 

-0.0021 -0.0021 -0.0021 5 

0.0047 0.0047 0.0047 6 
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5.     CONCLUSION AND FUTURE WORKS 

In this article, we described our study of the mechanism design and kinematic simulation of a 6-

DOF robotic arm with rotational joints that move with a linkage motion transmission mechanism and its 

motors moved to the base of the robot. Our main goal in this research was to lower the joints motors places as 

much as possible, so that the torque required to be applied to the motors of joints 1, 2, and 3 was decreased to 

move the robot joints in desirable directions. Regarding the desirable motion implemented by the robot, as it 

may be seen from the trajectories of theoretical and simulation output values of joints rotational angles as 

well as the error values in rotation angles for each of the joints, these errors are almost quite little and within 

as acceptable range, which indicates the fact that those geometrical principles expressed on the manner of 

performance of this mechanism in section 2 as well as the relations among the actuators space and joints 

space calculated in section 2.2 are correct. However, regarding the level of performance of this mechanism in 

comparison to the usual mechanisms, as explained in sections 2 and 2.2, due to using linkage mechanism, 

there has occurred a dependency among the motions of joints No. 2 thru No. 6, which result in applying 

specific motion conditions on the joints motors. Depending on the manner of the robot’s motion path, these 

conditions may result in an increase, a decrease, or no considerable change in the level of the rotation angle, 

velocity, and rotational acceleration imposed to the joints’ motors to generate desirable motion. This may, in 

turn, result in an increase, a decrease, or no considerable change in the level of motion load applied to the 

robot’s motors. Therefore, performance of this motion mechanism in comparison to the ones that are usually 

used in the robotic arms with 6-DOF rotational joints always will be different, considering the geometrical 

conditions of motion path, the mechanical specifications of the tools that are used, and the tasks that are 

assigned. It may be concluded that extensive additional studies are needed to consider the different motion 

paths the robot should have. This allows us to understand better the level of performance of this mechanism 

in this kind of robot.  

To date, we have not had sufficient time to consider some works that should be conducted to study 

and solve the problems that persist in this motion mechanism and its practical usage for moving robotic arms, 

especially the 6-DOF robotic arms with rotational joints. With respect to this concern, however, the following 

should be noted: 

[1] To date, we have had no time to focus on the dynamic control of this mechanism and its use in a 

robot. This issue is very important, especially as it relates to discussing the design of the robot’s 

mechanical elements, and it definitely is our plan to conduct the required studies in sufficient detail in 

the future. 

[2] In the mechanism that we have presented, it is not easily possible to separate the links in order to 

determine the resonance frequency of each link. A through assessment of the vibration analysis of 

this mechanism also is vitally important for the success of the robotic arm. This assessment must take 

into account the vital importance of accuracy concerning the robot’s actions. Thus, we must be able 

to calculate the position and velocity gains in controlling the parameters that allow us to dynamic 

control the robot, which involves the appropriate design of the robot’s mechanical elements. 

[3] The robot’s final performance capabilities must be discussed, studied, and calculated to determine the 

manner and level of the effects associated with backlashes that exist in the mechanical structure of 

the robot. Such problems can be the result of incorrect workmanship and/or depreciation of parts, so 

these aspects and their effects on the robot’s performance must be evaluated. In addition, this issue 

has a role in establishing the level of accuracy the robot will be able to attain as well as determining 

how to modify errors that occur during the robot’s movements. 

[4] Extensive studies will be required to evaluate the different motion paths, the mechanical attributes of 

the different tools that are used, and the robot’s responses to assigned tasks. In so doing, we will be 

able to attain a comprehensive understanding of how to achieve the desired levels of performance. 
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We have made 4 captured videos about the operation of our robotic arm in the kinematic simulation 

process of it which has been simulated in the MATLAB SimMechanics software. They have published along 

the manuscript of this article and they are named “capture-1” to “capture-4”. “capture-1” and “capture-3” 

show the kinematic simulation of robotic arm in two different views and “capture-2” and “capture-4” show 

same views of kinematic simulation respectively as shown in the “capture-1” and “capture-3”, just with 

additional show of the coordinate systems frame of each separate part and each goal. To reduce the capture 

videos size, we have made them directly from the screen of computer while the simulation of the robotic arm 

was being run and didn’t use the capture option of MATLAB SimMechanics software, because the capture 

files output would have huge size. 

 

Appendix A 

We used from second-generation of MATLAB SimMechanics software for kinematic simulation of 

this robotic arm. This SimMechanics model has two main units: 1: Controller Unit and 2: Robot’s Body Unit. 

[1] Controller Unit: the duties of this unit are receiving input data of controller program, doing control 

process, sending the controller output data to the robot’s actuators and at last calculating the error 

trajectories. 

[2] Robot’s Body Unit: this unit consists of some blocks which are simulate the structure of robot’s motion 

mechanism and the robot’s joints and constraints too. Among these blocks we can mention to: revolute 

joint blocks, weld joint blocks, bevel gear constraint blocks, body complex (red colored) blocks and etc. 

 

You can find the scheme of this SimMechanics model on below and in Figure A. 1. 

 

 
Fig A 1. The scheme of SimMechanics model of kinematic simulation of this robotic arm 


