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1. INTRODUCTION 

With rapid technological progress, innovations have a 

decisive impact on our lives [1]. Production quality and 

availability of cheap products have come as an inevitable need 

in the global industry [2]. Automation automatically controls 

the system by taking into account observation, decision-

making and changes, rather than human interaction using 

mechanical or electronic devices [3]. Automation 

technologies are used both in order to accelerate serial 

production of parts and reduce production costs [4]. In order 

that a system to be fully automated, machine power must be 

superior than human power [5]. Manufacturers, who use 

modern techniques and applications, are provided by 

industrial automation in their production, have a strategy that 

will create competition among rival companies [6,7]. 

As we progress in the era of globalization, developments 

such as shortened product life cycles, reduced manufacturing 

cost, increasing innovations, shortage of skilled workers and 

continuous diversification of product range are observed in the 

manufacturing sector. Automation systems using industrial 

robots offer good solutions for productivity and flexibility 

[8,9]. With the developing technology, industrial robots also 

have high intelligence and sensitivity [10]. With the 

developments in robotics and mechatronics, they bring new 

advantages such as providing convenience for human life, 

working in risky places instead of human, obtaining autonomy 

in manufacturing, and using limbs that can serve as prostheses 

[11]. Robotics is one of the most important technologies that 

will affect life both in the twenty-first century and in the future 

[12]. 

Industrial robots, which are among the most critical 

elements of industrial automation systems, are widely used in 

a series of industrial production activities such as spraying, 

welding and handling and increasing their importance day by 

day [13,14]. They are also used to protect human life in 

dangerous conditions such as mechanical vibrations, high 

temperatures, chemicals and nuclear energy. They perform 

operations made manually for long periods of time by 

operators in production sectors in a faster and error-free way 

[15,16]. By using robots, production is ensured in a way to 

obtain more products to meet customer expectations in shorter 

times and does not compromise on quality. The most 

important features that an industrial robot should have are the 

repeatability of the process, accuracy and the load capacity it 

can carry [17]. The load capacity it can carry varies depending 

on the movement speed of the mechanism used in the robot. 

As the load carrying capacity increases, the speed of the 

mechanism decreases. In order to increase the load capacity, 

different designs have to be obtained for the motors to be used 
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at lower torques. Accuracy is affected by the size and type of 

load as opposed to repeatability [18]. 

Industrial manipulators must have six degrees of freedom 

to reach points in their working environment or space. While 

the first three axes of the robot that provide the body 

movement are seen as separate kinematics, the wrist forming 

the last three axes is defined separately [19]. While the use of 

actuators has become increasingly important in the field of 

robotics, their use in industry and scientific research has 

become popular with the successful advances in actuator 

technology in recent years. Actuators are often used in robot 

applications such as mobile humanoid robots, walking 

mechanisms, and biomedical devices. It is also used in robotic 

applications with high specific power such as push-pull, 

rotation, lift-release and positioning [20-22]. 

As in every system in which movement occurs, vibrations 

occur in robot arms [23]. Natural vibrations consist of robot 

manipulators being moved from one point to another and 

suddenly stop [24]. From an industrial point of view, the 

residual vibration of robot manipulators is one of the 

undesirable situations [25]. These vibrations are generally 

desired for minimizing as much as possible by vibration 

control methods [26]. In robotic manipulators, good position 

accuracy is achieved by minimizing vibration of the end-

effector. In conducted studies, it is generally preferred to use 

flexible links [27]. In addition, among the efforts to reduce the 

unwanted vibrations in the robot arms to low levels, it is 

preferred to perform the assembly process using bearings 

suitable for the joint parts [28]. Vibration analysis of a robotic 

arm with a single flexible link [29] and modal analysis of a 

robotic arm with a flexible link using the finite element 

method are examined up to the most dominant vibration 

modes [30]. A rigid two-degree-of-freedom robot arm forms 

modal analyzes using the finite element method in the Ansys 

workbench application [31]. 

When precision gear systems are used as a drive 

mechanism in industrial robots, high torque motors should be 

used to carry the load on the motors. The use of these motors 

causes weight on the system as well as increases the cost [32]. 

In order to enable the movement of a robot arm with a lower 

power motor, actuators that move linearly and can be 

controlled by stepper motors are used instead of precision gear 

systems. The use of this drive system, which consists of a ball 

screw system that delivers the same movement as linear 

moving systems, provides important advantages [33]. This 

system is designed at very small powers; and it is calculated 

to be able to lift more load when operated. 

 

 
Figure 1. Torque calculation on the robot axis [33] 

 

As shown in Fig. 1, at the O point on the 3rd axis, the motor 

performs movement by rotating the direct arm or by push-pull 

force of the actuator connected to the end of the arm. In order 

to calculate the torque on the motor directly connected to the 

O point, the weight of the bar is to be 4 kg, and the weight of 

the load and gripper connected to the end of the arm is 

accepted as 20 kg. To find the torque of the motor, the moment 

at point O is taken as; 

 

Tmotor = 4*9.81*0.17556+20*9.81*0.35111=75.78 Nm (1) 

 

Similarly, the moment is taken at O point to calculate the 

force drawn by the actuator and how much torque this force 

creates on the motor over the ball screw (see Equation 2-4): 

 

Fax*0.10672+Fay*0.10963 = Tmotor (2) 

Fa*(cos56.12)*0.10672+Fa*(sin56.12)*0.10963 = 75.78 (3) 

Fa = 503.5 N (4) 

 

When the shaft has a pitch of 5 mm and a diameter of 16 

mm, the torque to the motor (Equation 5-6): 

 

Ft = 0.005*503.5/(pi*0.016) = 50.08 N (5) 

Tmotor = 50.08*0.016/2 = 0.4 Nm (6) 

 

According to these calculations, the use of smaller motors 

in the actuator is provided a great advantage in terms of both 

weight and cost. 

In this study, the results are obtained by making a 

simulation that applies both rotation torque and linear 

movement in the analysis program to the rotation point that 

provides the movement of each arm in the robot arm that 

moves with the ball screw system. The aim of this study is to 

reveal the advantages provided by the reduction of the size of 

the motors used in the ball screw actuators, which produce 

force equivalent to the torque occurring in the arms in the 

propulsion system used in serial robots. In addition, when the 

robot is driven by a ball screw and torque, the forces applied 

to the system and the deformations that occur in the body of 

the robot are examined with the analyzes made under load. By 

making a modal analysis, the modes that give the behavior of 

the system under vibration and the natural frequencies of the 

system will be determined and the resonance situations will be 

examined. As a result of these analyses, the displacements 

caused by the weights on the robot arm while carrying the load 

and the vibrations that occur at the end of the robot are 

measured. 

2.  MATERIAL AND METHOD 

In order to be efficient and reliable for the robots in the 

manufacturing industry, the best model is created by 

analyzing different designs. To optimize and improve the 

design, design processes such as structural analysis and 

dynamic simulation are utilized by using the model creation 

and simulation tools [34]. Modeling and simulation of robot 

systems using different software programs provide great 

advantages in design, construction and control processes. 

With the use of simulation, programmers take the right steps 

in analyzing behavior, predicting, optimizing and planning. 
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Figure 2. Meshing of the robot arm 

 

The 3-axis robot arm is modeled in the Solidworks program 

as shown in Fig. 2 and moved to the Ansys program to perform 

the analysis. The mesh operation of the robot manipulator is 

applied by selecting the default setting in the mesh menu in 

the workbench interface.  

As a result of the size meshing, it is seen that a total of 193754 

points are formed on the body and all joints of the robot 

manipulator are divided into 85831 parts and the distance 

between the parts is also determined as 15 mm. 

2.1. Applying Rotational Torque and Linear Force to 
the Robot 

One of the aims of this study is to compare the torque on 

the motors by using the rotational torque and linear force. In 

order to provide three axes rotation, the robot arm is rotated 

by applying the linear force to the C, G and H points as shown 

in Fig. 3a. On the same body, torque is defined by applying 

rotational torque to C, G and A points as shown in Fig. 3b and 

as in Table 1 for moving the robot arm. When the analysis is 

performed, the rotation angle for the rotational movement and 

the progressing distance for the linear movement are defined 

for the driving parts. The torque applied to the axes of rotation 

is calculated by applying both linear force and torque to the 

robot. 

 

                         
Figure 3. Applying linear force and rotational torque to the robot arm 

 
Table 1. Angle and progression data for the movement of the robot arm 

 

Rotational Movement Analysis Data 

Motor 1 

Steps Time 
(s) 

Rotation 
(o) 

0 0 0 
1 1 -10 
2 2 -20 
3 3 -30 
4 4 -35 
5 5 -30 
6 6 -20 
7 7 -10 

 

Motor 2 

Steps Time 
(s) 

Rotation 
(o) 

0 0 0 
1 1 -10 
2 2 -20 
3 3 -30 
4 4 -35 
5 5 -30 
6 6 -20 
7 7 -10 

 

Motor 3 

Steps Time 
(s) 

Rotation 
(o) 

0 0 0 
1 1 10 
2 2 20 
3 3 30 
4 4 35 
5 5 30 
6 6 20 
7 7 10 

 

Linear Movement Analysis Data 

Motor 1 

Steps Time 
(s) 

Displacement 
(mm) 

0 0 0 
1 1 -25 
2 2 -50 
3 3 -75 
4 4 -80 
5 5 -75 
6 6 -50 
7 7 -25 

 

Motor 2 

Steps Time 
(s) 

Displacement 
(mm) 

0 0 0 
1 1 40 
2 2 80 
3 3 120 
4 4 130 
5 5 120 
6 6 80 
7 7 40 

 

Motor 3 

Steps Time 
(s) 

Displacement 
(mm) 

0 0 0 
1 1 -30 
2 2 -60 
3 3 -90 
4 4 -100 
5 5 -90 
6 6 -60 
7 7 -30 

 

  
2.2. Modal analysis 

Free vibration analysis of the system, as shown in Fig. 4, is 

the analysis without any external force on it. Every structure 

has a tendency to vibrate at certain natural frequencies. In 

modal analysis, an input vibration is applied to the structure 

and the response of the structure to this input is measured in the 

form of modes. The mode shape is the shape the structure takes 

as it vibrates at its natural frequency. At the same time, mode 

shapes are the view of deformation shapes as a result of 
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analysis. In these Modes, natural frequency, damping and 

mode shapes are determined.  

Modal analysis is examined in 6 modes in terms of the 

deformation of the structure. Thus, the vibration characteristics 

of the system are obtained. The linear contact group is selected 

for the analysis. The robot arm is fixed with four legs so that it 

is contacted to the ground from the bottom. Three stepper 

motors are placed in the robot arm. The rotational speed of each 

of these motors is assumed to be 500 rpm and their frequencies 

are calculated as 8.33 Hz. 

 
 

Figure 4. Modal analysis of the robot arm 
 

 

2.3. Harmonic response for rotational torque and 
pushing force 

In the rigid dynamic analysis, the robot arm is moved 
with a free movement to a coordinate point. In order to 
compare the harmonic angular motion analysis and 
harmonic linear motion analysis results, the rigid dynamic 
analysis is calculated by taking values from both the 
rotational movement model as shown in Fig. 5a and the 
linear movement model as shown in Fig. 5b. Thus, results 
are obtained under the same conditions in the harmonic 
vibration analysis for both models. 

In the harmonic analysis, a force of 200 kg is applied to 

the top axes of the robot arm as an external force in the 

direction of gravity, and a force of 4 kg in the direction of 

gravity is applied as the gripper weight in the same way.  A 

total force of 204 kg at the top axes of the arm, multiplied 

by the maximum acceleration values obtained in X, Y and 

Z coordinates of the rigid dynamic analysis, is defined as 

the outer boundary condition for the harmonic analysis. 

These external forces are applied respectively in the 

direction of X, Y and Z coordinates and at the top axes of 

the arm. These forces are defined as the rotational torque in 

the rotational movement analysis and the linear force in the 

linear movement analysis to the shafts to which the motors 

are connected. 

       
Figure 5. Modelling of harmonic analysis and frequency response a) linear b) rotational 

 
3. RESULTS AND DISCUSSION 

3.1. Torque and Force falling on the motor and the actuator 

In the rigid dynamic analysis, the linear force and rotational 

torque graphs on each motor by moving linearly with the help 

of the linear force of the motors and by moving the arms with 

the torque applied to the rotation axes are shown in Fig. 6. 

When the graphics are examined, it is ensured moving the arms 

with less force in motor 1. In addition, the forces on the motors 

are measured to be very small by using the bearings moving 

the first axis with the linear force. According to these values 

obtained in motor 1, motor selected very small provides great 

advantages in both weight of the robot and manufacturing cost. 

Likewise, when the force graphs on the motor 2 and motor 3 

are examined, it is seen that smaller motors can be used to 

rotate the axes in movements generated with linear force. 

According to the results of the analysis, larger loads can be 

carried with smaller linear motors by reducing the 

manufacturing costs consisting of the torques on the motors 

and the motor weights. 
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Figure 6. Forces falling on motors a) Motor 1, linear force b) Motor 1, rotational torque c) Motor 2, linear force 

d) Motor 2, rotational torque e) Motor 3, linear force f) Motor 3, rotational torque 

 

3.2. Accelerations at the end-point of robot arm 

According to the analysis results, the accelerations in the 

three-axis directions at the top axes of the robot arm are shown 

in Fig. 7. By using these accelerations, vibrations at the top 

axes are determined. The acceleration intervals in the X 

direction have changed between (22)-(-50) mm/s2 in the linear 

force and between (28)-(-70) mm/s2 in the rotational torque. 

The acceleration intervals in the Y direction have changed 

between (48)-(4) mm/s2 in the linear force and between (48)-(-

10) mm/s2 in the rotational torque. The acceleration intervals 

in the Z direction also have changed between (-2) -(-126) 

mm/s2 in the linear force and (-5) -(-98) mm/s2 in the rotational 

torque. The acceleration graphs in X and Z directions are 

similar to each other, but it is seen that the value range of the 

linear movement is low in the accelerations in the Y direction. 

When the accelerations occurring in the axes defined in X, Y 

and Z directions at the top axes are examined, it is seen that the 

use of actuators moving with linear force provides an 

advantage. 
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Figure 7. Accelerations at the robot end-point a) linear, in the X direction b) rotational, in X direction c) linear, in Y direction  

d) rotational, in Y direction e) linear, in Z direction f) rotational, in Z direction 

 
3.3. Results of modal analysis 

 Modal analyzes of the three-axis robot arm are measured 

in 6 modes as shown in Table 2. The 1st mode is the 

vibration caused by the robot's movement to the right and 

left. The 2 st mode is the vibration caused by the robot 

pulling backwards in the Y direction. The 3rd and 5th mode 

is the vibration caused by the movement of the 2nd and 3rd 

axis to the right and left. The 4th and 6th modes are 

vibrations caused by the robot's rotation around itself. 

 In the analyzes made considering the operating 

frequency of the motors, as shown in Fig. 8, a total 

deformation of 8.95 mm has occurred at the 1st mode 36.141 

Hz frequency. Similarly, respectively, the 2nd Mode is 7.89 

mm at 51.197 Hz, the 3rd Mode is 17.079 mm at 78.295 Hz, 

the 4th Mode is 14.747 mm at 89.014 Hz, the 5th mode is 

17.85mm at 100.86 Hz, and the 6th mode is 15.372 mm at 

115.56 Hz.   

By comparing the natural frequencies of the motors and the 

frequencies measured as a result of the modal analysis, the 

state of the system in resonance is examined. The purpose 

of the modal analysis of moving systems is to measure 

whether the system has come to its resonance value. While 

the natural frequency of the motors used in the three-axis 

robot is calculated as 8.33 Hz, the frequency values 

measured as the result of the modal analysis have changed 

between 36.141-115.56 Hz. 

 
Table 2. Modes and frequencies formed as a result of analyzes. 

 

         Mod     Frekans (Hz) 

1. Mod           36,141 

2. Mod           51,197 
3. Mod           78,295 

4. Mod           89,014 

5. Mod          100,86 
6. Mod          115,56 
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Figure 8. Total deformation in 6 modes a) mod 1 b) mod 2 c) mod 3 d) mod 4 e) mod 5 f) mod 6 

 
3.3. Results of forced vibration analysis 

In the harmonic analysis of the middle arm, which forms 

the 2nd axis of the robot, the maximum and minimum points, 

at which the total deformation and von-Mises stress have 

occurred in the arm, are shown in Fig. 9. When the harmonic 

analysis results of this arm are examined, it is observed that 

the maximum total deformation in linear movement in the 

middle arm is measured as 3.55 mm and von-Mises stress 

as maximum 64.825 MPa. Likewise, the maximum total 

deformation in rotational movement is measured at 1.5 mm 

and von-Mises stress as 50.63 MPa maximum. According 

to these results, it is determined that the values of 

deformation and von-Mises stress are greater in linear 

movement. It is seen that it is more advantageous to drive 

this arm with the rotational movement since the small 

deformation and von-Mises stress of the structure is 

considered to be a better design.

 

      

     
 

Figure 9. Results of 2nd arm harmonic analysis a) linear, total deformation (mm) b) rotational, total deformation (mm)  

c) linear, von-Mises stress (Mpa) d) rotational, von-Mises stress (Mpa 

 
In the harmonic analysis of the arm, which forms the 3rd 

axis of the robot, the maximum and minimum points where 

the total deformation and von-Misses stress have occurred 

in the arm are shown in Fig. 10. When the results of the 

harmonic analysis of this arm are examined, it is seen that 

the linear movement is measured the maximum total 

deformation as 3.52 mm and von-Mises stress as maximum 

50.42 MPa. Likewise, the rotational movement is measured 

the maximum total deformations as 2.8 mm and von-Mises 

stress as a maximum of 76.48 MPa. According to these 

results, it is determined that the deformation is greater in 

linear movement, and von Mises stress is greater in 

rotational movement. Since von-Mises stress is small in 

linear movement, moving the arm with the linear force is 

seen as a better design.
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Figure 10. Harmonic analysis results of the 3rd arm a) linear, total deformation (mm) b) rotational, total deformation (mm) 

 c) linear, von-misses (Mpa) d) rotational, von-misses (Mpa) 

 
The maximum and minimum points of the total von-Mises 

stress on the body in the harmonic analysis for the robot's 

body are shown in Fig. 11. According to the results of the 

harmonic analysis, the maximum von-Mises is measured in 

linear movement as 460.89 MPa and in rotational 

movement as 474.38 MPa. Although von-Mises stress has 

not changed much in the two different movements, it is 

more advantageous in linear movement as it is measured 

less. Thus, according to the results of all harmonic analyses, 

it is accepted that the robot driven by linear movement can 

be chosen as a better design model. 

 

        
Figure 11. Body results of harmonic analysis a) linear, von-Mises stress (Mpa) b) rotational, von-Mises stress (Mpa) 

 
In the forced vibration analysis of the system, the normal 

stress graph in linear movement and the normal stress graph 

in rotational movement are shown in Fig. 12. When the 

graphs are examined, in linear motion the maximum stress 

occurred at 100 Hz and the minimum stress at 35 Hz. In the 

rotational movement, the maximum stress occurred at 100 

Hz and the minimum stress at 112.5 Hz. In addition, the 

normal stress amplitude has increased up to 6 MPa in linear 

movement and up to 6.3 MPa in rotational movement. 

 

        
Figure 12. Graph of normal stress in a) linear movement and b) rotational movement 
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4. CONCLUSIONS 

 From past to present, the use of robots in developed 

industrial areas has gained importance day by day. The most 

important features of working robots in the industrial field 

have possessed the weight and the vibrations that have 

occurred at the endpoint. In robot arms used in industry, the 

parts used in drive and control should be chosen from quite 

light materials, since the weights of the parts are added to the 

weight on the previous arm. Since the size of the motors is 

increased in parallel with the magnitude of the force on the 

motor, the weight on each arm is also increased. In this study, 

the forces on the motors in the movements of the three axes 

industrial robot in two different drives and the torques 

created by these forces on the motor are examined. The robot 

is operated by applying torque to the rotation point of the 

arms with the linear force in the ball screw system. In the 

other system, it is also operated by applying a direct torque 

to the rotation point of the arms. The aim of this study is to 

determine which drive system is advantageous by comparing 

the torque created on the motor shaft by the forces falling on 

each motor in the linear drive system and the torque values 

applied to the rotation axis. In addition, the accelerations 

occurring at the endpoint of the robot during the operation of 

the motors in two different drive systems are measured, and 

the vibrations occurring at the endpoint of the system from 

these accelerations are compared.  

 As a result of the calculations, the torque value calculated 

for the 3rd motor in the drive system made with linear actuator 

was 0.4 Nm, while it was 75.78 Nm in the drive system made 

by applying rotation torque. The weight and cost of stepper 

motors increase in parallel with the torque they produce. The 

costs of the motors can be calculated by looking at the 

dimensions of the motors that must be used to meet these 

torques. In addition, as the dimensions of the engines 

increase, their weight will also increase, so the mass of the 

system and, accordingly, inertia will increase. As a result, it 

causes more weight on the system and increases its 

manufacturing cost. 

 As a result of the analyses, considering the torque on the 

motors and the vibrations at the endpoint, it is seen that the 

design created by applying linear force is more 

advantageous. In the modal analysis of the system, the 

natural frequencies and deformations occurring in 6 different 

modes and the resonance state of the stepper motors used in 

the robot arm at certain revolutions were examined. In 

addition, forced vibration and harmonic analysis of the 

system are made and total deformation, von Mises stress and 

normal stress graphs are obtained in each part and in all 

system. It has been calculated that this drive system can carry 

the same weight by applying approximately 1/20 of the 

torque value required to be applied according to the drive 

system used to move conventional robots. Thus, since the 

weights and costs of the motors will decrease at the same 

rate, the total weight of the robot arm, the weights of the arms 

forming each axis and the total cost will decrease.  
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