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ABSTRACT  

The high accuracy of industrial robots is the main aim of designers and manufacturers, one of the effective 

factors to get the goal is the stability of the robot structure, the determination of the structural dynamic 

characteristics is the main step to evaluate the performance also unlock the knowledge of amendment and 

improvement of the structure to get the optimum design. In this paper, two methods were applied to evaluate 

the dynamic structural performance of three degrees of freedom parallel robot, firstly, experimental modal 

analysis was applied to a multi-model with different platform dimensions using a data acquisition system, the 

natural frequencies, and damping ratios for all models were obtained to be evaluated and correlated with the 

second method. The measured models were modeled using Solidworks software and exported to Ansys finite 

element (FE) software, the modeled systems were used to obtain natural frequencies, damping ratios, and 

mode shapes from frequency response curve (FRF) and modal analysis, the results of experimental and FEM 

work were correlated to evaluate the system performance and verify the accuracy of the two methods. The 

results give a clear view to operators about the range of frequencies that must be avoided during the selection 

of machining operation, provide the scope of errors between the used methods, and supply a valuable guide 

to evaluate the quality of the structural integrity of the parallel robot.  

  

Keywords: Modal Analysis; Frequency Response Function; Dynamic Characteristics; Parallel Robots; 
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1. Introduction 

 

The industrial robot's performance depends on more 

than one factor, one of the main factors is the 

dynamic characteristic (natural frequencies, modes 

shapes, and damping factor) of the robot structure. 

There is more method to determine the robot's 

dynamic characteristic, such as experimental modal 

analysis (EMA) and Finite Element Method (FEM) 

using engineering software such as Ansys, Adams, 

Solidworks, Abaqus, ProEngineer, …. etc. 

Identifying dynamic properties is very useful in 

machine structural performance evaluation, 

modification, and machining parameters selections. 

For experimental measurements, more research was 

performed on more than one robot type, PUMA 560 

robot was analyzed using experimental modal 

analysis to identify the natural frequencies at the 

static and power-on state and four different 

configurations., the results were compared with 

previous research study, the results give acceptable 

correlations [1]. Elosegui [2] described the nonlinear 

characteristic of the Puma 560 robot by using EMA, 

two models were proposed and measured to get the 

system response, the results were compared to 

identify the nonlinearities and select suitable 

measurement techniques. 

The dynamic structural evaluation of the redesigned 

LOLA walking robot was obtained by performing 

EMA on the structure at more than one point, the 

results were also compared with open-loop transfer 

functions results [3], Wu and Kuhlenkoetter [4] 

obtained the dynamic stiffness of IRB 4400 industrial 

robot by using experimental modal analysis, the 

results from measurements were converted by two 

mathematical approaches to get the dynamic stiffness, 

the comparison showed the significant difference 

between them and declared the best method. Modal 

parameters (natural frequencies, modal damping 

ratios, and mode shapes) of ABB IRB 6660 robot 

were identified using EMA, the results were 

discussed to improve the robot structure, reduce the 

vibration and increase the accuracy [5]. 
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A Six-Axis Industrial Robot natural frequencies were 

described by using EMA, also two methods 

depending on the design of experiments were applied 

to predict the system's natural frequencies with the 

presence of joint configuration, the results were 

compared and achieved a good correlation [6], 

Guodong, Junchuan and Lili [7] studied the behavior 

of 6-DOFs Series Robot using modal testing to solve 

the complexity of theoretical modeling, the modes 

shapes and natural frequencies were investigated, and 

author recommended that the joints must be stiffened 

and reasoned frequencies must be avoided. 

For finite element analysis, different types of robots 

were analyzed to get the dynamic characteristics and 

improve the robot performance, the effect of robot 

arm cross-section was survived using Ansys software, 

the results presented that the circular section gives 

high frequencies range than other section and hollow 

circular section gives less equivalent stress [8], A 

modal and harmonic analysis were performed to a 

robotic arm using Ansys software to improve the 

structure design, the natural frequencies were used to 

avoid resonance locations, the displacement obtained 

was used to make the structural improvement [9], the 

same analysis using the change of material structure 

was applied to articulated robotic arm at different 

research [10]. 

A Cable-driven parallel robots (CDPRs) vibration 

was investigated using FEM and modified analytical 

formulation, the methods results were used to 

correlate the FEM SAP2000 software results to 

improve the prediction of (CDPRs) vibration problem 

[11]. Do and Park [12] studied the effective 

frequency of cable in (CDPRs) using FEM, the 

results showed that high speed produces more 

effective frequencies than low speed also showed that 

frequency is affected with the position and tension in 

cables. The rigid FEM was used to simulate the 

(CDPRs) using damper, spring, and rigid bodies to 

solve the problem of cables flexural rigidity [13]. 

A gear system of 3-DOF Wrist Mechanism used in 

SCARA robot was analyzed using FEM software to 

reduce the weight, check the stability and select the 

suitable gears of the wrist [14], the comparison 

between to FEM methods was applied using a 

parallel robot to compare the body flexibility results, 

the first method depended on using model directly 

from CAD software to Ansys, the second method 

depended on converting the model to a flexible body 

using Adams software then export the model to 

Ansys, the results showed that the second method is 

more realistic and authentic [15, 16].  

Dawood and Kavati [17] used Ansys to test the 

modified Industrial Omron Hornet 565 Delta robot 

with 3-axis using static analysis, also different loads 

and materials were used to check the performance, 

the results showed the design within the safe limit, A 

FEM modal analysis was applied to an industrial 

robot with eight-axis used in the painting system to 

clear the state of dynamic performance, the authors 

recommend that robot mist contain more light and 

stiff material, and joint modeling must be precision 

considered [18], Rueda and Ángel [19] investigated 

the flexible, dynamic performance of delta parallel 

industrial robot using Ansys and SolidEdge software, 

the analysis showed the ability to select a motor, 

material, and identification of allowable forces to get 

low power consumption, cost and high efficiency. 

A 3-PPSS Parallel structural kinematic analysis was 

stated using Ansys software to determine the 

optimum dimension of the robot links and select the 

suitable motor according to stress analysis on the 

joints [20]. 

A 3-RPS Parallel Robot was simulated using Adams 

and Ansys software to evaluate the dynamics of the 

rigid-flexible coupling system, the results showed the 

high precision of the simulation also aid in structure 

design and optimization [21], Qinghua and Xianmin 

[22] studied the effect of the temperature changes of 

3-RRR flexible parallel robots, the results showed 

using stress analysis the significant change can be 

produced after temperature variation, also clear the 

view of taking temperature into consideration during 

parallel robot performance analysis. 

Multi-software (ProEngineer, Adams, and Ansys) 

platform was used to investigate the dynamic of 3 

RPS parallel robot, the displacement difference error 

between each software didn't exceed 0.0002m with a 

period of 4.2 seconds, the used method improved the 

results of robot dynamics and help in next structural 

improvement [23], The fatigue problem of 

manoeuvring laparoscopic medical robot tips was 

analyzed using FEM software, the result investigated 

the allowable load and angles that permit to do long 

time surgical operation with safe limits [24]. 

The combination of experimental and FEM analysis 

was applied by some researchers, the Modal 

parameters of flexible robot arm joints and links were 

investigated using Ansys FEM software and EMA, 

the difference between the two methods’ results were 

proposed due to the dissimilarity between the actual 

model joints, and CAD model [25], Li and Yang [26] 

studied the dynamic characteristic of 2-DOF 

translational Pick-and-place parallel robot with 

flexible Links using FEM and EMA, the obtained 

natural frequencies showed that the robot has a high 

ability to work at high speeds, The two models of 

mobile platform and 6 DOF articulated-arm robot 

were dynamically analyzed using EMA and 

multibody system FEM model, the natural 

frequencies and mode shapes were obtained and 

correlated, the maximum error percentage didn't 
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exceed 15%, the results opened the door to select the 

suitable actuators [27]. 

Two models of robots (KUKA KR90 R3100 robotic 

arm) were modeled using multibody system FEM to 

predict the dynamic behavior, the results were 

correlated with experimental measurements, some 

mode shapes can't be determined due to lack of 

inertia knowledge of joints, but all results could be 

suitable to predict the dynamic characteristics of the 

models [28], A 6 PUS PKM was dynamically 

analyzed using EMA and theoretical modal analysis, 

the second method was applied using Adam FEM 

software to describe the dynamic behavior and mode 

shapes, the results were compared and summarized 

with a map [29]. 

3-DOF parallel kinematics manipulator dynamic 

characteristics were investigated using EMA and 

FEM software, the results differences showed that 

more accurate modeling must be taken into 

consideration. Also, EMA must be modified by 

changing the type of excitation [30], a welding robot 

with two laser beams was tested using orthogonal 

experiment design and FEM modal analysis at a 

different location and joints angles, the natural 

frequencies were obtained, and differences between 

values were discussed to consider this study as a 

reference of robot control and structure optimization 

[31], The table of 4-DOF parallel machine tool was 

modeled using Solidworks and solved using FEM 

Ansys software, also the system was measured using 

EMA, the results were correlated to identify the 

frequencies and speed must be avoided during 

machining, and the suitable height of the table was 

selected [32]. 

In this paper, EMA and FEM method using Ansys 

are used to determine the dynamic characteristics of 6 

different models' parallel robot, also the results are 

correlated, the selection of models was dependent on 

changing the lower (Tool) platform dimension 

relative upper platform as shown in Table (1), 

therefore the used models are (20-20), (20-20), (25-

20), (25-25), (30-30), (30-25), the influence of 

changing platform is studied according to the 

maximum location of deformation in the model 

components. 

Table 1 – The dimension of the used model 
platform side length (cm). 

rpppU               

mroftaUP 

maopU mroftaUP 
02 02 02 

02 √ √ √ 

02 X √ √ 

02 X X √ 

 

2. Analysis and Basic Theories 

The degrees of freedom (DOF) of the parallel robot 

can be determined using the Grübler formula 

      (                  ) 
                                              

     (     )  ∑  

 

   

                           ( ) 

                                

               
                                    
     (     )  ,(   )  (   )-     
By applying the Grübler formula, the model has a 3 

DOF for each platform, when the upper platform is 

fixed, the degrees of freedom will be 3 DOF. 

The general equation of motion of n degrees of 

freedom is: 

Where  

, -{ ̈}  , -{ ̇}  , -* +  * +                       ( ) 
, - is the inertia matrix 
, - is the damping matrix 
, - is the stiffness matrix 
* + is the force vector 
* + Refers to the structure displacement. 

In the harmonic analysis used in Ansys software, the 

equation forms used in the software are: 

* +  {     
  }     

* +  {     
  }     

(   , -    , -  , -)(*  +   *  +)  (*  +   *  +)   ( ) 

Where  

  = Force phase shift 

  = Displacement phase shift 

  = Imposed Circular Frequency 

   = 𝑅  𝑙     𝑙        𝑣      
   = 𝐼  𝑔    𝑦     𝑙        𝑣      
   = 𝑅  𝑙       𝑣      
   = 𝐼  𝑔    𝑦       𝑣      
 

3. Experimental Modal Testing 

 

The experimental modal testing was performed to 

identify the dynamic characteristics of the six 

different models, each model with hinged using a 

spring from the upper platform, as shown in figure 

(1), due to a lack of measurement software license, 

the accelerometer [Tri-axial accelerometer B&K 

(4506)] was mounted at two points with different 

direction to collect the data from 3 axis as shown in 

figure (2), each direction collects data from two axis, 

the results then collected and arranged to remove all 

repeated information.  

The impact hammer B&K (8202) testing was used to 

make excitation to the model, the signals were 

obtained using a data acquisition type B&K (3160-A-

042) analyzer which connected to PC, the signals 

were collected using B&K Pulse 17.1 software which 

was installed and configured to PC system and pre-

configured. 
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Figure 1 - Arrangement of the Experimental Modal 

Analysis Set-Up. 

 

 
Figure 2 - Measurement Locations on the model. 

 

4. Finite Element Modelling 

 

Firstly, the system was modeled and assembled using 

Solidworks software with all components (83 

Components), then it was exported to Parasolid (x_t) 

extension. Via Ansys software, the model Parasolid 

file was imported to be analyzed through the suitable 

analysis. 

There is more type of analysis in Ansys, in this paper, 

harmonic analysis was used to get the frequency 

response curve (FRF) and mode shapes, the material 

damping ratio was taken into consideration for each 

party, by using the FRF curve, the system natural 

frequencies and maximum deformation location were 

obtained for all models. 

 
Figure 3 - Exportation Model from Solidworks to 

Ansys 

 

5. Results & Discussion 

 

The correlation between EMA and FEM results is a 

powerful tool to get the accuracy of each method and 

identify the maximum error, Table (2) shows the 

comparison between natural frequencies of EMA and 

FEM, also error ratio between results, the maximum 

average error ratio is 6.74% at the (30-20) model, the 

minimum average error ratio is 3.46% at the (25-20) 

model, the table present that some results of EMA is 

missed with relative to FEM, the reasons for this 

dissipated mode frequency are the high damping of 

the material and the lack of Pulse software license, on 

the whole, the ratio of lost frequencies didn't exceed 

8% of each model frequencies. 

Table (3) display the deformation value and location 

of each model at all frequencies also, the average 

deformation rate of each model was indicated, the 

maximum value of average deformation is 

1.727406mm at the (25-25) model, the minimum 

value is 0.002705mm at (25-20) model, table (4) 

shows the maximum deformation location in each 

component for all models, the joints and links take 

the maximum percent of deformation, the ultimate 

link deformation always occurs when the length of 

the platforms ratio becomes greater as referred in the 

model (25-20) and (30-20), the maximum joints 

deformation happened in all cases when the upper 

and lower platform have the equal length, the 

platform higher deformation occurs only one time at 

(30-25) model. 

Figure (5) present a sample of the EMA FRF and 

coherence curves for all models with two 

measurement locations for one model, the coherence 

curve indicates the status of the measurement and 

select the range of perfect frequencies in FRF, in 

general, the coherence curve indicating that the 

maximum frequency could be obtained with no error 

in measurements is located in the range of 

frequencies between (4650-5500 Hz). 

Figure (6) shows the obtained FRF curves for all 

models using Ansys software, figure (7) presents a 

sample of the mode shapes at all frequencies for all 

models and the value of deformation for one model, 

all data for all models was sorted in the table (2-4). 

Pulse 17t1 

Softwrre 

Prrrllel Ropot 

Model 
Imprct Hummer 

Tri-Axirl 

Accelerometer 
B&K Drtr 

Acquisition 

Connecting 

Wires 

Locrtion  1  Locrtion 2  

Solidworks Model Ansys Project 
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Table 2 - Comparison Between EMA and FEM Natural Frequencies (Hz) of the 6 Models 

No. 22-22  25-25  25-22  32-32  32-25  32-22  

 
FEM 

(Hz)  

EMA 

(Hz)  

Error 

% 

FEM 

(Hz)  

EMA 

(Hz)  

Error 

% 

FEM 

(Hz)  

EMA 

(Hz)  

Error 

% 

FEM 

(Hz)  

EMA 

(Hz)  

Error 

% 

FEM 

(Hz)  

EMA 

(Hz)  

Error 

% 

FEM 

(Hz)  

EMA 

(Hz)  

Error 

% 

1.  222 169 16 152 --- --- 152 132 12 122 --- --- 152 --- --- 152 141 6 

2.  422 419 -5  352 352 --- 352 --- --- 352 384 -12  322 --- --- 352 434 -24  

3.  552 425 23 522 547 -9  452 429 9 452 391 13 422 522 -25  552 669 -22  

4.  652 659 -1  622 569 5 552 538 2 822 775 3 552 594 -8  722 794 -13  

5.  852 822 6 752 847 -13  652 644 1 1222 978 2 652 825 -27  922 869 3 

6.  1122 941 14 1252 1194 -14  752 829 -8  1352 1484 -12  1252 922 14 1122 1123 2 

7.  1252 1319 -6  1322 1259 3 852 831 2 1522 1591 -6  1522 1578 -5  1222 --- --- 

8.  1352 1453 -8  1452 1453 2 1122 1175 -7  1922 1822 5 1922 1922 -1  1352 --- --- 

9.  1922 1972 -4  1622 1675 -5  1252 1213 3 2322 2291 2 2152 2184 -2  1822 1644 9 

10.  2122 2181 -4  2152 2172 -1  1552 1475 5 2722 2759 -2  2352 --- --- 2222 2113 4 

11.  2452 2416 1 2522 2541 -2  2122 2231 3 2852 3216 -6  2522 2447 2 2522 2475 1 

12.  2652 2631 1 2722 2728 -1  2322 --- --- 3252 3263 2 2722 2719 -1  2722 2619 3 

13.  2922 2913 2 3122 3234 2 2452 2494 -2  3322 3391 -3  2922 2897 2 2952 2931 1 

14.  3422 3352 1 3552 3531 1 2722 2931 -9  3452 3426 1 3452 3428 1 3722 3638 2 

15.  3752 3723 1 4322 3913 9 3122 3116 -1  3852 3872 -1  4322 4281 2 4222 4263 -2  

16.  4222 3991 2 4952 4859 2 3422 3359 1 4152 4281 2 4652 4466 4 4552 --- --- 

17.  4222 4291 -2  5252 5253 4 3652 3684 -1  4452 4216 5 5222 5266 -1  4652 4872 -5  

18.  4552 4523 1    3752 3723 1 4622 4531 2 5152 5323 -3     

19.  4752 4763 2    4222 4147 -4  4752 --- ---       

20.        4152 4326 -4  4952 5253 -6        

21.        4322 4469 -4           

22.        4452 4556 -2           

23.        4652 4813 -4           

24.        4922 4944 -1           

25.        5422 5497 -2           

 evarevA

oaaEaArrrrE 
4t98   4t68   3t46   4t32   4t98  4t68 4t68 
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Table 3 – FEM Deformation Values (mm) and Deformation Location of the 6 Models 

No. 22-22 25-25 25-22 32-32 32-25 32-22 

 
Deform 

Locrtion 

Mrxt 

Deform 

Deform 

Locrtion 

Mrxt 

Deform 

Deform 

Locrtion 

Mrxt 

Deform 

Deform 

Locrtion 

Mrxt 

Deform 

Deform 

Locrtion 

Mrxt 

Deform 

Deform 

Locrtion 

Mrxt 

Deform 

1.  Link 2t225457 Link 5t412222 Link 2t261916 Chuck 2t269342 Link 2t217443 Link 2t122932 

2.  Plrtform 2t223782 Plrtform 9t629722 Plrtform 2t221897 Plrtform 2t213979 Plrtform 2t232198 Plrtform 2t239773 

3.  Plrtform 2t217921 Link 4t322422 Link 2t227248 Plrtform 2t229922 Plrtform 2t226225 Plrtform 2t212773 

4.  Link 2t228113 Link 4t115322 Tool Plrte 2t217755 Link 2t222235 Tool 2t221965 Link 2t227291 

5.  Plrtform 2t226642 Joint 2t494222 Link 2t227928 Tool 2t221652 Link 2t214762 Link 2t225946 

6.  Plrtform 2t227243 Plrtform 2t427472 Joint 2t224858 Joint 2t222888 Plrtform 2t221431 Plrtform 2t225243 

7.  Link 2t223465 Plrtform 2t282882 Link 2t226986 Plrtform 2t221548 Joint 2t222974 Plrtform 2t229527 

8.  Link 2t223325 Joint 2t255422 Tool 2t225422 Joint 2t222326 Joint 2t222734 Joint 2t223964 

9.  Joint 2t222947 Joint 2t152572 Link 2t212644 Joint 2t222284 Joint 2t222852 Plrtform 2t222899 

10.  Joint 2t221517 Joint 2t672652 Plrtform 2t221497 Plrtform 2t222235 Joint 2t224834 Joint 2t222826 

11.  Joint 2t222492 Joint 2t912622 Joint 2t221171 Plrtform 2t222248 Plrtform 2t222827 Joint 2t221652 

12.  Joint 2t221322 Joint 2t484652 Joint 2t221521 Plrtform 2t222151 Plrtform 2t222264 Joint 2t222353 

13.  Joint 2t222394 Joint 2t273229 Joint 2t222723 Joint 2t222128 Plrtform 2t222161 Joint 2t222272 

14.  Joint 2t222372 Plrtform 2t268967 Joint 2t222314 Link 2t222283 Plrtform 2t222312 Link 2t222724 

15.  Joint 2t222639 Plrtform 2t253623 Joint 2t222247 Joint 2t222276 Plrtform 2t222288 Link 2t222965 

16.  Link 2t221698 Link 2t234214 Joint 2t222282 Joint 2t222187 Link 2t222351 Link 2t222563 

17.  Link 2t223229 Joint 2t236449 Link 2t222556 Link 2t222663 Joint 2t222234 Link 2t222435 

18.  Link 2t222218   Link 2t221237 Link 2t222324     

19.  Joint 2t222238   Link 2t222786 Link 2t222388     

20.      Link 2t225289 Joint 2t222282     

21.      Link 2t222678       

22.      Link 2t222372       

23.      Link 2t222722       

24.      Link 2t222245       

25.      Joint 2t222258       

 epUoep 

nptaUPoffaD 
2t223682  1t727426  2t222725  2t226156  2t226248  2t211396 
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Figure 4 - EMA Measurements of (20-20) System  
 

 

Figure 5 - EMA Measurements of (25-25) System   

Figure (4-1) FRF of (20-20) System at Measuring Location (1) 
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Figure (4-2) Coherence of (20-20) System at Measuring Location (1) 
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Figure (4-3) FRF of (20-20) System at Measuring Location (2) 
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Figure (4-4) Coherence of (20-20) System at Measuring Location (2) 
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Figure (5-1) FRF of (25-25) System at Measuring Location (1) 
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Figure (5-2) Coherence of (25-25) System at Measuring Location (1) 
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Figure (5-3) FRF of (25-25) System at Measuring Location (2) 
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Figure (5-4) Coherence of (25-25) System at Measuring Location (2) 
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Figure 6 - FRF of Damped FEM System 

Figure (6-5) FRF of (30-25) Damped FEM System 

Figure (6-6) FRF of (30-20) Damped FEM System 

Figure (6-4) FRF of (30-30) Damped FEM System 

Figure (6-2) FRF of (25-25) Damped FEM System 

Figure (6-1) FRF of )20-20) Damped FEM System 

Figure (6-3) FRF of 25-20 Damped FEM System 
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Figure 7 – Mode Shape of (20-20) Damped FEM System 
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Table 4 - Maximum Deformation Location 

for all Models. 

Model 

 

Deformrtion  

Locrtion 

02-02 02-02 02-02 02-02 02-02 02-02 Σ 

Locrtion 

Link 7 4 13 5 3 7 39 

Joint 8 8 8 7 5 5 41 

Plrtform 4 5 3 6 8 5 31 

Chuck 2 2 2 1 2 2 1 

Tool 2 2 1 1 1 2 3 

Σ 

Deformrtion 
19 17 25 22 17 17 

 
 

6. Conclusion 

 
In this paper, Experimental modal analysis and finite 

element analysis are used to analyse and evaluate the 

dynamic characteristics of parallel robot six models 

with three degrees of freedom, the results of the two 

methods were correlated, the natural frequencies, 

mode shapes, and deformation values were utilized to 

describe the design performance and evaluate the 

models, the following conclusion can be drawn: 

- Finite element method is a robust tool to evaluate 

the natural frequencies of robot structure, the 

maximum value of the average ratio between 

experimental and Finite element method results 

didn't exceed 6.74%. 

- Finite element method is a good tool to detect the 

missing modes that can't be detected in 

experimental work due to the high damping of 

components material and the lack of measuring 

software license. 

- In a parallel robot, the maximum deformation 

occurs in links when the ratio between the 

platforms increases and appears in the joints when 

the platform's dimensions become equal. 

- The results precision of finite element modeming 

increases by the accurate modelling of multibody 

system and considering damping of all components 

material. 
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