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Abstract. This paper focuses a new 4-UPS-RPS five degree of freedom (DOF) spatial parallel 
robot mechanism with independent intellectual property rights obtained. Based on KED method 
and together with finite element method, Lagrange equation and substructure modeling method, 
the elastokinetics analytical model of this parallel robot mechanism is established under the ideal 
situation. Subsequently, the research results, such as elastokinetics model, stress and frequency 
characteristic analysis, are obtained. Combined with typical examples, key design parameters 
which significantly influence the dynamic characteristics of the system, are explicated. The work 
done in this paper lays a solid foundation for the dynamic optimum design of parallel robot 
mechanism and the physical prototype development. 
Keywords: parallel robot mechanism, spatial, elastokinetics model, elastodynamic analysis. 

1. Introduction 

With a variety of advantages, such as high stiffness-mass ratio, no error accumulation and 
large bearing capacity, the parallel robot mechanism is regarded as a complementation of serial 
mechanism in practical application, and of course, parallel robot mechanism study is becoming a 
research focus in the area of international robot research and application [1, 2]. With external load 
and periodic inertial force, components of the mechanism will develop a certain degree of elastic 
deformation, causing kinematic error and components elastic vibration, which greatly degrade the 
mechanism’s kinematic and dynamic performance and reduce working accuracy. Therefore, 
elasticity factor must be considered for parallel robot mechanism which has high accuracy and 
high performance requirement [3]. 

Some scholars have made a series of efforts on the elastokinetics modeling method and 
dynamic characteristics analysis. According to elastokinetics modeling, by taking the elastic 
deformation into account, Xuping Zhang [4], Qingsong Xu [5] Lee [6] and Kang [7, 8] derive the 
dynamic equation of flexible parallel mechanism via Lagrangian approach; Xiaoyun Wang [9] 
and Zhao [10] introduce substructure modeling method and finite element method to establish the 
dynamic model parallel mechanism; Yundou Xu [11] derives compatibility equation of the elastic 
deformation based on the law of conservation of energy; Shaochi Wang [12] uses virtual work 
principle; Piras [13] and Liu [14] accepte KED method; Chen [15] introduces multi flexible body 
dynamics method to build elastokinetics model. Dynamic characteristics analysis is also explored 
by researches. After establishing dynamic equations of the spatial rigid-flexible coupling 
multibody systems for a five-coordinate virtual-axis hybrid polishing machine tool, Lu Y. [16] 
studies its dynamic characteristics by means of the theory of dynamics of a flexible multibody 
system and builds the finite element models of the whole machine tool and each leg respectively; 
Piras [14] studies the natural frequency distribution discipline of 3-PRR parallel mechanism and 
analyzes its domain of convergence; Zhao [10] dose the system dynamic characteristics analysis, 
like natural frequency, sensitivity analysis and other dynamic properties analysis; Chen [15] 
acquires displacement error, velocity error and acceleration error of the moving platform; Liu [14] 
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analyzes the relationship between system natural frequency and basic parameters. Besides, some 
basic studies, like static analysis and dynamic analysis [17-20], are also quite useful. Although 
scholars have done a lot of works, the research of elastokinetics modeling and analysis for parallel 
mechanism are still quite immature as the modeling and solving process is still quite complicated. 
Therefore, elastokinetics analysis of flexible parallel mechanism by mathematical modelling of 
parallel mechanism is a valuable direction. 

Learning from other researches’s experiences and avoiding their weakness, we select some 
several methods that are suitable for our new 4-UPS-RPS spatial parallel robot mechanism, and 
explore some dynamic characteristics, such as kinematic error, stress and frequency characteristic 
analysis. It is necessary to establish the elastokinetics model and give characteristic analysis, as 
dynamic stress analysis is the foundation of studying mechanism’s failure modes and the fatigue 
life, and it plays a significant role on mechanism’s structure design and control strategy design. 

2. Elastokinetics modeling and solving 

2.1. The model of 5-DOF spatial parallel robot mechanism 

The 4-UPS-RPS 5-DOF spatial parallel robot mechanism(see Fig. 1) is consists of a fixed 
platform, a moving platform, a RPS(revolute pair – sliding pair – spherical hinge) driving limb 
and four UPS (Hooke joint – sliding pair – spherical hinge) driving limbs. Each driving limb is 
divided into two parts, an oscillating rod and an expansion link. Analyzed by Screw theory [18], 
this mechanism has five degrees of freedom, and the moving platform can achieve 
three-dimensional translation and two-dimensional rotation by changing length of each driving 
limb.  

 
Fig. 1. Mechanism diagram of parallel robot mechanism 

2.2. The elastokinetics equation for unit 

The ܷ௠ ௠ܲܵ௠  (when ݉ = 1 , ଵܷ ଵܲ ଵܵ  means RPS) is defined as five driving limbs of  
4-UPS-RPS parallel robot mechanism, each driving limb consists of a oscillating rod ܷ௠ ௠ܲ and 
an expansion link ௠ܲܵ௠  and sliding pairs connect oscillating rods with expansion links 
respectively. Assume that all expansion links are flexible, all the oscillating rods and the moving 
platform are rigid, and flexibility of each joints are ignored. Take a random unit ݉ as the research 
object, use rectangular space beam element as the finite element model, and build the unit local 
coordinate system ܱ௠௡ − ௠௡ݖ௠௡ݕ௠௡ݔ . Subscript ݉݊ expresses the unit ݉ on driving limb ݊. 
Two endpoints on unit ݉ are written as ܣ௔ and ܣ௕ respectively. ߞ௠௡ = ሾߞ௠௡ଵ, ,௠௡ଶߞ … ,  ௠௡ଵ଼ሿ்ߞ
symbolizes generalized coordinates vector of unit ݆, and ߞ௠௡ଵ~ߞ௠௡ଷ, ߞ௠௡ସ~ߞ௠௡଺ and ߞ௠௡଻~ߞ௠௡ଽ 
repersent elastic displacement, elastic angle and curvature of endpoints ܣ௔  respectively; ߞ௠௡ଵ଴~ߞ௠௡ଵଶ ௠௡ଵହߞ~௠௡ଵଷߞ , ௠௡ଵ଼ߞ~௠௡ଵ଺ߞ ,  repersent elastic displacement, elastic angle and 
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curvature of endpoints ܣ௕ respectively. 
According to KED method, when the mechanism works, unit coupling effect between rigid 

motion and elastic deformation motion can be ignored due to units’ tiny elastic deformation 
displacement. In other words, absolute velocity at any point on the unit is the superposition of 
elastic deformation velocity and rigid motion velocity, and so does the absolute acceleration 
computing method. As the result, velocity of random point κ in unit coordinate system can be 
expressed as: 

۔ە
,௠௡ݔ)ሶ௔ݔۓ (ݐ = ,௠௡ݔ)ሶ௥ݔ (ݐ + ,௠௡ݔ)ሶݔ ,௠௡ݔ)ሶ௔ݕ,(ݐ (ݐ = ,௠௡ݔ)ሶ௥ݕ (ݐ + ,௠௡ݔ)ሶݕ ,௠௡ݔ)ሶ௔ݖ,(ݐ (ݐ = ,௠௡ݔ)ሶ௥ݖ (ݐ + ,௠௡ݔ)ሶݖ ሶ߮,(ݐ ௫௔(ݔ௠௡, (ݐ = ሶ߮௫௥(ݔ௠௡, (ݐ + ሶ߮௫(ݔ௠௡, ,(ݐ (1)

where ݔሶ(ݔ௠௡, ,௠௡ݔ)ሶݕ ,(ݐ ,௠௡ݔ)ሶݖ ,(ݐ ,௠௡ݔ)and ሶ߰௫ (ݐ  mean elastic velocity and elastic angular (ݐ
velocity of random point ݔ .ߢሶ௥(ݔ௠௡, ,௠௡ݔ)ሶ௥ݕ ,(ݐ ,௠௡ݔ)ሶ௥ݖ ,(ݐ ,௠௡ݔ)and ሶ߰௫௥ (ݐ  mean rigid body (ݐ
velocity and rigid body angular velocity of random point ݔ ;ߢሶ௔(ݔ௠௡, ,௠௡ݔ)ሶ௔ݕ ,(ݐ ,௠௡ݔ)ሶ௔ݖ ,(ݐ  (ݐ
and ሶ߰௫௔(ݔ௠௡,  .ߢ mean absolute velocity and absolute angular velocity of random point (ݐ

2.2.1. The kinetic energy for unit 

Assuming that each unit’s cross-section mass is concentrated on the axis, the kinetic energy of 
unit can be expressed as the superposition of unit translational energy and unit rotational kinetic 
energy: 

ܶ = 12 න (ݔ)஻ைܯ ቈ൬݀ݔ௔(ݔ௠௡, ݐ݀(ݐ ൰ଶ + ൬݀ݕ௔(ݔ௠௡, ݐ݀(ݐ ൰ଶ + ൬݀ݖ௔(ݔ௠௡, ݐ݀(ݐ ൰ଶ቉௅೐଴ ݔ݀
     + 12 න ௣ܫߩ ൬݀߮௔௫(ݔ௠௡, ݐ݀(ݐ ൰ଶ ௅೐଴ݔ݀ , (2)

where ܮ௘  is the unit length; ߩ is unit mass density; ܣ௘  is unit cross sectional area; ܫ௣  is polar 
moment of inertia of unit cross section to theݔaxis; ܯ஻ை(ݔ) is unit mass distribution function, for 
homogeneous beam unit ܯ஻ை(ݔ) =  .௘ܣߩ

After simplification, the equation can be written as: 

ܶ = 12 ൫ߞሶ௠௡௥ + ሶ௠௡௥ߞ௘൫ܯሶ௠௡൯்ߞ + ,ሶ௠௡൯ߞ (3)

where ܯ௘ is element mass matrix. 

2.2.2. The deformation energy for unit 

The deformation energy of unit can be expressed as the superposition of unit bending, 
stretching, compression and torsional deformation energy: 

ܸ = 12 ܧ න ൥ܣ௘ ቆ∂ݔ)ݑ௜௝, ݔ∂(ݐ ቇଶ + ௭ܫ ቆ∂ଶݔ)ݒ௜௝, ଶݔ∂(ݐ ቇଶ + ௬ܫ ቆ∂ଶݔ)ݓ௜௝, ଶݔ∂(ݐ ቇଶ൩௅
଴ ݔ݀

       + 12 න ௣ܫܩ ቆ߲߮௫(ݔ௜௝, ݔ߲(ݐ ቇଶ௅
଴ ,ݔ݀ (4)

where ܧ  is the material’s stretching and compression elasticity modulus; ܩ  is the material’s 
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shearing elasticity modulus; ܫ௬ is principal moment of inertia of unit cross section to the ݔ axis; ܫ௭ 
is principal moment of inertia of unit cross section to the ݖ axis. 

After simplification, the equation can be written as: 

ܸ = 12 (5) ,ߞ௘ܭ்ߞ

where ܭ௘ is element stiffness matrix. 

2.2.3. The unit elastokinetics equation 

Taking Eq. (3) and Eq. (5) into Lagrange equation: ݀݀ݐ ቆ߲߲ܶߞሶቇ − ߞ߲߲ܶ + ߞ߲ܸ߲ = ,ܨ
the unit elastokinetics equation can be acquired: ܯ௔ߜሷ௠௡ + ௠௡ߜ௔ܭ = ଵ௔ܨ + ଶ௔ܨ + .ଷ௔ܨ (6)

For the mechanism in this paper, ܨଵ௔ is the generalized external force array of each unit; ܨଶ௔ 
is the force array which is caused by other units which connect with the objective unit working on 
this objective unit, and ܨଶ௔ belongs to internal force of the mechanism, which can be cancelled 
out when unit elastokinetics equations are assembled to the system elastokinetics equation; ܨଷ௔ is 
the rigid body inertia force array of unit, ܨଷ௔ =  .ሷ௥ߜ௔ܯ−

2.3. Elastokinetics equation for driving limb 

2.3.1. The constraints analysis between units 

Constraint conditions: units wrapped in rigid body have no elastic displacement, elastic 
angular displacement or curvature; in other words, those units’ elastic displacement, elastic 
angular displacement and curvature coordinates are zero; endpoint ܣ௕௡ of unit ݊ on driving limb ݉ coincides with ܣ௔(௡ାଵ) of unit ݊ + 1 on driving limb ݉; on driving limb ݉, the last unit ܾ 
connects the moving platform by spherical hinge, so three curvatures coordinates of unit ܾ are 
zero (The number of units that each expansion link is divided into is ܽ, and the last unit on the 
expansion link which endpoint is joint ௜ܵ names ܾ). 

By synthesizing elastic displacement, elastic angular displacement and curvature of unit nodes 
on driving limb ݉, 9ܾ − 9ܽ + 6 independent generalized coordinates can be gotten: ℎ௠ = ሾߞ௠(௔ାଵ)ଵ ௠(௔ାଵ)ଶߞ ⋯ ௠(௔ାଵ)ଽߞ ௠(௔ାଶ)ଵߞ ⋯ ௠(௔ାଶ)ଽߞ ⋯ ௜௕ଵߞ ⋯ ௜௕ଽߞ ௜௕ଵ଴ߞ ⋯ ௜௕ଵହሿ். (7)ߞ

Relasionship between driving limb generalized coordinates ℎ௠ and unit generalized 
coordinates ߞ௠௡ can be expressed as: ߞ௠௡ = ௠௡ℎ௠, (8)ܣ̅

where ̅ܣ is the transfer matrix form driving limb to unit. 

2.3.2. Elastokinetics equation for driving limb 

Elastokinetics equation for driving limb ݉ can be written as: 
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௠ℎሷܯ ௠ + ௠ℎሶܥ ௠ + ௠ℎ௠ܭ = ܳ௠, (9)

where ܯ௠ is the mass matrix of the expansion link, and ܯ௠ = ∑ ௠௡௠௕௡ୀଵܯ  ௠ is the dampingܥ ;
matrix of the expansion link and ܥ௠ = ∑ ௠௡௠௕௡ୀଵܥ  ௠ is the stiffness matrix of the expansion linkܭ ;
and ܭ௠ = ∑ ௠௡௠ܭ ;௕௡ୀଵ  ܳ௠  is the generalized force matrix of the expansion link, and  ܳ௠ = ∑ ܳ௠௡௠௕௡ୀଵ . 

2.4. Elastokinetics equation for system 

2.4.1. The kinematical constraint 

The kinematical constraint of the parallel robot mechanism is expressed as: 

ℎ௦௠ = ቎1 0 0 0 ܼ௦௠஺ − ௦ܻ௠஺0 1 0 −ܼ௦௠஺ 0 ܺ௦௠஺0 0 1 ௦ܻ௠஺ −ܺ௦௠஺ 0 ቏ ⋅ ℎ଴, (10)

where ℎ௦௠  is the displacement of spherical hinge ܵ௠ ; ℎ௦௠ = (Δݔ௦௠ Δݕ௦௠ Δݖ௦௠)் ; ℎ଴  is 
displacement of moving platform caused by the elastic deformation of the expansion link;  ℎ଴ = (Δߙ, Δߚ, Δߛ, Δܺ஻ை, Δ ஻ܻை, Δܼ஻ை)் . ܺ௦௠஺ , ௦ܻ௠஺  and ܼ௦௠஺  express the coordinate of spherical 
point ܵ௠ on the fixed platform. 

2.4.2. The dynamic constraint 

Force caused by every driving limbs working on the moving platform should be equal with 
external force acted on the moving platform. 

According to Newton-Euler equation, the dynamic equation can be written as: ܯ଴ℎሷ ଴ = ଴݂ + ଴ܨ + ଴ℎሷܯ ଴௥, (11)

where ܯ଴ is generalized mass matrix of the moving platform; ଴݂ is resultant force and moment 
array of driving limbs working on the moving platform; ܨ଴ is resultant force and moment array of 
external force working on the moving platform; ℎሷ ଴௥  is moving platform nominal acceleration 
array. 

2.4.3. The elastokinetics equation for system 

The system generalized coordinate can be written as: ℎ௤ = ሚℎ௠, (12)ܣ

where ܣሚ is the transfer matrix form system to driving limbs. ℎ௠ is the generalized coordinate on 
driving limbs, ℎ௤ is the system generalized coordinate. 

The influence of damping should be considered when modeling. Assuming the system 
damping is proportional damping, considering kinematical and dynamic constraints, and using 
transfer matrix, the system elastokinetics equation can be acquired by assembling driving limb 
elastokinetics equations. The system elastokinetics equation can be expressed as: ܯ௤ℎሷ ௤ + ௤ℎሶܥ ௤ + ௤ℎ௤ܭ = ܳ௤, (13)

where ܥ௤ is the system total damping matrix; ܯ௤ is the system total mass matrix; ܭ௤ is the system 
total stiffness matrix; ܳ௤ is the system total generalized force matrix. 
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By far, linear system elastokinetics equations based on the high speed spatial parallel robot 
mechanism have been established. Eqs. (10), (11) and (13) are the linear system elastokinetics 
model. 

2.5. Equation solving 

As equation ܯ௤ℎሷ + ௤ℎሶܥ + ௤ℎܭ = ܳ is a coupled variable coefficient differential equation, it 
is difficult to solve. Under a certain conditions, Newmark method is a unconditionally stable 
numerical integral method, and its accuracy requirement can be acquired by changing the time 
step. Due to the overall consideration of accuracy, stability and computation speed of equation 
solving, Newmark method is introduced to solve system elastokinetics equations in this paper. 

3. Dynamic analysis of flexible parallel robot mechanism 

3.1. The dynamic stress analysis of flexible parallel robot mechanism  

Dynamic stress analysis of flexible parallel robot mechanism is one of the main research 
targets in this paper. If component’s maximum dynamic stress exceeds allowable stress, the 
component will be damaged. Dynamic stress analysis is the basis of studying mechanism’s failure 
modes and the fatigue life, and it plays a significant role on mechanism design and the control 
strategy enacting. 

At any time, absolute value of the maximum dynamic stress and maximum shearing stress on 
unit’s cross section area can be written as: 

ቐߪ௠௔௫(ݔ௠௡, (ݐ = ,௠௡ݔ)௔௠௔௫ߪ| (ݐ + ,௠௡ݔ)௕௠௔௫ߪ (ݐ + ,௠௡ݔ)௖௠௔௫ߪ ,௠௡ݔ)௠௔௫߬,|(ݐ (ݐ = 2√ݎܩ ቤ߲߮௫(ݔ௠௡, ௠௡ݔ߲(ݐ ቤ , (14)

where: 

௔௠௔௫ߪ = ݎܧ ߲ଶݔ)ݖ௠௡, ௠௡ଶݔ߲(ݐ , ௕௠௔௫ߪ = ݎܧ ߲ଶݔ)ݕ௠௡, ௠௡ଶݔ߲(ݐ , ௖௠௔௫ߪ = ݎܧ ,௠௡ݔ)ݔ߲ ௠௡ݔ߲(ݐ .
The equivalent stress which is defined by the fourth strength theory, is one of the most 

representative indicators in finite element analysis, and the equivalent stress can be expressed as: 

௦ߪ = ඨ(ߪ௔ − ௕)ଶߪ + ௕ߪ) − ௖)ଶߪ + ௖ߪ) − ௔)ଶ2ߪ , (15)

where ߪ௔, ߪ௕ and ߪ௖ are three principal stresses of random point on component. 

3.2. The natural frequency analysis of flexible parallel robot mechanism 

The system natural frequency is determined by mechanism’s internal parameters, and it is 
closely related to the stiffness and singular configuration of the structure. System inherent 
frequency study characterize the vibration of the system as a whole. 

Solving the natural frequency comes down to solve generalized eigenvalue of stiffness matrix 
related to the mass matrix. According to the system elastokinetics equation, the system 
characteristic equation can be written as: ൫ܭ௤ − ߱ଶܯ௤൯ܣ௜ = 0, (16)
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wehere ߱ is the system natural frequency, ܣ௜ is the ݅ order natural mode of vibration (݅ = 1, 2..., ݊).  
According to Eq. (16), system natural frequency is determined by the system total mass matrix ܯ௤  and the sytem total stiffness matrix ܭ௤ . Three basic parameters (geometry structure of 

component, size of cross section, and material property) determine the frequency characteristic of 
the parallel robot mechanism system essentially. Therefore, it is quite difficult to do the theoretical 
analysis of parallel robot mechanism’s system natural frequency. At the moment, frequency 
characteristic can only be discussed indirectly by numerical example or software simulation. 

4. The numerical simulation analysis 

4.1. Structure parameters of the 4-UPS-RPS spatial parallel robot mechanism 

The structure parameters of 4-UPS-RPS spatial parallel robot mechanism is shown in Table 1 
and Table 2. 

Table 1. Parameters of the moving platform 

Material Density, 
g/cm3 Mass, kg Stretching and compression 

elasticity modulus, GPa 
Shear elasticity 
modulus, GPa Poisson ratio 

Aluminum 2.70 36.28 72 26 0.32 

Table 2. Parameters of the driving limbs 

Material Density, g/cm3 Stretching and compression 
elasticity modulus, GPa 

Shear elasticity  
modulus, GPa Poisson ratio 

Steel 7.85 206 79 0.28 
Length of oscillating rod mm Length of expansion link mm Cross sectional area of expansion link mm2 

670 841 12.56637 

4.2. Dynamic analysis results of the spatial parallel robot mechanism  

The moving platform of 4-UPS-RPS spatial parallel robot mechanism is to do circular motion 
with the pose of ߙ = ߚ ,0 = ߛ ,0 = ߨ 2⁄ . And the ܺ-coordinate of the center for the circle is 0.920, 
the ܻ-coordinate of the center for the circle is –0.15, the ܼ-coordinate of the center for the circle 
is 0. The establishment of coordinate systems is shown in Fig. 1. Therefore, the motion of  
4-UPS-RPS spatial parallel robot mechanism is described as follows: 

ቐݔ஻ = 0.920 + 0.03cos(2ݐ),ݕ஻ = −0.15 + 0.03sin(2ݐ),z஻ = 0,   (0 ≤ ݐ ≤ 1), (17)

where ݔ஻  is the ܺ-coordinate of the center of moving platform, ݕ஻  is the ܻ-coordinate of the 
center of moving platform, z஻ is the ܼ-coordinate of the center of moving platform. 

Fig. 2 shows that displacement error, velocity error or acceleration error of the moving 
platform change over time. It is clear that obvious vibration of the moving platform is caused by 
the elastic deformation of system components, which leaves a great negative impact on the 
precision of the parallel robot mechanism. The system stiffness is not the same when the parallel 
robot mechanism system is under different pose and position, therefore, displacement, velocity 
and acceleration of each point on the system are closely related to the parallel robot mechanism’s 
pose and position. Therefore, choosing appropriate initial configuration of the system is good for 
the high precision control of parallel robot mechanism and the improvement of motion and 
dynamic characteristics. 
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a) 

 
b) 

 
c) 

Fig. 2. Displacement error, velocity error or acceleration error of the moving platform changing with time 

 
a) 

 
b) 

 
c) 

Fig. 3. The relation curve of displacement error, velocity error or acceleration error  
of the moving platform and the mass of the moving platform 

0 0.2 0.4 0.6 0.8 1
-7

-6

-5

-4

-3

-2

-1

0 x 10-6

Time (s)

D
is

pl
ac

em
en

t e
rro

r /
m

0 0.2 0.4 0.6 0.8 1
-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

Time (s)

Ve
lo

ci
ty

 e
rro

r m
/s

0 0.2 0.4 0.6 0.8 1
0

2

4

6

8

10

12

Time (s)

Ac
ce

le
ra

tio
n 

er
ro

r m
/s2

0 20 40 60 80 100
-2.9

-2.85

-2.8

-2.75

-2.7

-2.65

-2.6

-2.55 x 10-6

Mass of the moving platform /kg

D
is

pl
ac

em
en

t e
rro

r /
m

0 20 40 60 80 100
1

2

3

4

5

6

7

8

9

10 x 10-4

Mass of the moving platform /kg

Ve
lo

ci
ty

 e
rro

r m
/s

0 20 40 60 80 100
0

10

20

30

40

50

Mass of the moving platform /kg

Ac
ce

le
ra

tio
n 

er
ro

r m
/s2



1822. ELASTOKINETICS MODELING AND CHARACTERISTIC ANALYSIS OF THE PARALLEL ROBOT MECHANISM.  
XIULONG CHEN, XIAOXIA LIANG, YU DENG, QING WANG 

4104 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716  

Fig. 3 shows that absolute value of displacement error sees a upward trend as the mass of the 
moving platform increases, while average value of velocity and acceleration error see a downward 
trend. That is because when mass of moving platform increases, the system inertia force increases, 
which lead to the raising of displacement error. Meanwhile, when the mechanism moves, heavy 
mass of moving platform and large rotational inertia can absorb or release more elastic vibration 
energy, which inhibits the motion fluctuations and causes the decrease of velocity and acceleration 
error. 

 
a) 

 
b) 

 
c) 

Fig. 4. The relation curve of displacement error, velocity error or acceleration error  
of the moving platform and the radius of the driving limb 

As shown in Fig. 4, absolute value of displacement error and velocity error see a downward 
trend, while average value of acceleration error see a upward trend as the radius of the driving 
limb increases. The influence of moving platform and expansion link’s inertia parameters on 
dynamic response of flexible parallel robot mechanism is significantly different to that on flexible 
serial mechanism. The primary reason is that, parallel robot mechanism belongs to multi-loop 
system, so the influence of moving platform and expansion link’s inertia parameters on disparate 
branches’ kinematic movement is different. However, movement coupling relationship exists 
among components, and coupling relationship may lead to the cancellation of some elastic 
deformation. As a result, movement error of the system may not always decrease with the increase 
of radius of the driving limb. 

It is clear that in Fig. 5, maximum displacement error appears when the moving platform and 
expansion links are made by aluminum. And minimum displacement error appears when the 
driving limbs are made by steel. Maximum acceleration error appears when the driving limbs are 
made by aluminum and minimum acceleration error appears when the driving limbs are made by 
copper. These conclusions provide a basis for the parallel robot mechanism’s materials selection. 
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a) 

 
b) 

 
c) 

Fig. 5. Displacement error, velocity error or acceleration error of the moving platform changing  
with time when the moving platform and expansion links are made by different materials 
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e) 

Fig. 6. Equivalent stress of driving limbs changing with time 
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b) 

 
c) 

 
d) 

 
e) 

Fig. 7. The relation curve of equivalent stress of driving limbs and mass of moving platform 
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As shown in Fig. 6, the driving limb’s maximum equivalent stress oscillates when parallel 
robot mechanism’s position changes. That is because, components’ elastic deformation is closely 
related to the system reciprocating vibration movement characteristics. In the process of 
movement, stress characteristics of high speed spatial parallel robot mechanism is very complex. 
When doing the mechanism design and motion planning, it is necessary to do the dynamic  
analysis. For this 4-UPS-RPS spatial parallel robot mechanism, when motion is described as 
Eq. (17), maximum equivalent stress appears on driving limb 1, and its maximum value is 6 MPa. 

Fig. 7 shows that average value of equivalent stress on driving limb decreases with the 
decrease of the mass of moving platform. So dynamic response of the mechanism can be improved 
by choosing reasonable mass of the moving platform. That is because, if the components’ mass 
get smaller, the inertia force would get smaller. Under the same kinematics condition, dynamic 
characteristic of lighter mechanism is better. Meanwhile, the smaller the joints’ counter-forces are, 
the smaller the joints’ driving devices will be, and that will cause the miniaturization of the joints’ 
driving devices. 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

Fig. 8. The relation curve of equivalent stress of driving limbs and diameter of the driving limb 
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According to Fig. 8, average value of equivalent stress on driving limb 1 is larger, and each 
driving limb’s average equivalent stress decreases with the increase of the driving limb’s sectional 
area. That is because the greater the driving limb’s cross-sectional area is, the greater the driving 
limb’s strength will be, and mechanical properties will improve. 

According to Fig. 9, Equivalent stress of driving limbs are similar when the moving platform 
and expansion links are made by different materials. That means material property has very little 
influence on the equivalent stress of driving limbs. 

 
a) 

 
b) 

 
c)  

 
d) 

 
e) 

Fig. 9. Equivalent stress of driving limbs changing with time when the moving platform  
and expansion links are made by different materials  

Fig. 10 shows that the numerical value of system natural frequency changes related to the 
different pose and position of mechanism. This conclusion is different from the serial mechanism. 
Main reason is that, the coupled parallel robot mechanism system is closed-loop organization 
system, and many factors, such as kinematic and dynamic constraints among limbs and mass of 
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moving platform, seriously affect the dynamic characteristics of the system. Therefore, relations 
between the system’s first order natural frequency of rigid-flexible coupling parallel robot 
mechanism and the components material parameters are pretty complex. 

Fig. 10. The first three natural frequency changing  
with time 

 
Fig. 11. The relation curve of the first order 

natural natural frequency and mass of moving 
platform 

It is clear that in Fig. 11, with increasing of the mass of moving platform, the first order natural 
frequency of system sees a downward trend. Therefore, when doing system structure design of 
rigid-flexible coupling parallel robot mechanism, we can achieve the goal of improving system 
dynamic characteristics by choosing reasonable mass of the moving platform. 

 
Fig. 12. Natural frequency changing with time  

when the moving platform and expansion  
links are made by different materials 

 
Fig. 13. The relation curve of the first order natural 

frequency and expansion links’ diameter 
 

According to Fig. 12, system natural frequency differect with components made by different 
materials, such as steel, aluminum and copper. Maximum natural frequency appears when the 
moving platform and expansion links are made by steel and minimum natural frequency appears 
when the driving limbs are made by Copper. These conclusions provide a basis for the parallel 
robot mechanism’s materials selection. 

Fig. 13 shows that the numerical value of the first order natural frequency of system changes 
related to the differect flexible expansion links’ radius. With increasing of the expansion links’ 
radius, the first order natural frequency of system sees a upward trend. Therefore, when doing 
system structure design of rigid-flexible coupling parallel robot mechanism, we can achieve the 
goal of improving system dynamic characteristics by choosing reasonable diameter of the flexible 
expansion links. 
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5. Conclusions 

Taking the 4-UPS-RPS high speed spatial parallel robot mechanism as the research object, 
elastokinetics model is established, and dynamic behavior is analysed. The main conclusions are 
as follows 

1) Based on KED method, using finite element method, Lagrange equation and substructure 
modeling method, the analytical model of elastic dynamics of the parallel robot mechanism is 
successfully established under the ideal situation. 

2) According to the fourth strength theory, equivalent stress of the driving limbs is studied. 
Natural frequency of the parallel robot mechanism is analyzed. These works laid the important 
theoretical basis for further dynamics behavior study and optimization design of the high-speed 
spatial parallel robot mechanism. 

3) By giving a trajectory, using Matlab simulation software, dynamics behavior such as 
displacement error, velocity error and acceleration error, driving limbs’ equivalent stress and 
system natural frequency, are acquired.  
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