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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.
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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.

Xp
Fig. 1. Mechanism diagram of parallel robot mechanism

2.2. The elastokinetics equation for unit

The U,,P,Sy, (When m =1, U;P;S; means RPS) is defined as five driving limbs of
4-UPS-RPS parallel robot mechanism, each driving limb consists of a oscillating rod U,,,P,, and
an expansion link P,S,, 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 m as the research
object, use rectangular space beam element as the finite element model, and build the unit local
coordinate system Oy, — XmnYmnZmn- Subscript mn expresses the unit m on driving limb n.
Two endpoints on unit m are written as A, and A, respectively. (nn = [Cnnts mnzs - r Cmnas] "
symbolizes generalized coordinates vector of unit j, and {01 ~Cmnzs Cmna~Cmne A4 {mn7~Cmno
repersent elastic displacement, elastic angle and curvature of endpoints A, respectively;
Cmn10~%mniz > Cmn13~%mnis > Smnie~Cmnis Tepersent elastic displacement, elastic angle and
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curvature of endpoints 4, 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 k in unit coordinate system can be
expressed as:

(xa (Xmn £) = % e, £) + X Qe £),
Ya (xmn: t) = r (xmn' t) + y(xmn: t), (1)
2 (Xmn, £) = Zp (X, ) + Z(Xp, 1),
DxaXmns £) = Prr (Xmns ) + Py (X, T),

where X (X, t), VX t)s Z(Xmn, £) and Y, (X, t) mean elastic velocity and elastic angular
velocity of random point x. %, (X, £), Vr Kmrr £)s Zr (X £) a0d Py (X, t) mean rigid body
velocity and rigid body angular velocity of random point «; X, (Xm0, t), Yo (Xmn £)s Za (Xmn, t)
and V.4 (X, t) mean absolute velocity and absolute angular velocity of random point k.

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:

- % LLE Myy () [(dxa(;crtnn, t))2 N (dya(xmn, t))2 N (dza(xmn. t)ﬂ "

dt dt
1 Le d(pax (xmn' t) 2
+§J; p ["( dt ) dx,

2)

where L, is the unit length; p is unit mass density; A, is unit cross sectional area; I, is polar
moment of inertia of unit cross section to thexaxis; Mg, (x) is unit mass distribution function, for
homogeneous beam unit Mg, (x) = pA,.

After simplification, the equation can be written as:

1,, . \T . .
T = E ({mnr + (mn) M, ({mnr + Zmn)x (3)
where M, 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:

1 (L] fou(x;, )\ *v(x;;, )\ 2w(x;;, t)\’
v Zfo[e( ox )+Z< 0x? >+y( dx? )dx

1 (9e(xi )\
— L | ———=
+ 2[0 G p< o dx,

where E is the material’s stretching and compression elasticity modulus; G is the material’s

“4)
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shearing elasticity modulus; I,, is principal moment of inertia of unit cross section to the x axis; I,
is principal moment of inertia of unit cross section to the z axis.
After simplification, the equation can be written as:

1
V=28"KS, &)

where K, is element stiffness matrix.
2.2.3. The unit elastokinetics equation
Taking Eq. (3) and Eq. (5) into Lagrange equation:
4 ("’l) oL _ g
dt\a{ a¢  0¢ ’
the unit elastokinetics equation can be acquired:
Mo8n + KoSmn = Fig + Faq + Fsq. ©6)

For the mechanism in this paper, F;, is the generalized external force array of each unit; F,,,
is the force array which is caused by other units which connect with the objective unit working on
this objective unit, and F,, belongs to internal force of the mechanism, which can be cancelled
out when unit elastokinetics equations are assembled to the system elastokinetics equation; F,, is
the rigid body inertia force array of unit, F3, = —M_,§,.

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 A, of unit n on driving limb
m coincides with Ag(p41) of unitn + 1 on driving limb m; on driving limb m, the last unit b
connects the moving platform by spherical hinge, so three curvatures coordinates of unit b are
zero (The number of units that each expansion link is divided into is a, and the last unit on the
expansion link which endpoint is joint S; names b).

By synthesizing elastic displacement, elastic angular displacement and curvature of unit nodes
on driving limb m, 9b — 9a + 6 independent generalized coordinates can be gotten:

hm = [Zm(a+1)1 Zm(a+1)2 (m(a+1)9 (m(a+2)1 (m(a+2)9 Zibl (ib‘) (iblo (iblS]T- (7)

Relasionship between driving limb generalized coordinates h,, and unit generalized
coordinates (,, can be expressed as:

Cmn = Amnhm’ (3
where A is the transfer matrix form driving limb to unit.
2.3.2. Elastokinetics equation for driving limb

Elastokinetics equation for driving limb m can be written as:
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M™h,, + C™h,, + K™h,, = Q™, 9)

where M™ is the mass matrix of the expansion link, and M™ = Y2_, M, : C™ is the damping
matrix of the expansion link and C™ = Y2_, C™.: K™ is the stiffness matrix of the expansion link
and K™ =Yb_ KM™:. QM is the generalized force matrix of the expansion link, and

Q"= 22:1 Qmn-
2.4. Elastokinetics equation for system
2.4.1. The kinematical constraint
The kinematical constraint of the parallel robot mechanism is expressed as:
0 Zgmn —Yim

100
hgn=10 1 0 —Zz4, 0 X4, 1 ho, (10)
0 0 1 Y4 x4 0

where hg, is the displacement of spherical hingeS,,; hgy = AxXsm  AVem  Azg)T; hy is
displacement of moving platform caused by the elastic deformation of the expansion link;
ho = (Aa, AB, Ay, AXpo, AV, AZpo)T . X4, Y4, and Z4, express the coordinate of spherical
point S, 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:

Mohy = fo + Fy + Myhyy, (11)

where M, is generalized mass matrix of the moving platform; f; is resultant force and moment
array of driving limbs working on the moving platform; F, is resultant force and moment array of
external force working on the moving platform; hg, is moving platform nominal acceleration
array.

2.4.3. The elastokinetics equation for system
The system generalized coordinate can be written as:
h, = Ahy, (12)

where 4 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:

Mqhq + thq + Kqhg = Qq, (13)

where Cj is the system total damping matrix; M, is the system total mass matrix; K is the system
total stiffness matrix; @, is the system total generalized force matrix.
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By far, linear system clastokinetics equations based on the high speed spatial parallel robot
mechanism have been established. Egs. (10), (11) and (13) are the linear system elastokinetics
model.

2.5. Equation solving

As equation Mqﬁ + th + K, h = Q 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:

Umax (xmn: t) = |0amax (xmn: t) + O-bmax (xmn' t) + Ucmax (xmn' t) |!

0, (X, t 14
Tmax Cmn, t) = Grv2 % , (14)
mn
where:
0%z, 1) 0%y Ctyn, ) 0x (X, £)
Oamax = ET )y Opmax = EY————", Ocmax = Er——.

0x2n 0x2n 0Xmn
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:

o, = (04 — 0,)? + (0 _Zac)z + (o, — O-a)z’ (15)

where 0,, 0, and o, 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:

(K — w?My)A" =0, (16)
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wehere w is the system natural frequency, A’ is the i order natural mode of vibration (i = 1, 2..., n).
According to Eq. (16), system natural frequency is determined by the system total mass matrix
M, and the sytem total stiffness matrix K. 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

. Density, Stretching and compression Shear elasticity . .
Material g/cm’ Mass, kg elasticity modulus, GPa modulus, GPa Poisson ratio
Aluminum 2.70 36.28 72 26 0.32

Table 2. Parameters of the driving limbs

Material|  Density, g/cm® Stg;zggtgya;igs&l zrz:}s;;on Srillz?iilﬂ:’sg;g 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 mm?
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 poseof @ = 0, 8 = 0, ¥y = 7/2. And the X-coordinate of the center for the circle is 0.920,
the Y-coordinate of the center for the circle is —0.15, the Z-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:

xg = 0.920 + 0.03cos(2t),
yg = —0.15 4+ 0.03sin(2¢), (17)
Zg = 0, (O <t< 1),

where x5 is the X-coordinate of the center of moving platform, yg is the Y-coordinate of the
center of moving platform, zy is the Z-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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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.

S A b
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~ [=2]

L L L _2 L L L
10 15 20 25 30 10 15 20 25 30

Radius of the driving limb /mm Radius of the driving limb /mm

a) b)
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Radius of the driving limb /mm
©)

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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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.
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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.
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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.
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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.
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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.

Acknowledgements

This research is supported by the National Natural Science Foundation of China (Grant
Nos. 51005138, 11272190, 11272167), Shandong Young Scientists Award Fund (Grant
No. BS2012Z27008), Program for Changjiang Scholars and Innovative Research Team in
University (IRT1266), Taishan Scholarship Project of Shandong Province (No. tshw20130956),
Supported by Program for Scientific Research Innovation Team in Colleges and Universities of
Shandong Province, Special funds for Cultivation of Taishan Scholars, the Science Foundation of
SUST (Grant No. 2011KYJQ102), the project of Jiangsu key Laboratory of Digital Manufacturing
Technology (Grant No. HGDML-1104).

References

[1]  Piccin O., Bayle B., Maurin B., de Mathelin M. Kinematic modeling of a 5-DOF parallel mechanism
for semi-spherical workspace. Mechanism and Machine Theory, Vol. 44, Issue 8, 2009, p. 1485-1496.

[2] Chen Xiulong, Sun Xianyang Dexterity analysis of 4-UPS-RPS parallel mechanism. International
Journal of Advanced Robotic Systems, Vol. 9, 2012, p. 1-8.

[3] Chen Xiulong, Jia Shuaishuai, Deng Yu, Zhao Yongsheng Dynamic behaviors of rigid flexible
coupling for novel 4-UPS-UPU parallel coordinate measuring machine. Journal of Jilin University
(Engineering and Technology Edition), Vol. 41, Issue 4, 2011, p. 1020-1024, (in Chinese).

[4] Zhang Xuping, Mills James K., Cleghorn William L. Coupling characteristics of rigid body motion
and elastic deformation of a 3-PRR parallel manipulator with flexible links. Multibody System
Dynamics, Vol. 21, Issue 2, 2009, p. 167-192.

[5]1 Xu Qingsong, Li Yangmin Statics and dynamics performance evaluation for a high precision XYZ
compliant parallel micromanipulator. 2007 IEEE International Conference on Robotics and
Biomimetics, 2008, p. 65-70.

[6] Leed.D., GengZ. A dynamic model of a flexible Stewart platform. Computer and Structures, Vol. 48,
Issue 3, 1993, p. 367-374.

[71 Kang B., Mills J. K. Dynamic modeling of structurally flexible planar parallel manipulator. Robotica,
Vol. 20, Issue 3, 2002, p. 329-339.

[8] Kang B., Yeung B., Mills J. K. Two-time scale controller design for a high speed planar parallel
manipulator with structural flexibility. Robotica, Vol. 20, Issue 5, 2002, p. 519-528.

[9] Wang Xiaoyun, Mills James K. Dynamic modeling of a flexible-link planar parallel platform using
a substructuring approach. Mechanism and Machine Theory, Vol. 41, Issue 6, 2006, p. 671-687.

[10] Zhao Yongjie, Gao Feng, Dong Xingjian, Zhao Xianchao Dynamics analysis and characteristics of
the 8-PSS flexible redundant parallel manipulator. Robotics and Computer-Integrated Manufacturing,
Vol. 27, Issue 5, 2011, p. 918-928.

[11] Xu Yundou, Yao Jiantao, Zhao Yongsheng Inverse dynamics and internal forces of the redundantly
actuated parallel manipulators. Mechanism and Machine Theory, Vol. 51, 2012, p. 172-184.

4110 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716



[12]

[13]

[14]

[13]

[16]

17]

[18]

[19]

[20]

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

Wang Shaochi, Hikita Hiromitsu, Kubo Hiroshi, Zhao Yongsheng, Huang Zhen, Ifukube Tohru
Kinematics and dynamics of a 6 degree-of-freedom fully parallel manipulator with elastic joints.
Mechanism and Machine Theory, Vol. 38, Issue 5, 2003, p. 439-461.

Piras G., Cleghorn W. L., Mills J. K. Dynamic finite-element analysis of a planar high-speed,
high-precision parallel manipulator with flexible links. Mechanism and Machine Theory, Vol. 40,
Issue 7, 2005, p. 849-862.

Liu Shanzeng, Yu Yueqing, Sun Li ying, Yang Jianxin Dynamics modeling and frequency analysis
of a 3-RRS flexible parallel manipulator. China Mechanical Engineering, Vol. 19, Issue 10, 2008,
p. 1219-1223.

Chen Xiulong, Wei Deyong, Li Wenbin, Deng Yu Nonlinear elastodynamic behaviour analysis of
high-speed spatial parallel coordinate measuring machines. International Journal of Advanced Robotic
Systems, Vol. 9, 2012, p. 918-928.

Lu Y., Zhao J., Zhang L., Wang Y. Study on the dynamic characteristics of a virtual-axis hybrid
polishing machine tool by flexible multibody dynamics. Proceedings of the Institution of Mechanical
Engineers, Vol. 218, Issue 9, 2004, p. 1067-1076.

Liu Dejun, Huang Qingcheng, Che Rensheng, Ai Qinghui A measuring model study of a new
coordinate measuring machine based on the parallel kinematic mechanism. Measurement Science and
Technology, Vol. 10, Issue 11, 1999, p. 1020-1024.

Khan Waseem Ahmad, Krovi Venkat N., Saha Subir Kumar, Angeles Jorge Modular and
recursive kinematics and dynamics for parallel manipulators. Multibody System Dynamics, Vol. 14,
Issues 3-4, 2005, p. 419-445.

Chen Xiulong, Feng Weiming, Sun Xianyang, Gao Qing Kinematics analysis of a parallel coordinate
measuring machine. International Journal of Advanced Robotic Systems, Vol. 10, 2013, p. 1-6.

Wu Peidong, Xiong Hegen, Kong Jianyi Dynamic analysis of 6-SPS parallel mechanism.
International Journal of Mechanics and Materials in Design, Vol. 8, Issue 2, 2012, p. 121-128.

Xiulong Chen received the B.S. degree in Mechatronic Engineering from Hebei Normal
University of Science and Technology, China, in 1999 and M.S. degree in Mechanical
Design from Yanshan University, China, in 2002. He received his Ph.D. degree in
Mechatronic Engineering from Yanshan University, China, in 2005. He is an Associate
Professor at College of Mechanical and Electronic Engineering, Shandong University of
Science and Technology, China. His research interests include nonlinear dynamics, smart
materials and parallel mechanism, etc.

Xiaoxia Liang received M.S. degree in Mechanical Design from Shandong University of
Science and Technology, Qindao, China, in 2015. Now she is a Ph.D. student with London
South Bank University, London, United Kingdom. Her current research interests include
elastokinetics, parallel mechanism dynamics and optimization design.

Yu Deng received M.S. degree in Mechanical Design from Shandong University of
Science and Technology, Qindao, China, in 2012. Now she is a Lecturer at College of
Mechanical and Electronic Engineering, Shandong University of Science and Technology,
China. Her current research interests include parallel mechanism dynamics and
optimization design.

Qing Wang received the B.S. degree in Mechanical Department from Peking University,
China, in 1986 and M.S. degree in Engineering Mechanics from Shandong University,
China, in 1991. He received his Ph.D. degree in Engineering Mechanics from Tongji

Q University, China, in 1996. He is a Professor and Director at Institute of NanoEngineering,
. °) Shandong University of Science and Technology, China. His research interests include

L nonlinear dynamics and nano technology, etc.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716 4111




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


