1812. Nonlinear characteristic analysis of high-speed
spatial parallel mechanism

Xiulong Chen', Yunfeng Li%, Yu Deng?, Wenbin Li%, Xiaoxia Liang>, Qing Wang?®
12,34, 5College of Mechanical and Electronic Engineering,

Shandong University of Science and Technology, Qingdao 266590, China

%College of Civil Engineering and Architecture,

Shandong University of Science and Technology, Qingdao 266590, China

ICorresponding author

E-mail: exIdy99@163.com, >yunfengkd@163.com, 3dengyuwork@126.com, *“liwenbinand@163.com,
Sskdjdbx@163.com, Sprofgwang@163.com

(Received 21 April 2015, received in revised form 14 July 2015; accepted 28 July 2015)

Abstract. In order to grasp the nonlinear characteristic of high-speed spatial parallel mechanism,
the analysis of nonlinear characteristics for spatial parallel mechanism is investigated. The
nonlinear elastic dynamic equation of 4-UPS-UPU high-speed spatial parallel mechanism is
derived by kineto-elastodynamics theory, the dynamic equation is solved by numerical method,
the nonlinear characteristic of the parallel mechanism is analyzed by phase diagram. Numerical
results show that 4-UPS-UPU high-speed spatial parallel mechanism exhibits typical nonlinear
characteristic during exercise, the factors, such as the motion trajectory of parallel mechanism, the
material of driving limbs, the diameter of driving limbs and the mass of moving platform, are also
have effect on nonlinear characteristics of parallel mechanism. Therefore the reasonable choice of
the above factors can weaken the chaos motion. This researches provide important theoretical base
of the chaos suppression for spatial parallel mechanism.
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1. Introduction

The spatial parallel mechanism, which has advantages of high speed, high precision, good
dynamic performance, high stiffness and tight construction, has been paid more attention [1, 2].
The stiffness of all parts in spatial parallel mechanism is different, for example, the stiffness of
telescopic rod in driving limbs is far below the stiffness of moving platform. In high speed and
high acceleration conditions, the spatial parallel mechanism is a rigid-flexible dynamic coupled
system due to the geometry nonlinearity and coupling effect between rigid body motion and elastic
deformation, and exhibits strong nonlinear characteristics. Therefore, in order to reveal and
improve the dynamic behaviors, meet the needs of the design, the nonlinear characteristics of
spatial parallel mechanisms must be investigated.

Up to now, the overwhelming majority of the analysis of elastodynamic behaviors for parallel
mechanism are implemented within the linear theory framework [3-8], so the results obtained,
which have bigger error [9-11], can not reflect the influencing factors of dynamic behaviors and
actual dynamic behaviors, and then affect the dynamic optimal design. Besides, the existing
studies are mainly focused on planar parallel mechanism, while less on spatial parallel mechanism.
And that the study of the nonlinear characteristics of high-speed spatial parallel mechanism is
quite few.

The elastic dynamics equation of 4-UPS-UPU 5-DOF high-speed spatial parallel mechanism
(see Fig. 1) is derived by kineto-elastodynamics theory in this paper, the nonlinear characteristics
are analyzed by Newmark method and phase diagram, the relationship between nonlinear
characteristics and the factors, such as the motion trajectory of parallel mechanism, the material
of driving limbs, the diameter of driving limbs and the mass of moving platform, are discussed.

2. Elastic dynamics model of spatial parallel mechanism

When defining the telescopic rod in driving limbs as elastomers, the nonlinear dynamic model
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of the 4-UPS-UPU high-speed spatial parallel mechanism is established as follows.
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Fig. 1. Mechanism diagram of 4-UPS-UPU Fig. 2. Model of beam element

2.1. Model of rectangle beam element

The rectangle beam element is adopted to model the spatial parallel mechanism, as shown in
Fig. 2. The elastic displacement and elastic corner of arbitrary point on the axis of element are
given by:

W (x,t) = NI, 1

W, (x,t) = NI§, )

W,(x,t) = NZ6, 3)

P (x,t) = NJ 6, (4)
T

P, (x, ) = <%) 5 =NIs, 3)
T

0, t) = (f’(,)ix) 5 = NIs, ©)

where W, (x,t), W, (x,t), W,(x,t) are elastic displacement along x, y and z axis, ,(x,t),
Yy (x,t), P, (x,t) are elastic angle around x, y and z axis. § is generalized coordinate vector for
unit. Ny, Ng, N; and N, are displacement functions for unit.

The speed of arbitrary point on the axis of element is given by:

War (3, 8) = Wy + Wi, 1), (7
Way (x, £) = Wiy (x, 1) + Wy (x, 1), ®)
W, (x, 1) = Wy, (x, t) + W, (x, t), ©)
Pax (6, ) = Py (6, 8) + 1 (x, 1), (10)

where W, (x,t), Way(x, t), W,,(x,t) are absolute velocity along x, y, z direction, W, (x, t),
Wy (x, ), Wy, (x, t) are rigid body velocity along x, y, z direction; W, (x, t), W, (x, t), W, (x, t)
are elastic velocity along x, y, z direction, Yz, (x, t), ¥, (x, t), Y, (x, t) are absolute angular
velocity, rigid body angular velocity and elastic velocity around x direction.

2.2. Dynamic model of rectangle beam element
2.2.1. Kinetic energy of beam element

The kinetic energy of beam element without considering the rotational energy can be expressed
as:
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1 (L AW, o, O\ [(dW,, (6, O\°  [dW,,(x D)\
T=§f0 m(x) [<—dt ) +<—th ) +<7dt ) ]dx

1 (L (dg, (o))
+ZLP%( dt ’

where L is the length of the beam element, p is the mass density of the beam element, A is the
cross sectional area, m(x) is mass of the beam element, and m(x) = pA, I, is polar moment of
inertia of cross sectional area to x axis.

(11

2.2.2. Deformation energy of the beam element

The deformation energy of the beam element considering geometric nonlinearity is written as:

92w, (x t) 92w, (x, )\’ 1 (L (e (o))
IL,|—— - L|———
jl )+y( LN gy L[, (M)
2

1 W, (x,0)  1[(aW,(x,t)\° 1[0W,(x,O\* 1[/0W,(x )\’

—EA - —(—— —|— dx,
* 2 J; 0x * 2 0x * 2 ox * 2 ox *
where E is elastic modulus of tension and compression; G is shearing modulus of elasticity; I, I,
and I, are principal moment of inertia of unit cross section to x, y, z axis.

(12)

2.2.3. Dynamic model of the beam element

Putting Eq. (11) and Eq. (12) into Lagrange equation, we can get:

d(a_T) aT av (13)

— ——+—=F,
dt\gs/ 96 06
where § is the first-order derivative of unit’s generalized coordinate vector §; F is the generalized

force for unit.
From Eq. (13), the elastic dynamic model of beam element is given by:

M,6 +K:6 =F,+ P, + Q,, (14)

where F, is generalized force array of element caused by external applied load, P, is force array
of research element caused by connecting beam element, Q, = —M$, is the rigid inertial force
array, 0, is unit rigid body acceleration described by generalized coordinate vector, & is the
second-order derivative of unit’s generalized coordinate vector §; M, is the unit mass matrix, K,
is the unit stiffness matrix with considering nonlinear factors.

2.3. Kinematic constraint equations

The kinematic constraint equations of spatial parallel mechanism are written as:

1 0 0 0 AZi —AYy;
gs;=10 1 0 _AZSi 0 AXSi 9o, (15)
0 0 1 Ay X 0

where 4Xg;, 4Y5;, Zg; is the coordinate of S;, qs; = [6imi0 Oimi1  Oimizl” is the elastic
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displacement vector of S; on U;P;S; driving limb, q, is the displacement of moving platform
caused by elastic deformation, 6;,10, Oim11 and O;p12 are unit (the unit m on driving limb i)
generalized coordinate vector in coordinate system {A}.

2.4. Dynamic constraint equations

The dynamic constraint equations of spatial parallel mechanism are written as:

ZFix ZFox
my 0 0 0 0 07, ZFl-y ZFoy
0 my 0 0 O i
0 0 m O 0 s ZFzz ZFoz
0 0 0 L Ly Lel|lg,|™ ZM' + ZM
0 0 0 Ly I, I, lqu ix ox
0 0 0 Iy I Il ZMW ZM"Y 16)

ARNNA

Me 0 0 0 0 07X
|0 my 0 0 0 o0y,
_I 0 0 my O 0 0 I 7,
10 0 0 Ly Ly Lj|5}
lo 0 0 Ly Iy, I, J ;

0 0 0 Iy L, Ll

where ¥ F,y, X Foys X Fozs X Moy, X My, ¥ M, are the force and moment of moving platform
caused by external applied load, Y. Fiy, . Fiy, 2. Fiz, 2, My, 2. M;y,, 3. M;, are the force and moment
of moving platform caused by driving limbs, I,,,..., I,, are the rotational inertia of moving platform,
m, is the mass of moving platform, ¢4, G,,..., §¢ are the acceleration of a moving platform, which
contain 3 linear acceleration and 3 angular acceleration, X5, Yy, Z5 are the second-order derivative
of position coordinates; &, § and ¥ are the second-order derivative of Euler-angle coordinates.

2.5. Dynamic model of the spatial parallel mechanism

When assembling the dynamic model of each element, we can get the dynamic equation of
each driving limb. The dynamic model of 4-UPS-UPU High-speed spatial parallel mechanism,
which is obtained by combining the dynamic equation of each driving limb, kinematic constraint
equations and dynamic constraint equations, is given by:

Mg+ Cq+Kq=0Q, (17)
where M = Y7, RTM;R; + RIMyR, is the mass matrix, C = Y.7_, RF'C;R; is the gross damping
matrix, K = Y.?_; RTK;R; is the stiffness matrix, Q = Y;_, RT P; + Rl Q, is the generalized force
matrix, q is the generalized coordinate of system, R; is the transfer matrix from driving limb’s

generalized coordinates to system’s generalized coordinates, R, is the relation matrix between
displacement vector of moving platform and generalized coordinates of the system.

3. The analysis method of nonlinear dynamics characteristic
The elastic dynamic equation of 4-UPS-UPU high-speed spatial parallel mechanism is a

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2015, VOLUME 17, IsSUE 7. ISSN 1392-8716 3977



1812. NONLINEAR CHARACTERISTIC ANALY SIS OF HIGH-SPEED SPATIAL PARALLEL MECHANISM.
XIULONG CHEN, YUNFENG L1, YU DENG, WENBIN LI, XIAOXIA LIANG, QING WANG

variable coefficient differential equation, the equation is commonly solved by time-discrete
method. In other words, the motion time of mechanism (T) is divided into a number of time units
(At = T/n), and the elastic dynamic equation, which is regard as a second-order differential
equation with constant coefficients, is solved in each time unit. Newmark method is an effective
method for solving this type of variable coefficient differential equations. The basic idea of the
Newmark method is described as follows.

1) The method does not require any time to meet the motion equations, just require the time in
discrete points to meet the motion equations.

2) The relationship between displacement, velocity, acceleration and time are assumed in the
scope of At.

The phase diagram, which describes the relationship between the vibration displacement and
vibration speeds, is one of the commonly used method to study the nonlinear characteristics of the
nonlinear dynamic system. In this paper, the nonlinear characteristics analysis of the 4-UPS-UPU high-
speed parallel mechanism are achieved by combining the Newmark method with the phase diagram.
That is applying Newmark method to solve nonlinear equations, getting vibration displacement and
vibration velocity, and then applying phase diagram to analyze nonlinear characteristics.

When knowing the solution of dynamic differential equation in t moment, the solutions of
dynamic differential equation in t + At moment obtained by Newmark method are written as:

Gerar = 4 + [(1 - /11)% + Aldt+At]At' (13)
Qevae = qc + q:AL + [(E - /12> G: + /1261.t+At] At?, (19)

where 0 < 4, < 1,0 < 1, < 1/2, A, and A, are parameters related to the accuracy and stability.
In t + At moment, the unknown quantity q;ya:, Grear and §ya, meet the system elastic
dynamic equation, so we can get:

MGeyar + Cqrene + Kqrane = Qrsac (20)

The Egs. (18), (19) and (20) are the basic equations of the Newmark method. The equations of
Qe+ae> Gevae and Geoap can be derived by the Egs. (18), (19) and (20). The elastic displacement
vector qy4a; in t + At moment can be obtained by Eq. (20), and the §syas, Grenr in t + At
moment can be obtained by Egs. (18) and (19), respectively.

The main steps of nonlinear dynamics analysis are as follows:

Step 1. Calculate the total system mass matrix M, stiffness matrix K and damping matrix C.

Step 2. Give the initial value of q;—¢,, Gr=t,> Gr=t,-

Step 3. Select the time step At, parameters 4; and A,, and calculate the constants of integration:

a=;a=/11 a=1 azi—lazﬁ—l
O LALZ TN T LA TR LAY 2T 22, T TP '

A
as = At <— - 1), a6 = At(l - Al)l a7 = /11At.

Step 4. Form the effective stiffness matrix of system:

K* =K+ ayM + a,C.
Step 5. Calculate the payload of t + At time:

Qisne = Qerar + M(aoq: + az2q; + asge) + Car1qy + asqr + asqy).
Step 6. Calculate displacement of t 4+ At time:
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K*Qrrar = Qtsac
Step 7. Calculate acceleration and velocity of t + At time:
Gerae = @o(Gesne — 9e) — @2G: — A3Ge, Gevar = e + A6l + Q7Grsnc
Step 8. Draw the curve of gy a:/qr+a¢ changes with time, get the phase diagram.
4. Calculation and analysis of nonlinear characteristics for the parallel mechanism
4.1. The parameters of 4-UPS-UPU spatial parallel mechanism

In the 4-UPS-UPU spatial parallel mechanism, the distance between the first Hooke joint of
the fixed platform and the center of the fixed platform is 780 mm, the other Hooke joints of the
fixed platform distribute around the circle with a radius of 720 mm. The hinge points of moving
platform distribute around the circle with a radius of 200 mm. The driving limbs are made of steel,
mass density is 7.801x10% kg/m?, elastic modulus E = 2.1x10'! Pa.

Shear modulus G = 8.0x10'" Pa, Poisson’s ratio is 0.29, the mass of moving platform is
36.64 kg. The length of oscillating rod in driving limbs is 0.76 m, the length of expansion link in
driving limbs is 0.88 m. The moment of inertia of the moving platform are I, = 0.948 kg'm?,
Ly, = 0.81x10% kgm?, I, = 0.56x102 kg-m?, I, = 0.66424 kg-n’, I,,, = 1.166x107 kg-m?,
Ly = 0.56x102 kg-m?, I, =1.166x107 kg-m® and I,, = 0.64 kg-m?, respectively.

4.2. Numerical example 1

The law of motion for 4-UPS-UPU spatial parallel mechanism is defined as (unit: s, m):

(X = 1.20,
Y = —0.15co0s(2t),
Z = 0.15sin(2t),

T[+T[t @1
“T 736 72"
— ety 0<t<1)
g 36 727 -

According to the given motion Eq. (21) of 4-UPS-UPU high-speed spatial parallel mechanism,
when the material of driving limbs are steel and aluminum, the phase diagrams are shown in Fig. 3.
From Fig. 3, the motion in the x-axis direction is irregular and bounded, so its movement is in the
form of chaotic motion, the motion in the y-axis direction is regular and cyclical, but it has
diffusion in the local scope, so its movement is in the form of quasi-periodic motion, the motion
in the z-axis direction is also in the form of quasi-periodic motion. By and large, the trajectory of
4-UPS-UPU high-speed spatial parallel mechanism, which is very complex and has a long-term
unpredictability, is a typical chaotic motion. And as shown in Fig. 3, the different material of
driving limbs have a certain effect on the phase diagram.

According to the given motion Eq. (21) of 4-UPS-UPU high-speed spatial parallel mechanism,
when the diameter of driving limbs are 10 mm and 40 mm, the phase diagrams are shown in Fig. 4.
From Fig. 4, the diameter of driving limbs have a certain effect on the phase diagram.

According to the given motion Eq. (21) of 4-UPS-UPU high-speed spatial parallel mechanism,
when the mass of the moving platform are 36 kg and 105 kg, the phase diagram are shown in
Fig. 5. From Fig. 5, the motion in the x-axis direction is chaotic motion, the motion in the y-axis
and z-axis direction are periodic motion. The motion of 4-UPS-UPU high-speed spatial parallel
mechanism is chaotic motion, and the different mass of the moving platform have a very obvious
effect on the phase diagram.
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4.3. Numerical example 2
The law of motion for 4-UPS-UPU spatial parallel mechanism is defined as (unit: s, m):

X = 0.95 + 0.09¢,

Y = —0.15cos(mt),
Z = 0.15sin(mt),
a=0,

=0 (0<t<1).

(22)

According to the given motion Eq. (21) of 4-UPS-UPU high-speed spatial parallel mechanism,
when the material of driving limbs are steel and aluminum, the phase diagram are shown in Fig. 6.
From Fig. 6, the motion in the x-axis direction is irregular and bounded, so its movement is in the
form of chaotic motion, the motion in the y-axis direction has the excessive trend from periodic
motion to chaotic motion, so its movement is in the form of quasi-periodic motion, when the
material of driving limbs is steel, the motion in the z-axis direction is regular, when the material
of driving limbs is aluminum, the motion in the z-axis direction is chaotic motion. And as shown
in Fig. 6, the different material of driving limbs have an obvious influence on the phase diagram.

According to the given motion Eq. (21) of 4-UPS-UPU high-speed spatial parallel mechanism,
when the diameter of driving limbs are 10 mm and 40 mm, the phase diagrams are shown in Fig. 7.
From Fig. 7, the different diameter of driving limbs have an obvious effect on the phase diagram.

According to the given motion Eq. (22) of 4-UPS-UPU high-speed spatial parallel mechanism,
when the mass of the moving platform are 36 kg and 105 kg, the phase diagram are shown in
Fig. 8. From Fig. 8, the motion in the x-axis direction is chaotic motion, the motion in the y-axis
direction is quasi-periodic motion, when the mass of the moving platform is 105 kg, the motion
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in the z-axis direction is regular, when the mass of the moving platform is 36 kg, the motion in
the z-axis direction is chaotic motion.
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Fig. 6. The phase diagram comparison with different material of driving limbs
4.4. Numerical example 3

The law of motion for 4-UPS-UPU spatial parallel mechanism is defined as (unit: s, m):

X =125,
Y = 0.16t,
Z = 0.16¢2, (23)

la=0,
B=0, (0<t<1).

According to the given motion Eq. (23) of 4-UPS-UPU high-speed spatial parallel mechanism,
when the material of driving limbs are steel and aluminum, the phase diagrams are shown in Fig. 9.
From Fig. 9, the motion in the x-axis direction is irregular and bounded, so its movement is in the
form of chaotic motion, the motion in the y-axis direction is regular and cyclical, but it has
diffusion in the local scope, so its movement is in the form of quasi-periodic motion, the motion
in the z-axis direction is also in the form of quasi-periodic motion. By and large, the trajectory of
4-UPS-UPU high-speed spatial parallel mechanism, which is very complex and has a long-term
unpredictability, is a typical chaotic motion. And as shown in Fig. 9, the different material of
driving limbs have a certain effect on the phase diagram.
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Fig. 8. The phase diagram comparison with different mass of the moving platform

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2015, VOLUME 17, ISSUE 7. ISSN 1392-8716

3983



1812. NONLINEAR CHARACTERISTIC ANALY SIS OF HIGH-SPEED SPATIAL PARALLEL MECHANISM.
XIULONG CHEN, YUNFENG L1, YU DENG, WENBIN LI, XIAOXIA LIANG, QING WANG

006 T T T T T T T w10°
aterial is aluminum 5
ooelk Mlaterial is steel il
3|
w 002 b
g 2 2}
= £
=] c
5 of 1 2 1t
o ]
= 2
= = gl
S .02t i <
= =
S z-r
=1 o
= o
= noat 4 2 a2t
ab
0061 b
af
008 . . L . L . L L 5 | L " L . L
& -5 -4 3 -2 -1 0 1 2 3 -4 -2 o 2 1 6 8 10
Displacement in x direction/m i 10'5 Displacement in y direction/m Wit
0.015 T T T T T T 0.08 T T
omr k!
@
L g 2
E 0.005 &
=] =
B E
s o T
< g
= =
=
= 0005 - i =4
=
001 k!
0ms L L . L L .
05 0 0s 1 15 2 25 3
Displacement in z direction/m w10t Resultant displacement/m w0t
Fig. 9. The phase diagram comparison with different material of driving limbs
04 T T T T T w10
Diameter of driving limb is 10mm 4 T T T T T T
03l — — — Diameter of driving limb is 40mm | Diameter of driving limb is 10mm
Sl — — — Diarneter of driving limb is 40mm | |
02r B
w 2r b
= ]
L 4 £
g o Sl ]
= =
2 b
= D
2 b 1 3 gl 1
S =
= =
g0y 1 = ]
=1 =
= o
=2 o
2t g 7l 1
03 B AL 1
04 L L L L L 4 . L L . 1 L
-8 -1 05 0 05 1 15 -2 0 2 4 5 g 10 12
Displacement in x direction/m ot Displacement in y direction/m w1t
004 T T T T T 04 T T T T T T
Diameter of driving limb is 10mm Diameter of driving limb is 10mm
003k — — — Diameter of driving limb is 40mm |4 035 —— — Diameter of driving limb is 40mm |4
> 7 T
ooz k! 03 A
o
£ -z
c oolf g £z 4
B 2
= O 1 T o0z A
= £
Zamp 1 Z 015 B
= @
>
0.02p k| 0.1 A
0.03p k! 00s A
004 ! I L L ! L ! il L I I L I L
05 0 0s 1 15 2 25 3 35 ] 0s 1 1.5 2 25 3 35
Displacement in z direction/m ot Resultant displacement/m T

3984

Fig. 10. The phase diagram comparison with different diameter of driving limbs

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2015, VOLUME 17, ISSUE 7. ISSN 1392-8716



1812. NONLINEAR CHARACTERISTIC ANALY SIS OF HIGH-SPEED SPATIAL PARALLEL MECHANISM.
XIULONG CHEN, YUNFENG LI, YU DENG, WENBIN LI, XIAOXIA LIANG, QING WANG

0.06 T T T T T T T i
Quality of mohile platform is 105ky 5

— —— Quality of mobile platform is 35kg
3

0.04 -

Quality of mobile platforrn is 105k ‘

] \ ‘ — — — Guality of mobile platform is 35kg

002 -

Welocity in ® direction m/s
Yelocity in v direction m/s
o

0061

008 L L . . L L . 5 L L . L . L
-6 A -4 -3 -2 -1 a 1 2 -4 -2 1} 2 4 B 8 10
Displacement in x directionfm th 1D'5 Displacement in y direction/m «10°
0.015 ) . 7 T r T 0.07 = T
J CQuality of mobile platform is 105kg f" \\ Quality of mobile platform is 105kg
_.——=. ———Quality of mobile platform is 35kg ool \ — — — Quality of mobils platform is 35kg
0.01F 1
/

0.005

.
Resultant velocity m/s

-0.005 -

Welocity in z direction m/s
=]

0.0mF

0015 ! : : !
b5 0 0s 1 15 2 25 3

Displacement in z diraction/m w10 Resultant displacement/m -+

Fig. 11. The phase diagram comparison with different mass of the moving platform

According to the given motion Eq. (23) of 4-UPS-UPU high-speed spatial parallel mechanism,
when the diameter of driving limbs are 10 mm and 40 mm, the phase diagrams are shown in
Fig. 10. From Fig. 10, the diameter of driving limbs have a certain effect on the phase diagram.

According to the given motion Eq. (23) of 4-UPS-UPU high-speed spatial parallel mechanism,
when the mass of the moving platform are 36 kg and 105 kg, the phase diagram are shown in
Fig. 11. From Fig. 11, the motion in the x-axis direction is chaotic motion, the motion in the y-axis
and z-axis direction are periodic motion. The motion of 4-UPS-UPU high-speed spatial parallel
mechanism is chaotic motion, and the different mass of the moving platform have a very obvious
effect on the phase diagram.

By comparing the phase diagrams of the given motion Egs. (1)-(3) of 4-UPS-UPU high-speed
spatial parallel mechanism, the chaotic motion occurs in the movement, the parallel mechanism
shows a typical nonlinear characteristics, and the different trajectory has an obvious effect on the
phase diagram of parallel mechanism.

5. Conclusions

1) The nonlinear elastic dynamic equation of 4-UPS-UPU spatial parallel mechanism is
established.

2) The dynamic equation is solved by Newmark method, the nonlinear characteristics of the
parallel mechanism is analyzed by phase diagram.

3) 4-UPS-UPU high-speed parallel mechanism shows chaotic motion in the movement. The
trajectory of the mechanism, the material of driving limb, the diameter of driving limb and the
mass of the moving platform have a certain impact on the nonlinear characteristics of mechanism,
respectively.
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