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The error model of the working accuracy of parallel mechanism was established in this paper. The
D-H matrix method and error independent method were used to analyze the clearance error of mechanism joint
based on the inverse position kinematics solution. The theoretical model describing the position error of the
moving platform position error affected by its joint clearance was developed when the moving platform was par-
allel to fixed platform in the ideal state; the clearance error model of 3-TPT Parallel mechanism was established
based on D-H matrix method and error independent method while the joint clearance error source was given.
The effect of joint clearance error on the working accuracy of 3-TPT parallel mechanism was analyzed by Monte
Carlo method. The effect of posture error due to revolution of the moving platform about coordinate axis on the
error of parallel mechanism was simulated and analyzed based on D-H matrix method in the non-ideal state.

In recent years, with the extensive application of parallel
mechanism, the research on parallel mechanism is also in-
creasing, but the accuracy of the solution of parallel mech-
anism has not been improved. Component parameters and
mechanism control system are the main references and index
of accuracy design of parallel mechanism, which influences
the machining quality of parts to a certain degree (Zhu et
al., 2017; Akhadkar et al., 2018a). With the increasing de-
mand of machinery manufacturing industry, automatic pro-
duction and processing quality has been improved. It is of
great importance to make the error of parallel mechanism
to achieve optimal and improve the processing capability of
manufacturing organization (Zheng et al., 2016; Akhadkar et
al., 2018b; Yan et al., 2015).

It is an important problem that one of each input structure
error was not cumulative and each branch error can cancel
others out in the machining accuracy of parallel mechanism.
But when it is applied on the actual production, due to the fact
that the configuration of mechanism is simple, it is found that
the machining accuracy of parallel mechanism is quite dif-
ferent from that of machine tool based on series mechanism
(Liang et al., 2012). With the wider application of parallel
mechanism in our life, the requirements of working accuracy

in the design of parallel mechanism have become increas-
ingly demanding (Zaeh and Siedl, 2007).

The research on parallel mechanism is becoming an im-
portant part of design for parallel mechanism as many ex-
perts and scholars are focusing cumulatively on its accuracy
problems. Considering that the parts of the parallel mecha-
nism must be flexible in the working space, there should be a
certain gap between the movements of adjacent joints to en-
sure the normal operation of mechanism (Subudhi and Mor-
ris, 2002). With the existence of the joint clearance, the actual
working accuracy of the parallel mechanism is rather low,
which affects the accuracy and performance of the mecha-
nism (Wu et al., 2013; Zhang et al., 2013). Therefore, the
research on the influence of clearance on accuracy of parallel
mechanism cannot be ignored. And it will play a significant
role in the error analysis of parallel mechanism.

Joint clearance is one of the main factors that lead to the
decrease of the performance of the mechanism, which leads
to the position and attitude error, impact and wear of the
end effectors. The mechanism designers try to eliminate the
clearance and the extra degree of freedom by the pre tight-
ening method, but it can lead to the difficulty of assembly,
and the higher accuracy and manufacturing cost are needed.



When the body is under the constraint, it is possible to lose
the degree of freedom so that it cannot be installed.

In the past research of the effect of clearance on the mech-
anism, the main application methods are the matrix method,
the vector method and the error independent action principle
method (Mihai and David, 2010). They have a strong com-
monality in the analysis of clearance impact on the mecha-
nism, and are suitable for the analysis of clearance error for
most mechanism (Amir and Alireza, 2015).

A branched chain of 3-RSR Parallel Robot was studied in
the reference (Hiwa and Gholamhasan, 2014), the platform
motion relative to the fixed plat-form position and orienta-
tion relation matrix was established by using D-H matrix,
the mechanism structure manufacturing errors to the end ef-
fect or error mapping model was deduced by adopting the er-
ror sources of differential method. The paper (Mikhael et al.,
2014) carried out a research on the crank slider mechanism,
they established the function relation between the slider mo-
tion and the center distance of the crank by using the vector
method; Literature (Singhee and Rutenbar, 2010) built error
model of PSS parallel mechanism by using vector method,
the calibration values of the mechanism were obtained by us-
ing calibration algorithm based on initial values and accord-
ing to the model error mechanism error source on the mov-
ing platform output end pose. Reference (Piras et al., 2005)
quantitatively analyzed the effect of component error of the
whole mechanism of hybrid five axis parallel mechanism by
using the independent principle of error and taking into ac-
count component manufacturing and assembly errors.

The clearance error of the parallel mechanism is the output
synthesis error of the working point of the moving platform
which is caused by the joint clearance of each branch. Com-
pared to the error of the traditional serial mechanism, the er-
ror of the individual branches of parallel mechanism will not
be linear cumulative. So its research methods and final results
are also very different from the series mechanism.

The first step of error modeling of parallel mechanism is
to establish the error model of the output point of the mov-
ing plat-form. Existing method for error modeling of paral-
lel mechanism is mainly considering the effect of each input
error on final output error while some dynamic factors are
existed such as no work load, which belongs to the field of
static error analysis.

Experts and scholars in many countries have carried out a
wide range of researches on clearance error. The reference
(Liang et al., 2012) put forward a new method to analyze
the impact mechanism of motion pair with clearance for the
space mechanism, which can achieve a more accurate evalu-
ation. This method is suitable for the plane or space, open or
closed chain structure, but not suitable for over constrained
mechanism. It belongs to the kinematic method and directly
determines the worst contact condition of the motion pair
with clearance, which is the cause of the maximum posi-
tion error (Amir and Alireza, 2015). The reference (Huang
et al., 2011) analyzed the error of parallel manipulators with

a chain gap and put forward a general error prediction model
that the maximum error prediction problem represented a
standard convex optimization problem, which can be used for
planar or spatial, constraints or non over con-strained manip-
ulators. Taking the robot, parallel manipulator with parallel
edges and the translational degree of freedom as an example,
this paper gives the derivation method of the maximum posi-
tion error in the general configuration and the given working
space. Reference (Dai et al., 2017) proposed a nonlinear er-
ror equivalent method to analyze the pose error of a parallel
robot with joint clearance. And it could be used in estimating
the calibration error, tolerance design and trajectory planning
of a spherical joint and slide pair comprised parallel robot.
Reference (Cavalieri and Cardona, 2018) proposed a new el-
ement for modeling three-dimensional revolute joints with
clearance. The equations of motion are solved with a non-
smooth generalized-« time integration scheme, in which the
constraints at velocity and position levels are satisfied exactly
without requiring the user to define any penalty parameter.

However, a few of scholars analyzed mechanism accuracy
and position error of parallel mechanism which affected by
the chain clearance (Liang et al., 2012). One of the main
sources of error of parallel mechanism platform is the instal-
lation error of parts manufacturing. And the joint clearance
error of the component is an important component for the
structural parameter errors. In order to improve the accuracy
of such mechanism, the possible errors were evaluated and
on-line error compensation was carried out by control sys-
tem for the purpose of accuracy machining. The error model
of the working accuracy of the parallel mechanism was es-
tablished in this paper. Through the analysis of the inverse
position kinematics solution, the D-H matrix method and er-
ror in-dependent method were used to analyze the clearance
error of mechanism joints. The theoretical model describ-
ing the position error of the movable-platform position er-
ror affected by its joint clearance was developed when the
movable-platform was parallel to fixed-platform in the ideal
state; the 3-TPT Parallel mechanism clearance-error model
was established based on the D-H matrix method and the er-
ror independent method when the joint clearance error source
was given. The Monte Carlo method was used to analyze the
effect on the 3-TPT parallel mechanism working accuracy
caused by the joint clearance error. The effect of the posture
error due to the revolution of the movable platform about co-
ordinate axis on the error of the whole parallel mechanism
was simulated and analyzed based on D-H matrix method in
the non-ideal state.

3-TPT parallel mechanism is consisted of fixed platform,
mobile platform, 3-driven links (2-Hooke and 1-Prismatic



Hooke joint

------------------------ Fixed platform
D A2 N 10) R ———

Prismatic pair - ---c.cc.coo.
Follow-up

platform

Hooke joint

3
AAAAAAAAAAAAAAAAA Motion
platform

---------------- Tool point

3-TPT Parallel Mechanism Schematic Diagram.

pair) and constrain mechanism, as shown in Fig. 1. The co-
ordinate systems of Op-XYZ and Op-XYZ are established
respectively in the fixed platform and the mobile platform.
The origin of the fixed platform coordinate system is coin-
cident with the fixed platform center, and the Z axis is ver-
tically downward and the Y axis through over the platform
hinge point B;. Positive X-axis and fixed platform BjB>
edge intersect each other; and origin point of moving coor-
dinate system Op-XYZ and the center of moving platform
are coincided, Z axis vertically downwards. X plane of Op-
XYZ is parallel to Y plane of Op-XYZ. The radius of the
fixed platform is R and the radius of the moving platform
is 7. BB; and PP; are Coordinate vectors in the respective co-
ordinate system of the fixed platform and the moved plat-
form respectively. BP; is the connection point of the mov-
ing platform and the coordinate vector in the fixed coordi-
nate system. ?¢p is the coordinate of the center point of
the moving platform in the fixed coordinate system. 9/ =
[8l; 31y 9l3]7T is the length error of link of parallel mecha-
nism, dp =[0B] dPT]T e R'®3 is the position error pro-
duced by the hinge center point position error in the ideal
state, 07 = [0¢ 30 Bgo]T is the pose error of the moving
platform, 97, = [dx dy 8z]7 is the center point of the mov-
ing platform, which is the working position error.

The inverse solution equations of the mechanism are ex-
pressed as follows:

li-ki=P —Bi=t,+5T-7P, — B 1)

Where i = 1,2, 3...k; is the unit vector of the extension di-
rection of the telescopic rod, and f;T is the transformation
matrix of the coordinate system of the moving platform with
respect to the coordinate system of the fixed platform.
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Differential equation of Eq. (1) is given:
i ki +1; - dk; = 31, + 08T - PP, + BT - 3°P, — 9B,  (2)

The movement platform of 3-TPT parallel mechanism moves
in parallel to the fixed platform without rotation. So 81@ T=0
then the following equation can be expressed as follows:

i ki +1; - dk; = dt, + BT -3°P, — 9B; (3)

Eq. (3) multiplied by the extension direction of the telescopic
rod k; on both sides of the same time, then the following
equations can be got as kl.T k=1, le -0k; =0, so,

=kl -ot,+kl BT -9"P — k] - 9B, 4)
T T B 1| 9P

ol =k -ty + |k 2T —k[ || %0 (5)
l

And at the same time, considering the influence of the gap on
the hinge center, the above formula is modified. Which,

Pp.
8li=kiT~at,,+[kiT-‘,§T —kf][aP’Jr””i} 6)

0B; +up,

In which u , is a space vector of fixed platform hinge on the
coordinates of fixed platform, u p, is the space vector of hinge
of moving platform on the coordinates of moving platform.
Integrated Error from three directions, the above Eq. (6) can
be written as,

dl=N-dt,+M-9dp (N
Where,
Ky
N = k2; eR¥3
k3
T T T
k' —xF 0 o 0 0
M=| 0 0 k' —kI' 0 0 | erR*®
0 0 0 0 &k -

The equation Multiplies N ! on both sides
3, =N""-9l—-N""-M-dp (8)

Eqg. (8) is the mathematical error model of the center of
the moving platform with the gap based on the D-H ma-
trix method. In which dp =[9B] aPT]" € R'8*! is the
joint clearance error of the source of input error, 0f, =
[0x dy 9z]17 is the work position error that is the center of
the moving platform.



Independent principle of error is that the effect on moving
platform working point of a link error of parallel mechanism
is considered separately, and other sources of error has noth-
ing to do with it, then the error function is established sep-
arately based on the influence of each error source, and the
influence on the accuracy of error sources to the working po-
sition is derived. Based on the principle of error independent
action, the working error of the moving platform is formed by
the superposition of the position error of fixed platform and
the hinge point of the moving platform, which are generated
by the hinge clearance. The platform position error equation
is as follows.

tp=f(U Bi P) ©

The position error of the 3-TPT parallel mechanism moving
platform can be obtained by the differential equation of the
Eq. (9),

3f af af

BB +33 oP; + —al (10)
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The other errors of the mechanism are not considered at the
same time, the length of the error is 0, that is d/ = 0, so only
analyzing the clearance of ring gap, then above Eq. (10) can
be expressed by following equation.

af 3 of
?l_aB,' +EiL o 0P )

1

atp = E?:l

Where 83;; and - af are the error transfer function of the fixed
platform and the movmg platform respectively.

Based on the principle of error independence, the influence
of the clearance of the hinge point on the moving platform is
analyzed, and It is assumed that there is no position error of
other hinge points on the moving platform. The position error
of the moving platform caused by the clearance of the mov-
ing platform can be added together with the position error of
the moving platform.

In the fixed coordinate system, (xp, yp, zp;) is the coor-
dinate of the base platform hinge point B; in fixed coordinate
system, (xp, Yp;, Zp;) is the coordinate of moving platform
hinge point P; in fixed coordinate system coordinates. Then
the three links of parallel mechanism could satisfy all the
condition in any position.

(xBi _xpi)2+(y3i _yPi)2+(ZBi _Zpi)2=li2 (12)
If there is no gap between the hinge points of the mov-
ing platform, the motion of the moving platform is moving
relative to the fixed platform, and the error of the moving
platform is caused by the error of the hinge point of the
fixed platform. Then the Eq. (12) is derivative as following

(i = 1129 3)’

(xB[. —xp[.) (AXB:' - Axm) + (yBi - yl?i) (AxB[. - Axp[.)
+ (e, —2p) (A2, — Azp) =0 (13)

Since the fixed platform hinge gap is the only factor
to be considered, the motion varieties of moving plat-
form are the same. So the error of the moving platform

[0x dy Bz]T is equal to the small change of the hinge point
[0xp, dyp, sz,.]T on the moving platform. So

or, = [ax,, ayp sz]T = [3XP,- dyp, 8ZPi]T

It is expressed based on 3-TPT Parallel Mechanism as fol-
lows:

XBy —Xp;1 YB —Yp1 By —Zp;
W=| xB,=Xp, YB,=Ypp ZB,—Zps
L *Bs —Xps YB3~ Yps B3 —Zp;
B X y—c¢ z2
3¢ c
| x N y+5 z (14)
3¢ c
_x—T y+§ z

SO

Wox, dyp 0zp]" = W[oxp dyp 0zp]

That is
XBy —Xp1 YBy —Yp1 ZBi —<p axP
XBy =Xpy YBy —Ypy ZBy —ZIpy dyp
XBy; —Xps YB3 —Yp3 ZB3; —Zp3 9zp
XB; — Xp; 0xp;
= XB; — Xp; 8_))B,' (15)
XB; — Xp; 8ZBi

If assumed that other hinges don’t exist gap, that is other
hinges points are in the right position relative to the fixed
platform, let i = 1, then Eq. (15) can be written as follows,

0xp X y—c z 0xp;
Wi oy, [{=] 0 0 0 yB; (16)
0zp 0 0 O 0zp;

It can be known by the kinematic analysis of the mechanism
that if |W| # 0, then W is reversible, so,

0xp X y—c¢ Z dxp,
8tB] = 8yp W_1 0 0 0 ayB1 a7
0zp 0 0 0 dzp,

In the same way, the influence on the position error of the
moving platform of other two hinge clearance of the fixed



platform are obtained shown as following.

oxp
3t32= 8yp
0zp
0 0 0 oxp
2
=w! x—i—? y+§ || ovm (18)
0 0" oL &
0xp
3t33= ay,,
9zp
0 0 0 dxp
_ 0 0 0 3
- . ) dys, (19)
_ - azp
> y+2 Z 3

The error influence coefficient of the hinge point position er-
ror of the fixed platform is respectively shown as follows,

X y—c¢ 2
o _ w'lo o o (20)
9B, 0 0 0
[ 0 0 O]
af —1 V3e c
—~ —w yo< ¢ 21
9B, o vty 8 @b
i 0 0 0]
[ 0 0 O]
af 1 0 0 0
Y =w 22
0B3 V3c +c (22)
x_ [ p—
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The above combined error transfer function is the position
error model of the hinge point of fixed platform. ifTi is the
transfer function of clearance error for Hooke joint. Because
of the mutual motion of the moving platform and the fixed
platform, it can be known that the influence of the gap error
between the two ends of each drive rod on the output position
error is equal to the influence of the Hooke joint, so

of _of

= . 23
0B; dP; (23)

If the gap error of each Hooke joint is known, then the end
output position error caused by the clearance error of Hooke
joint can be obtained. In the present work, because the er-
ror of joint of the mechanism is caused by the manufacturing
and installation process, it is considered that the gap error
of the structure is in accord with the normal distribution, At
the same time, the attitude error of the moving platform is as-
sumed to conform to the normal distribution. Then the effects
of above two errors on the overall error of the mechanism are
simulated. At last, the accuracy of the mechanism is obtained
considering the clearance and the attitude error of the moving
platform.

Axis A
—
i Drive rod sleeve
1
T =l
Outer frame - \\
: Inside frame

Hooke joint structure diagram.

The Hooke joint of 3-TPT mechanism is designed as a split-
type with inner and outer frame structure which rotates along
two separate axes for accomplishing two-dimensional rota-
tion of the connection of adjacent members. The structure of
Hooke joint is shown in Fig. 2. The Hooke hinge of 3-TPT
parallel mechanism has the inner and outer frame structure.
The outer frame and a fixed platform are fixed together, and
the inner frame rotates around a shaft frame, the driving rod
sleeve can rotate around the inner frame by an axis of rota-
tion, and the shaft frame and the axis of rotation can form
a cross shaft, and that the driving rod sleeve axis, the shaft
frame and the axis of rotation are mutually orthogonal. So
there are two rotational degree of freedom around the axis A
and axis B.

Since there are clearance errors in two mutually perpen-
dicular directions for Hooke Joint, they cannot be arbitrarily
superposed each other. Therefore it is necessary to consider
the output end position error caused by Hooke joint clearance
error in two directions respectively. In order to more directly
and clearly express the gap error in two directions, a coordi-
nate system O’-X'Y’Z’ is set up at the intersection of the two
axes of the hook hinge. Where, the plane X’ O’Y’ is parallel
to the plane of the fixed platform, X’ is parallel to the B axis,
w is the angle between X’ and the X axis in the base coor-
dinate system, Y’ is parallel to the A axis, and point to the
origin of base coordinate system. Then the transform matrix
which the coordinate system O’-X'Y’Z’ relative to the fixed
platform coordinate system O-XYZ is expressed as:

cospg  sinp O
Tpp =| —sinp cospu O 24)
0 0 1

Then the position transfer matrix of each Hooke hinge
Tg, Tp, T, Tp, Tp, Tp, can be obtained from the above
formula.

0 1 0
Tp,=Tp,=| -1 0 O 25)
0 0 1
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du is the joint clearance between Hooke joint outer frame
and a shaft A on each platform, in order to consider the
biggest impact caused by the error, namely, the probability
that the centre of each axis of hook joint outer frame falls on
an arbitrary point which on the circle with a radius of u is
equal, and the angle within the range of (0,2m) obeys uni-
form distribution. The outer ring joint clearance du and the
angle ou are independent each other, after respectively get-
ting the outer ring joint clearance and the angle of the sample
values au, the axis clearance of Hooke joint outer frame can
be obtained by following equations.

Ax? = Sucosau
AyA =0 (28)
AzA = Susinau

Similarly, du’ is the joint clearance between Hooke joint in-
ner frame and a shaft B on each platform, the probability that
the centre of each axis of hook joint inner frame falls in an ar-
bitrary point which on the circle with a radius of §u’ is equal,
and the angle au’ within the range of (0, 27r) obeys uniform
distribution, the inner ring joint clearance du’ and the angle
are independent each other, after respectively getting the in-
ner ring joint clearance and the angle of the sample values,
the axis clearance of Hooke joint inner frame can be obtained
by fowling equations.

AxB =0
AyB = 8u’ cosau’ 29)
AzB = su'sinau’

Then the relative error of the joint clearance of parallel ma-
nipulator of each Hooke joint with respect to the base coor-
dinate system is

[ Axp,] [ AxA 4+ AxB]

Ayg, | =Tg | Ay*+AyE (30
| Azp, | | AzA+AZB
" Axp,] [ AxA 4+ AxB]

Ayp | =Tp | AyA+AyE G
| Azp | | AzA+AZB

As the mentioned above, the effect model of clearance error
of parallel mechanism on work accuracy has been built. In or-
der to have a more intuitive response to mechanism clearance
effect on the accuracy of the mechanism, the error model ana-
lyzed above is simulated and carries out the relevant analysis
on accuracy of 3-TPT parallel mechanism. Because the clear-
ance of inner and outer ring of Hooke joint of 3-TPT Parallel
Mechanism belongs to machining error with very strong ran-
domness, the clearance error influence on accuracy can be
significantly described by using Monte Carlo random exper-
iment method, thus achieving the analysis of the error char-
acteristics.

In this paper, due to the fact that the joint clearance er-
ror belongs to errors generated in the manufacturing and in-
stalling pro-cess, the clearance error of mechanism is similar
to that of normal distribution, it also assumes that the posture
error of moving platform conform to normal distribution. The
simulation will be carried out by considering the effect on
working accuracy of clearance error and posture error.

Taking the 3-TPT parallel mechanism developed by
Northeast University as an example, the error analysis of the
mechanism is carried out. The parameters of each component
of the parallel mechanism are shown as follows. ¢ = 400 mm,
R = 650mm, r =250 mm. In order to analyze the influence
of the joint clearance error on the position error of the mov-
ing platform more directly, the inner and outer ring clearance
of Hooke joint are assumed as Su = §u’ = 0.08 mm. And the
clearance distribution angle cu accords with to uniform dis-
tribution in the range of (0, 2x), and the position synthesis
error of the moving platform is
—
oty

di, = ot |. (32)

The position error (position error of the moving platform) is
outputted by using the D-H matrix method for Monte Carlo
simulation in this part. As a sample size of 800, based on the
D-H matrix method, the simulation results of error of mecha-
nism that affected by joint clearance are obtained in the XY Z
three directions and the Synthetic direction.

It can be obtained from Figs. 3 to 6 that the output end
position error in the x, y, z direction caused by Hooke joint
clearance error all meet the normal distribution when input
error satisfy uniform distribution. Table 1 lists the statistical
parameters of the effect of the joint clearance error on the end
output position error in the different locations. By analyzing
the result data can be found that the effect of error of the joint
clearance on error in the Z direction of the moving platform
is very small. In contrast to x, the errors in the two directions
of Y are more significant, therefore the error in the y direc-
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Table 1. The statistical parameters of position errors influenced by joint clearance in different positions using matrix method.

EX) ol(x) EY) oy E(Z) 0%z E(ty) o’(dtp)
Figure 3 0.01152 0.0426 0.031 0.0416 0.0007 0.0231 0.0412  0.0223
Figure4  0.0126  0.0530 0.042  0.0276 0.0019 0.0144 0.0498  0.0284
Figure 5 0.00094 0.0396 —0.0417 0.0373 —0.00016 0.0152 0.0421  0.0203
Figure 6  0.0093 0.0655  0.0426 0.0402 —0.00012 0.0214 0.0454  0.0193

250

Frequency {/Hz

0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225
Error in X direction 6/mm

Figure 3. Frequency histogram of position error on working point
in (0, 0, 1000) by matrix method.

Frequency {/Hz

0.025 0.05 0.075 01 0125 015 0175 02  0.225

Error in Y direction 6/mm

Figure 4. Frequency histogram of position error on working point
in (100, 0, 1000) by matrix method.

tion is bigger. The position integrated error of moving plat-
form is E(dtp) € €(0.0411 ~ 0.050), which is smaller than
the input error, and it is one in ten or one in twelve of input
error.

3.2 The simulation analysis for the error of the joint
clearance by error independent method

The error independent action method is used in this analy-
sis, and the parameters of each component of the parallel
mechanism can be selected from the following parameters:
¢ =400mm, R =650 mm, r = 250 mm. Suppose the clear-
ance between Hooke’s hinges is u = 0.08 mm, included an-

www.mech-sci.net/10/287/2019/

250

Frequency f/Hz

0.025 0.05 0.075 0.1 0.125 015 0.175 0.2 0.225

Error in Z direction o/mm

Figure 5. Frequency histogram of position error on working point
in (0, 100, 1000) by matrix method.

250

200

150

100

Frequency f/Hz

50

0.025 ‘ 0.05 0.075 0.1 0.125 I 0.15 0.175 0.2 0.225
Error in synthesis direction o/mm

Figure 6. Frequency histogram of position error on working point
in (100, 100, 1000) by matrix method.

gle au in the range of (0,27 )and Obey the uniform distri-
bution. Based on the error model of D-H matrix method, the
error model is established by the method of matrix, and the
error of output position error is simulated by Monte Carlo
method. As shown in following Figs. 7-10, the sample size is
800, the error of the joint clearance of the mechanism based
on the error independent action method is simulated in the
XY Z three direction error and mechanism synthesis error.

It can be noticed from Figs. 7 to 10 that when input error
satisfy uniform distribution, the output end position error in
the X, Y, Z direction caused by Hooke joint clearance error
all meet the normal distribution. Table 2 lists the statistical

Mech. Sci., 10, 287-298, 2019
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Error in X direction 6/mm

Figure 7. Frequency histogram of position error on working point
in (0, 0, 1000) by error independent method.

Frequency f/Hz

0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225
Error in Y direction /mm

Figure 8. Frequency histogram of position error on working point
in (100, 0, 1000) by error independent method.

parameters of the influence in the different positions of the
position errors by error independent method.

Through the analysis of the data in Table 1 in the chart,
the error can be obtained that the effects of joint clearance
error of the moving platform in Z direction are lower than
the other two directions.

The platform position error E(dt,) € €(0.0361 — 0.496) is
one order of magnitude smaller than the input, it is one in ten
or one in fifth of input error. It can be obtained that 3-TPT
Parallel mechanism can effectively avoid error cumulative of
each joint and can offset a portion of input error through the
action of each member and reaches the higher position accu-
racy.

4 Analysis of the position error of the moving
platform caused by the attitude error of the
parallel mechanism

4.1 Attitude error modeling of parallel mechanism

In the ideal state, due to the constraint of the 3-TPT mech-
anism, the moving platform should be parallel to the base
platform. But in fact, the mechanism is often unable to reach

Mech. Sci., 10, 287-298, 2019

250

Frequency f/Hz

0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225
Error in Z direction o/mm

Figure 9. Frequency histogram of position error on working point
in (0, 100, 1000) by error independent method.

250

Frequency {/Hz

0.025 0.05 0.075 0.1 0.125 015 0.175 0.2 0.225
Error in synthesis direction 6/mm

Figure 10. Frequency histogram of position error on working point
in (100, 100, 1000) by error independent method.

the ideal posture due to the existence of the mechanism error,
the rod length error and clearance error. At this time the posi-
tion of the moving platform will be affected by the deviation
of its attitude and work position error. Because the effect of
different positions of the various error sources on the mech-
anism error is also different. So the effect moving platform
on different location should be considered when analyzing
accuracy of the mechanism.

In the fixed coordinate system, The coordinates of the
hinge point B; of the base platform are (xp,, yp;,zp;) in the
fixed coordinate system. And the coordinates of the hinge
points P; of the moving platform in the fixed coordinate sys-
tem are (xp,, yp;, 2p;)- Where i =1, 2, 3, there are three bars
in parallel mechanism under arbitrary attitude to meet the
condition equation.

Suppose that the length of the driving rod of the paral-
lel mechanism is kept constant, and the coordinate of the
three hinge points in the fixed coordinate system is (xp, +
TpXp;, Ypi +TpYp: Zp; +7pZp;) When the moving platform
is in an arbitrary attitude. Then each hinge point of moving
platform still meet the driving rod length constraint condi-

www.mech-sci.net/10/287/2019/



Statistical parameters of the influence in the different positions of the position errors by error independent method.

E(X) o2(x) EY) o2y E(Z) 0%(z) EWtp) o%(dty)
Figure 7 0.0013 0.0012 —0.0381 0.0018  0.00070 0.00021 0.0412  0.0068
Figure 8 —0.0030 0.0020  0.0400 0.0020  0.00042 0.00024 0.0496 0.00075
Figure 9 0.0161 0.0005  0.0318 0.0028 —0.00042 0.00019 0.0361  0.00082
Figure 10 0.0020 0.0011  0.0377 0.0064 —0.00071 0.00031  0.0403  0.00034

tions, then the equation is expressed as follows:

(xp +rpxp1)2 ‘2" (yP +7pYpr — C)2
+Hzp+rpzm) =1

2
V3c c\2
xp+r,,x,,2+T —i—(y,, +r,,y,,2+§>

+(zp +rpzp2)2 =1

2
«/§c c\2
Xp FTpXpy — 5= +()’p+’pym+§)

+(Zp +”pzp3)2 = 132

(33)

Where, the (rpx; rpy; rpzi) is the rotation increment of the
coordinates of each hinge point of the moving platform, and
the differential coefficient of Eq. (33) is given:

Xp+rpXp, Xp+TpXp, Xp+TpXp,
V3¢ 3¢
2
r Yp+TrpYpr—¢C Yp +rgyp2 Yp +l’cp)’p3 =0 (34)
+= +=
2 2
Zp +Tp2p Zp+TrpZpy,  Zp T Tpips
Where,
Axp+Arpxp Ay, +Arpyy  Azp +Arpzp,
F'=| Axp+Arpxp, Ayp+Arpy, Azp+Arpzp, 35)
Axp+ArPxP3 AyP+ArPyp3 AZp+Arpr3

Where, (Arpx,, Arpyp, Arpzp,) are the coordinate chang-
ing values of the hinge point coordinates respectively
due to the differential rotation of the moving platform.
(Ax p Ayp Az ,,) are the change value of center position of
the moving platform respectively caused by the differential
rotation of the moving platform. Prior to the differential ro-
tation of the moving platform, the moving platform and the
fixed platform can be considered to be in an ideal position.
Then rpx,, =rpyp =rpzp; =0, put this into above equa-
tion, it is given as follows:

V3e V3e
e
r c c =0 (36)
Yp—¢C yp+ E yp+ E
Zp Zp p

set (Pxp, Py, zp,) to the coordinates of the hinge point of
the moving platform in the coordinate system of the moving

platform, and the (& v &y é}z) is the differential rotation of the
moving platform around the three coordinate axes. Then,

ArpXp; T
Arpyp | =AR| Py, 37
Arpzp, PZPi
Where,
0 _";:z %_y
AR = 'i:z 0 _‘i:x
_Sy Ex 0

From Egs. (36) and (37), the error of the center of moving
platform caused by differential rotation of the moving plat-
form is given as follows,

Axp &
Ay, |=vl.@| & (38)
Azp &
Where,
Xp Yp—C€ Zp
3¢ c
U=| T ety
3¢ c
KON
Zp-r 0 Xp-t
r J3r r 3r
&= 5 T —Exp—kTyp
c r V3r r 3r
TYpiptIpy TIpcn Ipt o TR T

Differential rotation of the moving platform is (&, &, &;)
that represents the attitude error of the moving platform.
Equation (38) is the relationship between the posture errors
of the moving platform, which can be used to establish the
error mathematical model for further analysis.

According to the Eq. (38), the position error of the mecha-
nism moving platform can be calculated by the attitude error
of the moving platform, and the design parameters of the sys-
tem are r = 250 mm, ¢ = 400 mm, and then Eq. (38) can be
written as:

—1
Ax, Xp yp—400 z, £,
Ayp|=| x,4+250/3 y, 4250 z,| -@'| & (39
Azp xp—2507/3  y,+250 z, &



250z, 0 250x),
o — 120z, —125V/3z, —125x, +125V3y, 40)
—ypzp+200z, 12543z, —125x,,
—125z, —125V3y,

In the 3-TPT mechanism, Due to the length error of the driv-
ing rod, the gap error and the uneven temperature, the pos-
ture error may be caused by the attitude error of the mecha-
nism moving platform, and the attitude error is not a stable
value. The attitude error of the moving platform is & which
is in line with the normal distribution, and set the values are
o =0.000284 p = 0.00104. According to the structure char-
acteristic of 3-TPT mechanism, the connection between drive
rod and each platform are Hooke joint, hence the value of ro-
tation of the branch rod around its own axis is very small,
that makes rotation error of moving platform around the Z
axis is also very small, assume that &, is one in ten of &, and
&y. The simulation model is established with the above data
and formula to check the results.

It is noticed from the above analysis that the position er-
ror in the three directions and the position relation is rel-
atively independent. The distribution of the position error
Ax Ay Az in three directions is compared by simulating
in a working condition. The position error caused by the at-
titude error while the moving platform moving from —100
to 100 in Y-axis direction when x =0 and z = 1000 mm,
as shown in Fig. 11. the Position error caused by the atti-
tude error when y =0, z = 1000 mm and x = (—100, 100),
as shown in Fig. 12.

By comparing the results of the distribution of
(Ax Ay Az) in Figs. 11 and 12, It can be seen that
the maximum value of Ax and Ay can reach 0.977
and 1.514mm in the simulation range, while Az is only
0.304 mm. The fluctuation of Az is small in the simulation
range. Hence, The visible posture error has great influence
on the Ax and Ay errors of the position of the moving
platform, and has less influence on the Az. The influence
of Ax and Ay on the accuracy of the mechanism should be
researched in the process of product design.

Considering the influence of the attitude error of the mov-
ing platform on position error in three directions, the posi-
tion error (Ax Ay Agz) of the center point of the moving
platform along the XY Z axis is unified into a comprehensive
evaluation index dv = /(Ax)? + (Ay)2 + (Az)? for model-
ing. Then the influence of attitude error on the position er-
ror in the center of the moving platform is simulated when
z = 1000 mm and z = 800 mm, and the results are shown as
follows Figs. 13 and 14.

By observing and comparing Figs. 13 and 14, the value of
dv in the center of the plane center is very small, and with
moving away from the center point, the error increases. The
position error caused by the platform attitude error is smaller
when the center is near the center point, and the error in-
creases with moving away from the center point. And com-
pared the value dv along the x, y two axis, you can find that
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Position error caused by the attitude error when x =0,
z = 1000 mm and Y = (—100, 100).
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Position error caused by the attitude error when y =0,
z = 1000 mm and X = (—100, 100).

dv along the x axis changes relatively large with the change
of x, and it is smaller along the y axis with the change in y
direction, and it is more larger and more far away from the
center. Therefore, it should try to keep the working area at
the center of the plane when designing the mechanism.

Parallel mechanism system is a multi-closed-loop, multi-
branch error coupling structural system. The Accuracy of
parallel mechanism is an important part for researching and
designing of parallel mechanism. Due to the parallel mecha-
nism requires flexible movement in its workspace, there must
be some clearance between its adjacent joints to ensure the
normal operation of the mechanism. The existence of joint
clearance reduces the actual working accuracy of parallel
mechanism to a great extent, which affects the working ac-
curacy and performance of the mechanism. The influence of
clearance on the accuracy of parallel mechanism can not be
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ignored, and this will become an important part of error anal-
ysis of parallel mechanism. Compared with the traditional
series mechanism, the research methods of its accuracy char-
acteristics are much more complex. Considering the system
attitude error of hinge clearance, in this paper the error model
of the working accuracy of parallel mechanism was estab-
lished. The hinge clearance error of mechanism was differ-
entiated by using D-H matrix method and error independent
action method under the ideal state based on the obtained
mechanism inverse solution equations, then the influence of
clearance error on moving platform positioning error model
was deduced for further accuracy analysis and mechanism
design. The major findings are summarized as follows:

When the distance increases between moving platform and
fixed platform, the position error of parallel mechanism be-
come bigger and effect of Hooke joint clearance error on po-
sition error is more obvious.

The joint clearance errors on the combined effects of the
moving platform with two methods are respectively E(dt,) €
(0.0411 ~0.0498) and E(dtp,) € €(0.0361 —0.496). It is
shown that terminal position error of parallel mechanism is
an order of magnitude smaller than input error, about one in
ten or one in fifth of input error.

It can be noticed from simulation results that the effect of
position errors on overall accuracy of 3-TPT parallel mech-
anism is significantly small near working plane center, and
with the X axis location changing, it has little effect on ac-
curacy, and with the Y axis location changing, the effect be-
come bigger. The influence law was obtained from the above
analysis is of great significance for the design and analysis of
the parallel mechanism.
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