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Abstract: In order to researchkinematt reliability of 3-UPSPU parallel mechanism the structure and kinematics
analysiswereperformed Inversekinematicsequationcanbe derivedby homogeneousoordinatetransformatiorformula.
Position and orientationoutput error forward kinematicsmodel was obtainedby the differential transformationon the
basisof inversekinematicsolutionof the position. The curvesof the positionandorientationoutputerrorscanbe plotted
with a large batchproductionby adoptingMonte-Carlo simulationmethod.Then kinematicreliability of the mechanism
can be solvedthroughthe probability statisticsmethodand theoreticalsolution methodrespectively Finally, thesetwo
methodswerecomparedvith eachother. The resultsillustratethatthe resultsof the two methodsarebasicallyconsistent
andthe mechanisntanbework reliably andstablyundergeneraloperationswhich providessomevaluablereferencedor

therelatedfutureresearch.

Keywords: Error analysis kinematicreliability, kinematics Monte-Carlo simulation parallelmechanism

1.INTRODUCTION

Kinematic reliability is one of the importantindices to
evaluaé mechanism performance Parallel mechanisms
posses®utstandingmerits over the conventionakerialones
in termsof accuracy stiffness and load-bearingcapability,
thereforethey are widely employedin industries.However
the kinematictrajectay of the moving platform will deviate
its theoretical design result considering some inevitable
errors in design and manufacturing process and some
amountof wearafterthe parallelmechanisrmusagefor along
time. Oncethis deviationexceedghe allowancelimit valug
it will leadto the kinematicaccuracyof the mechanisnto be
invalid. So it is very necessaryto researchthe kinematic
reliability of the mechanism.At present most of the
domesticandforeignscholargesearchethe outputaccuracy
of the parallel mechanismwhich is basically established
under the condition of static state The researchabout
manufacturingand assemblytolerance and position errors
of parallel mechanismand driving componentsand the
externalrandom factors are still relatively few. Yang and
Bowling consideredthe randomof the original input error
and analyzedthe kinematicreliability aboutthe mechanism
[1, 2]. Zhang and Choid establishedkinematic accuracy
reliability analysismodel on the assumptiorthat the design
variablesand designparameter®beyed normal distribution.
They also had a tentative exploration about kinematic
accuracyreliability and robust design consideringdesign
parametersunder unknown probability distribution [3, 4].
Wang conductedthe researchon the accuracyof hybrid
assemblyrobot mechanismwhich is employedto national
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thermonuclear experimental reactor and performed the
simulationanalysisof the positionandorientationerrors|[5].
Sun and Yang analyzedkinematic reliability of the 3-RPS
parallel mechanismand calculatedcorrespondingeliability
by utilizing ADAMS software[6].

The main content of this paper is to researchthe
kinematicreliability of 3-UPSPU parallelmechanisnmwhich
is usedin the spraypaintingrobotthat canadjustits position
and orientationflexibility . Based on the inversekinematics
solution analysis we get the forward model of positionand
orientation output error through the differential
transformation The next we obtainedthe changs curvesof
the position and orientation output errors on the batch
production via the Monte Carlo simulation In view of
previouswork, we usetwo methodsto solve the kinematic
reliability of this mechanism.One is probability and
statistics method The other is the theoretical solution
accordingto theallowableprecisionrangeof the mechanism
by employing the command capaplotin the MATLAB
software. Finally, we can comparethe calculation results
with thesetwo kindsof method

2. THE STRUCTURAL DESCRIPTION OF THE
PARALLEL MECHANISM

Focusingon operationrequirementsof the automobile
parts spraying this paper apply 3-UPSPU parallel
mechanisminto the spraypainting.As shownin Fig. (1), the
positionandorientationof this robotOspraycanbe adjusted
by this parallel mechanism.Also, this spray can keep a
certaindistancewith the automobilepartsandfollow normal
direction with the face of the automobileparts which can
achieve high precision spraying to the automobile parts.

3-UPSPU parallel mechanismis mainly composedof
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fixed base and moving platform the three identical
extensibledriving limbs, and an intermediatepassivelimb.
The kinematictopology consistfrom baseto platform of a
Hooke joint, a moving link, an actuatedprismatic joint, a
secondmoving link, and a sphericaljoint attachedto the
platform The centrallimb connectingthe basecenterto the
platform is a passive constraining limb and has an
architecturedifferencefrom the otherlimbs. It consistsof a
prismatic joint attachedto the base a moving link, and a
Hooke joint attachedto the platform. The central limb is
employedto constrainthe motion of the platform to only
threedegreef freedom thatis, alongx andy rotationsand
alongz translation The structureis shownin Fig. (2).

Fig. (2). Thestructurediagramof 3-UPSPU parallelmechanism.

3. KINEMATIC ANALYSIS OF THE PARALLEL
MECHANISM

3.1. The Establishmentof Coordinate System

For the purposeof analysis asrepresentedn Fig. (2), a
fixed referencecoordinatesystemO— XYZ is connectedto
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the baseof the mechanismand a moving coordinatesystem
O0,—-XY/Z is connectedthe platform where Z and Z,

axesare perpendiculato the baseand the platform, and X
and Y axes are parallel to X, and Y, axes respectively.

Without loss of generality let the X axis direct point along
vectorO—B1 and the X, axis direct along vector O,4, . The
radii of the moving platformis r, , theradii of thebaseis T,

andthe initial heightis h. The points of attachmenbf the
actuatedlimbs to the base are representedwith B, and

position vectors of points with respect the reference

coordinatesystemcanbeexpresseads B=[ r, 0 0 ],

B,=[ -1,/2 3;,/2 01, and

By=[ -1,/2 —[3,/2 0], andthe pointsof attachment

of all limbs to the platform are representedwith A, and
position vectors of points with respectto the moving

coordinatesystemcan be expressecas A =[ r, 0 0],

A= r,/2 3r,/2 0],and

A /2 1N3,/2 01, for i=1,2,3, while point O,

is locatedat the centerof the platform andthe coordinateof
point O, with respecto O! XYZ is 0,(0,0,h).

3.2. The Inverse Kinematic Solutions Analysis

The orientation of the moving platform is described
according to the RPY rotation transformation The
orientationmatrix of the moving platform coordinatesystem
with respectto the reference coordinate system can be
expresse@s

RPY (¢,6,y) = Rot(Z,,¢)Rot(Y;,6)Rot(X,,y) @

The mechanisnmcan not revolutearoundthe Z axis. So,
thevalue ¢ of Angle is equalto zero.The orientationmatrix

alsocanbesimplified as
B Py Loy

R=| 0 o -w @)
-89 sy cOoy

where cis theabbreviatiorof cosine andsis for sine

Hencethe positionvectorof the point A; with respecto
thereferencecoordinatesystemis obtainedas

A, =R-A+0, 3)

A vectorloop equationcan be written for eachactuated
limb asbelow

L =°A B =(R"A.+0))! B, 4
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The functiors of the inversekinematicsolutionaboutthe
threedriving limbs canbe computedby dotmultiplying L, ,

and positive squareroots were selectedto yield a unique
solution

l, = (cos(@)xr,—1,)* +(-sin(@) x r, + h)? (5)
1 1. . 1

l,=( Ecos(")ra+§sm(”)sm(#)$3(”2)ra+5rb)2

+(%Cos(#)$3(”2’ra! %$3<”2> r)’ + (6)

(%sin(")ra + %cos(" )sin@ )3¥?r_ +h)?

1 1 1
= Ecos( ), ! Esm( )sm(#)$3(”2)ra+§rb)2

+(! %cos(#)$3<”2) ra+%$ 3y + 7)
(% sin(")r, ! %cos(" )sn@)$ 3¥2r_ +hy?

Once the structural parameters and position and
orientation are obtained it is easy to calculate to the

displacemenof thedriving actorsof the parallelmechanism.

4. ERROR MODELING OF THE PARALLEL
MECHANISM

Consideringall error sourcessuch as the bar length
errors,the ball joints and Hooke joints installationerrorsof
3-UPSPU parallel mechanism, we use differential
transformatiormethodto solvepositionandorientationerror
of endeffector[7].

Supposethe |, is inverse kinematic solutions can be

written as
IIn=°A"B=(RIA+0)" B (8)
where n, is theunit vectorof the barlength.

The kinematictheoreticalerrormodelcanbe obtainedby
differentiatingEquation(8) asfollows:

dl,In +1. 1dn = dRIA +dA IR+d0 " dB 9)

Dot-multiplying both sidesof Equation(9) by »",, leads
to

n'-dl-n+n" -l,-dn =

10
n',-dR-A+n",-dA-R+n',-dO,—n";-dB (10)

In order to establishthe forward kinemtaic solutions
model of position and orientationerror, we shouldsimplify
Equation(10) and eachformula canbe arrangedn turns as
follows:

We can obtain the Equation(11) when we considerthe
propertyof the unit vector

n'. -dl,-n=dl (11)
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In terms of the differential relation of parallel
mechanismwe cangetthe Equation(12)

dn, = An, -n, (12)
where
?L 0 "#n, #n, .
! ni=§ #n, 0 "#n ) (13)
%" 7, #n, 0

RearrangingEquation (12) and Equation (13), we can
obtainthefollowing relation.

n',l-dn,=0 (14)

The mechanismcan not revolute around the Z axis,
similarly, n",-dR- A, canbearrangedas

" IdRIA =N, IR "#1A +nT, 1R 1"$ I A (15)

wherg 6R, and OR, denoteda vector of small rotations
along X andY axes respectively.

Owingto dO, canbewrittenas

0
do=l O (16)
dh
Therefore
n',!dQ,=n,!dh 17)

where n, isthethird of theunit vector n, of barlength.

After a seriesof simplifies the Equation (14) can be
written as

di=n" "R I“# 1A +n" 1"R 1"$IA + 8
n,!dh+n" 1dA'R%n", 'dB
Assumingthat
/.=dl., ! A=dA ,! B=dB (19)

SubstitutingEquation (19) into Equation(18), one can
generate

5li=|: n';-OR, A, nTi'aRy'A" i ]

oy 5 (20)
60 +|: n.-R -n', :| s
Sh B,

Rearranging Equation (20) allows the derivation of
expressionn amatrix form
=3,""D+J,"'m (21)
Where
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H=g 11, 1> =RnL IR IA, LR IA, g,

S0 Y BUURIANLIRIA &

g”s & ?nTgl"R!As n,I"RIA; ng, |
A Y
$ A,
g0 3B
& IA,
ID=g I# ),!m:$ Ao L
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5. KINEMATIC RELIABILITY SOLUTION
ANALYSIS OF THE PARALLEL MECHANISM

5.1. Kinematic Reliability Definition and Evaluation Index

Kinematic reliability of mechanismexpresseshe ability
to accurately timely and harmoniously complete the
prospectivemovementtrajectory under the condition and
time. The kinematic reliability can be presentedby the
probability, which the kinemtaticoutputerrorsare lessthan
the maximal allowancelimit error. The reliability can be
expressedwith R, which can be widely employed as
evaluationindex for assessinghe kinematic reliability of
mechanism$9].

Set output parameteof the mechanisnis Y (t) which is
the random variable and whose range of allowance limit
erroris [Y,,Y,], Y, and, is the upperlimit and the lower

limit of allowancelimit error, respectively When Y (t) fell
into the limit range we may think the work state of the

If the mechanismis away from singularities and J is
invertible, the forward kinematic solutions model of the
position and orientation error of 3-UPSPU parallel
mechanisntanbe expresse@s

"1 n 7"l $ "1 n 7"l ! $ !I '
ID=J \H#I"J (W, #m=3J ", "J #, 1#&, ) (22)
0p' M (
Suppose
_# g1 11 n & _" ! Y
KE=%.J Yo, FTE=¢ '
3{0 X x Yp ( b m P
Hence Equation(22) becomes
ID=KE"E (23)

It should be noticedthat in Equation(22), / D" R* is
the positionand orientationoutputerror of moving platform
of endeffector KEeR™' is the error transformation
matrix which consideredhe barlengtherrors the ball joints
and Hooke joints installation errors of 3-UPSPU parallel
mechanism and ! E" R*™ is the error source vector
included the bar length errors the ball joints and Hooke
jointsinstallationerrors[8].

(318) mechanisnis reliable.

Theprobability of event[Y, <Y () <Y,] canregardasthe
reliability of the mechanism

R=P(Y, <Y(t)<Y,) (24)

The failure probability of the mechanism can be
expresse@s

P, =1-R=1-P(Y <Y () <Y) (25)

5.2. The Solution Procedure of Kinematic Reliability

On the basisof joints point installation errors and bar
length errors dataof 3-UPSPU parallel mechanismin this
paper we combinal positionand orientationoutputerror of
theoretical mode| and usel the Monte Carlo simulation
methodto study reliability of endeffectorin three position
and orientation directiors under the batch production
condition

The Monte Carlo simulation methodis also namedas
statistical simulation or statistical test method [10]. This
methodis mainly to constructa seriesof randomnumbers,
andthento solve practicalengineeringapplicationproblems
combinedwith probability and statisticsmethod The basic
idea can be outlined as follows: on the basis of the
mathematical model that was performed to solve the

Table1l. The error sampling mean of parallelmechanism in the batch production.
(' A,) E(A) E(sA,) E(!8,) E(s8,) E('B,) E(1,)
0.01 0.01 0.01 0.01 0.01 0.01 0.01
Table2. The sampling variance of errorof parallel mechanism in the batch production.
D(’A,) p(1A) (A, D(s8,) p(s,) D(!B,) D(s1,)
0.02 0.02 0.02 0.02 0.02 0.02 0.02
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practical problems, we construct stochastic simulation
numbers of the model parameters,and then solve by
sampling method. From that, we can get the probability
value of the problem, or their digital featuresof random
variables whosestandardvarianceof estimatedvaluecanbe
generallyemployedto measurehe kinematicaccuracyof the
mechanism

Flow chartof kinematicreliability of 3-UPSPU parallel
mechanismcan be describedby applying Monte Carlo
simulationmethod,asshownin Fig. (3).

The processto solve kinematicreliability of 3-UPSPU
parallel mechanismin terms of Monte Carlo simulation
methodcanbe outlinedasfollows>8

(1) Thesamplingfor eacherror

Accordingto the distributionfunction of parallelmechanism
joint point of installaion errorsand bar length errorss*we
cangetthevaluesof samplingerror: x,(i=1,2,3! ,n);

(2) The solution of position and orientationoutput error at
somegivenerrorinformation

We substitutethe value of installation error of eachjoint
point into eachjoint point vector, and bar length error into
eachdriving limb formula. Then, we can solve the output
error | y accordingto the theoreticalcalculation model of

positionandorientationoutputerrorof the endeffector;
(3) Repeatingstep(2)

Accordingto the numbersof experimentandrepeatingstep
(2), we canobtaina groupof positionandorientationoutput
errors,i.e. Ay, >* !y, >* 111>y of theendeffector;

(4) Thestatisticsof positionandorientationoutputerror

We can get the statisticalresultsof position and orientation
output errors, i.e. Ay, >* 'y, >*111>* 1y and obtain the

mean u and stand variance! . The next, we can solve
kinematicreliability of themechanism.

5.3. A Numerical Example Analysis

The structure parameters of 3-UPSPU parallel
mechanism are designed as r, =300mm , r, =500mm ,

h=1200nm. It is notices that assume joints point
installation and bar length errors obey the normal
distributionwhenthis sprayingrobotis in batchproduction.
The meanand standvarianceof the errors arerelatedto the
machining technology and processingcondition. In this
paper,we mainly provided a solutionmethodof positionand
orientation output error and kinematic reliability with the
consideratiorof joint point installationerrors andbar length
errois of the parallel mechanism[11-13]. The mean and
standardvarianceof joint point installation errors and bar
lengtherrors arethe samefor brevity, asshownin Tades 1
and2, respectively.

Accordingto the giventhe meanandstandardrarianceof
errois. 30000 groups error data constructedby MATLAB

Cui et al.

software which accord with normal distribution can be
treatedasan error sampleof the mechanismThen program
can be easily implementedusing MATLAB on the basisof

positionandorientationoutputerror theoreticaimodel of the
mechanism[14, 15]. The position and orientation output
errorcanbe solved,andthenthe meanandstandardvariance
canbe calculatedby mathematicastatistics.

Theoretical error model

Y A4
Sample joints Sample bar length

installatilon errors errors
I T

v

Theoretical error model

Y

Position and orientation error

Judge loop condition

Statistics

Reliability calculation

Fig. (3). The flow chart ofkinematicreliability solutionof 3-UPS
PU parallel mechanism.

Given the position and orientation parametersof the
moving platform: the X axisAngle ! is !/ /36, the Y axis

Angle ! is ! /18 and the Z axis location h is 1600 mm.

Kinematic reliability of the mechanism was analyzed
consideringjoint points installation errors and bar length
errois in accordwith normal distribution respectivelywhen
the mechanismin mass production. After 30000 times
simulation experiments sample distribution orientation
errois andpositionerrois of X axis, Y axisand Z axiscan
be plottedasshownin Figs. (4-6).

The position and orientation error datain three output
error directions of 3UPSPU parallel mechanism were
statically calculatedadopting the Monte Carlo simulation
method, and mean and variance of the errors in each
directionareshownin Tabe 3.

The kinematic reliability also has relationship with
allowance outputaccuracy The kinematicreliability will be
higher when the range of allowance accuracyof outputis
bigger.And its reliability will be reducedwhenthe rangeof
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Table3. Mean and variance of position and orientation outpuerrors.

0
-4 -3 2 41 0 1 2 '3

e
o
o

E(oy) D(dw) (") () E(!h) D(’h)
-4.05! 107 9.2615x 107 7.1115! 10 9.2038 10°° 0.0095628 4.0903! 10™
Table 4. Position and orientation of 3UPS-PU parallel mechanism.
1 2 3 4 5 6 7 8
Orientationin X direction /6 /6 /15 r/15 r/15 n/4 n/4 r/15
Orientationin Y direction /6 1/15 /6 r/15 n/4 r/15 /6 r/15
Positionin Z direction 1300 1300 1400 1400 1500 1600 1600 1300
2500 the allowance output accuracy range is [-0.0003rad,
0.0003rad] andthe Z direction allowance accuracyrangeis
g [- 0.06mm,0.06mm].
=
=
[
1500 2
£ 1600 |
2 £
- =
©1000 t c
= c 1200}
QD r—
= I=;
£500 | =
“ w 800 t
2
2
o
£
L1
(0]

Orientation error in X direction 8y (ra%.a.
X

Fig. (4). Error distribution histogram i direction

2500 — T

-
o
o
o

1500 |

1000 |

[y}
o
o

Sample distribution numbers

0

4 3 2 1 0 1 2 3 4 5

Orientation error in ¥ direction 38 (ra1d0},4
X

Fig. (5). Error distribution histogram iii direction

allowance accuracyof outputis relatively smalker. In this
paperwe cansolvekinematicreliability of the mechanismin
eachdirection heregiven X directionandthe Y direction of

4 6 4 20 2 4 B Byp2
Pasition error in Z direction dh (mmB(
Fig. (6). Error distributionhistogramin Z direction

Substitute mean and variance of the output errors in
Table 3 and the correspondingoutput allowanceaccuracy
error into the Equation(24), and checkthe standardnormal
distributiontable,which we candrawtheresultsasfollows:

Kinematicsreliability in X direction can be represented
as
0.0003- (-4.05x107") -0.0003- (—4.05x107")
—)—¢( S
V9.2615¢10° V9.2615¢10°
=¢(3.1215-¢(-3.113)
=0.9982

Kinematicsreliability in Y directioncanbewritten as

R=¢(
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~0.0003—(7.1175x10™)
V92038 %10

0.0003—(7.1115x10°)
V92038 %10
=(3.1270) - ¢(-3.1272)

=0.9982

R=¢( ¢

Kinematicsreliability in Z directioncanbedescribedas
_ (0.06 —(0.0095628) —0.06—(0.0095628)
J4.0903%10™ J4.0903%10™
= ¢(—0.4580)— ¢ (-0.4877)

=0.9934

R

6. THE NUMERICAL SIMULATION VERIFICATION
OF RELIABILITY SOLUTION

The kinematic reliability can be calculated not only
included numericalcomplicationbut also MATLAB direct
solutionwith commandcapaplotlts principleis to selectthe
datawithin the allowanceaccuracyrangefrom the position
and orientation output errors data, and calculate the
probabilitywithin allowanceaccuracyrange.

6.1. Reliability of MATLAB Solution

Now the kinematic reliability was analyzedin each
direction. The error data and position and orientation
parameterswere the same as mentioned above. The
kinematicreliabilitiesin X direction,in Y direction andin Z
directionareshownin Fig. (7) to Fig. (9), respectively.

Probability Between Limits = 0.99817
5000 T T r

4000

3000

2000

1000

w10

Fig. (7). Kinematicreliability in X direction.
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Probability Between Limits = 0.99823
5000 - . .

4000

3000

2000

1000

-4 -2 0 2 4
-4

¥ 10
Fig. (8). Kinematicreliability in Y direction.
Probability Between Limits = 0.99339
20 T — T — T

16|

12}

-0.06-0.040.02 0 0.020.040.060.08

Fig. (9). Kinematicreliability in Z direction.

From the Figs. (7-9), we can see that the kinematic
reliability dataare basically coincidentwith the theoretical
calculationresults,which verify that the presentmethodis
specificallyeffectiveto someextent.

6.2. Comparison Between Theoretical Solution and
MATLAB Solution

Kinematics reliability was obtained by comparingthe
methodof 5.3 sectiontheoeetical solutionwith the methodof
6.1 section MATLAB solution. Given eightgroup
parametersf themechanismasshownin Tabe 4.

Kinematic reliability was solved under the eightgroup
positionandorientationparameterdy theoreticalcalculation
and MATLAB solution, respectively.The final resultsare
shownin Table 5.

Curve can be connecteddirectly with eightgroup data
which are obtainedby theoeetical calculationand MATLAB
solutionrespectivelyTheresultsareshownin Figs. (10-12).

From the figures above we can seethat the results of
theoetical calculation and MATLAB calculation are
basicallycoincident, which verify authenticityof MATLAB
solution Simultaneouslywe obtainanothemethodto solve
the kinematicreliability of the parallel mechanismquickly
andefficiently.
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Table5. Kinematic reliability of 3-UPSPU parallel mechanism results comparisorbetweentheoretical solution and MATLAB
solution.
Therapy
Reliability in X Direction Reliability in ¥ Direction Reliability in Z Direction
Matlab
0.9559 0.9691 0.9873
The first group
0.95449 0.9691 0.98781
0.9807 0.9658 0.9863
The second group
0.97971 0.96707 0.9869
0.9755 0.9886 0.9934
The third group
0.97385 0.98876 0.99336
0.9888 0.9888 0.9924
The fourth group
0.98888 0.98778 0.99254
0.9199 0.9894 0.9938
The fifth group
0.9259 0.98935 0.99342
0.8932 0.9135 0.9772
The sixth group
0.89148 0.91392 0.97773
0.8905 0.9762 0.9869
The seventh group
0.89016 0.97676 0.98732
0.9874 0.9883 0.9924
The eighth group
0.98857 0.98763 0.99241

CONCLUSION

This paper mainly studied kinematicsreliability of 3-

UPSPU parallel mechanismsand finished the following
severahworks:

1)

(2)

(3)

The inversekinematicssolution model of 3-UPSPU
parallel mechanismwas establishedin terms of
coordinate transformationtheory, and the position
and orientation error model of 3-UPSPU parallel
mechanismwas derived by employing differential
transformatiormethod.

The methodof kinematicreliability of the mechanism
was demonstrated by employing Monte Carlo

simulation accordingto the position and orientation
outputerror modelestablishedReliability analysisof

themechanisnwasperformedfurther.

Analysis and comparisonof theoeetical solution and
MATLAB solution via the eightgroup position and
orientationof the 3-UPSPU parallel mechanisncan
verify that the results are basically coincident.
Therefore,we obtain a methodto solve kinematics
reliability of the parallel mechanismMoreover,the
methodologyproposecherecanbe easiy extendedo
thegenerabparallelmechanisnaswell.

—&— Theoretical calculation
—— MATLAB solution

Kinematic reliability in Y
direction
=
O
X

1 2 3 4 5 6 7 8

Fig. (10). Kinematicreliability comparisorin X direction.

—&— Theoretical calculation
—— MATLAB solution

1.03

0on

0.98

<
Nel
o)

in X direct

0.88

Kinematic reliability

Fig. (11). Kinematicreliability comparisorin Y direction.
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—&— Theoretical calculation

—— MATLAB solution

N

=

z 0995

Z5 09

S 8 0985

2% 098

QE) 0.975 1 1 1 1 1 1 1 J
5 1 23 456 738

Fig. (12). Kinematicreliability comparisorin Z direction.
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