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Abstract

Parallel link robots are now being applied to various assembling tasks for small
products and components. One of the important issues for design of the parallel link
robots is to improve their kinematic motion deviations due to the complex link
structures. The kinematic motion deviations of the parallel link robots are deeply
influenced by the geometric deviations of the components, such as joints and links. A
systematic design method is required for specifying suitable geometric tolerances of
the joints and the links, in order to improve the kinematic motion deviations of the
parallel link robots. The objective of the present research is to establish a computer-
aided design system for specifying a suitable set of the geometric tolerances of the
components considering the trade-off between the requirements on the kinematic
motion deviations and the ease of the manufacturing processes. A mathematical
model is formulated to represent the standard deviations of the kinematic motions of
the end effectors, based on the tolerance values of the joints and the links. A
systematic method is proposed here, by applying an optimization method, to
determine a suitable set of the tolerance values of all the joints and the links under
the constraints on the kinematic motion deviations of the end effectors. The method
is applied to some design problems of the geometric tolerances of the parallel link

robots.
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\WieazUsuenfsisnseeusunasundaiuwuuuis i lunesdidydnwalindy slnves

AINUARIALATDUNLIVANALAEIUTNVBIVBULIAANARIALR R oUTI R BN kARl Tlun151e



2.1 LLazgﬂﬁ 2.1

- a v o ]
$1319% 2.1 ‘UiSLﬂVIWﬂG]ﬂ’J’mﬂa’mLﬂﬁ@‘u%@ﬂgﬂi’m

Types of geometric tolerances Shapes of selectable tolerance zones
Straightness tolerance (@, (D), (B), (F)
Flatness tolerance (D)
Circularity tolerance (G)
Cylindricity tolerance (H)

Profile of a Line tolerance ©
Profile of a Surface tolerance (D)
Parallelism tolerance (D), (B), (F)
Perpendicularity tolerance (D), (E), (F)
Angularity tolerance (D)
Position tolerance (A), (B), (C), (D), (E), (F)
Coaxial Control tolerance (A), (B), (F)
(Concentricity tolerance)

Symmetry tolerance (D), (B)
Circular Runout tolerance (D), (F)
Total Runout tolerance (D), (F)

2.1.1.8 A7 (Datum)

asulanuuely JIS B 0022 fig " 11955 1UNINSVIANNIUTNNgNABIANUNENNEG YY)
WBAIUANYBULIATIINAIINAIALATOULLBTEYTIIRAIUAIALAT DUV 9TV ANATITURUS Y
Y8971L93" nquvasnsinluwdaradurgndanldlunssaniuseniissuuafu wayly
SYUURAALTIUINAL 30T IAAINAIINABINITYBINITEBNWUY TEUURAABsuInilanuise
= S @y v oa s Yo o v oA
Wumnaaale o lutugiunla fhaeinaiuisassyladusunidufo ssuiunsinssuen
WAY FBUIUNANN Lazaniiin Jeyarariazgnidenmudenivunniseanwuunwazyseiny

9 Y

ANHNARIALATBUNNLIVIALINTUNS
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2.2.2 auezfuvesiaweinieluiitannuaainiadauvesgusne

1u€i’suf§%a%mamiﬁwmmmmﬂwzLﬂuﬁ%’aﬁmwmmwmiﬁmﬂaﬁmaﬁhwa%ﬁang
TulafifnAnuratnAaey n1siasandauufinnisnszareanudiasdudiniunis
Wasuwadludefiamarnmasviadavesinmesiliuiueu autazuveanisunngi
vastheimeluveuwnrmupaiadeuaiusafatsanlalagldiznsmeainuinasdy
ﬁﬁagjmm%La]aifmﬂmmmﬂmmméauﬁLauaima Satonaka, N. uagany [12] lunsinwndl

n19d9a18Kazn15 08 uUNITUY U URINIMIS (guide surface) LAUN19INAIAY

ARNALAZDU

2.2.2.1 MIUWANWIIWUUUNA
n1swanuaskuuunfgnldensnitswanslunisuanuasanuiiezduiiouaninis

dl ng 1 U dl o ! a
WA ULUAIIDIUUINTUEIUY GNE‘U‘V] 2.2 LAMIAIDEY19YDINTITHINLIILUUUNG

— G(x)

w3c o u pro 3o

- X
JUT 2.2 M9 19U89n15HANLIMUUUNG

dmsumnusemuinaziluunuse x wazdiaadede u, @rudsauunnsgiuie o,

Herdumnumruniurosrnuiazsdufe G(x) Y0IMsuaNuasUNAvzLanIRIgaNnIsn 2.1

2
1 1{ x.
G(x)=———exp| ——| —*+
) o2 3 2(0)

(2.1)

M550 UYRIANNISN 2.1 Tute (g, b) wansdeauunazdy P Adwdsainuinagidu

x Nogluyie (—o0,0), P =1 UaAsrigaunIsm 2.2
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P= j.G(xl.)dx

(2.2)
wonIINUAMSU (1 — 30, 1 + 30) dinlElunismvAuALA MTUEIL M8 ANUIREITUT

a 1

flag P = 0.997 @1115091AUNTT AGIANNITA 2.3

u+3o
P= f G(x;)dx = 0.997
u—30

(2.3)
2.2.2.2 MsnsEAeANnasdunseuiuvesruuranefwys
N13AAUAGILUTFULTY 2y, %5, -, 2y BBZATIURUILUBTBIA Uz TULGAY

T wmIU G(xy), 6(xy), -, Glxy) WATTAUNATT X1, 2, -+, xy WIUBATE WATATITIINT ST Y

ANUVUWUUVDIANN UL T AN SO wARISIFNNTA 2.4

N
Gaa, 0+, 7) = GGG 60w = | [ 6
i=1

(2.4)

Hefinsimuatae (ay, by), (g, by), -+, (an, by) @MU %y, x5, -+, 2y ANUIRTY P

¥
= ¥ U

NnnTunseuiungludnLAaInARoUTuLEnAELNIST 2.5

by b, rb
sz "'f f G(xl,xz,"',xN)dxlde"'de
ay a, “a

(2.5)

Forvaausardrudsnuuresguiuansiulumaavosnissantudiu dufy
wluegiunisrufuresaunani lnsdeulatedrfnoraliibuiinelauazursaieiiaass
fanannenaveneiiurouienaunaInedou dituniswanuasnnuiandudiniuan
\esuuresguinuaznsiumaiainzfuiideg mmeluveuiunaiiuaaiatadounis
IsUAdingUs ez UM saNEAgIL auAdiinisuankasnuhesidudmiunindesuy
MasvIAie & vedihesiduluanunisuanuasund feaiduaumuiwiuvesauiasdy

G; @msauanslalaeaunIsh 2.6
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G(x;) = ! ex <—1<§)2>
N P\"2 o
(2.6)

v
[y 1

dlo o, f0 @hl,ﬁw,uummgmmaﬂ 8; Wazuenandiieafuaads u e 6, Jiugn
N1 p; = 0 Lﬁaamﬂﬁuaummﬁﬁ’mmmﬂmmLﬂﬁaugﬂ%’mﬁ'mLﬁ@iﬁﬁmmaumméﬁa%
wesiiruun mﬂﬁuﬁmmﬁmmmmLﬂ?{aumaLsmﬂaﬁmﬁmmﬂmmauLﬁummwmamLﬂ?{au
YasvIAEntuLERdae D, Arutasdy P %aag”lmauwmmwmmmLﬁﬁ@WNLWWM’E@

PJunazlaanaunisn 2.7

P= f J 6(61, 62, "',(SN)d(Sld(Sz "'dSN
D

(2.7)

e N wnudmiuddaszvesineeifiniuaunislureuaiitnanunaiaaieuni
sUse seUguamesAdaTzievn wituegiuUssinnvaseaunmLAR AR
fyaunisit 2.7 rAirrmnainedoufie t meniiud D agldudouladediniuandae
s 2.8

_t/z < D((Sl, 62, "',(SN) < t/z
(2.8)
M5BUANTANLT D uanstaldeuladadnnseninanisiloduumasinmn  §; Aty
YULANARANNAATIALAGEUTEIIUS ¢ dmsulumsfinuilnisasauuigiuielulaniy
ey uandlagaunisi 2.8
¥ a P PN 1 1 < % 1 < a = W (%
VOANNATIUN 1 ANULUBAUUTDIFUINUARZ §; LUUAILUTANUIIZLUUDATEIINULAZ U

v a

Podullugui 2: Travesmiusavdiudeauurasguing §; amnsavilaed98aseniveuws
fNAAUAINLAROUYBIFUIN ¢ ADARGITU —30 WAL +30 VDINTHINLITUUUUNG
INMIsENAgILY 1 flantupununduresauiiasdy G vesaunsn 2.7 Alesulae

AUn1sN 2.9

N
G(81,8,+,60) = GG 6B = |66
i=1

(2.9)
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waNNUAINToANNAFIY 2 MNANTERUUNINTFIUTDINTWUTHUNTAaIELAENNS

VyuYaIN L UBUUURe oy, 0, AMUANU TuAENTOuanIENNIST 2.10

(2.10)
Taoil | Aeanuenvesihiaesiinason1sdsauunsmyu
dielildanunas dufinseglnsaunisd 2.7 fuadudssidulumansvaussdeuluia
aosfimmuslagaunsi 2.10 vestsAusazdudonuumasuiadaaansavild uas
aunsi 2.8 veslteulvtodidnvesnisidesuunsgussemiuiisidesiuvouiumiiia

AUARIALPADY

2.2.3 dravnsiimesnisdoauy

mMsfiansawsleesuazsisesnudsnuuanduislugauaiuagyitnves
flaessuianmaainedeu UM 2.3 uanensdifisyyaiiunaalndeuyNaLsvIAdRdIMSY
szuUihaesiazveuAANARIAIAABUTDYTEMINTEUIUAR ST e TdivTuns
aumefvesndafusiazdaudsnvumasnadndmivinmesiuaniiaszuiugauni 99
nadonuureshumisdiuivsuasyimsesdiusoUsyanfimnzauiuiiieesiuansdy
annsassuelalaefuusausiuandusud 2.3 dufesiuannsassuneldsng w unuel
nsidsauuvesums uay o uay B uansfanrendssuuden madiwesuan ey

Weauuvesiuniaiagyiinisvesihmeiimangauignivunlnegusnavesiiiee snil

YouAANAAAAGeULaEATULARLansluA15 197 2.2

- Associated Feature

Tolerance Zone

SUN 2.3 Maigauuguiavesssuuiiges
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15199 2.2 MatbeauuUsNvesiiiees

Geometric tolerance Geometric tolerance feature

zone Point Line or axis Plane Cylinder
(a) sphere u, v, W — — _
(b) in a cylinder = u,v,apf — —
(c) Between two — — — u,v,af

coaxial cylinders

(d) Between two — - w,a, B _

parallel planes

(e) 2 pairs of parallel — w,v,a, B — o

two planes

wv,w AN J8RUNTRIRILILY waY @ B Feni1sideaunvesiani wazdunant
Benwsiwesidenuy Welimieussuianalifideunnses fawesifianudesuu
wdesoglutueunaaniou fuilunsuiumskannihedeulunisnsivaouningdasi
wazdoulymsuszinanaldsunisaaregramanzauiioliensiildunnsesdauviniunie
wnnIAiiuiuey gty InmsdamsielidaslidigaiiuniiAfiuiuoulasiden
mimwaauﬁgmmw?amiejmé'hasmmiLﬁaﬂ%’%mimwaamazqﬂmaﬁmnaauLLazmsé?a
Adoulunisuszaianaetaizay ogslsinunandariieesnnunanndeuded
asdeauueglutdmed dueniniwefdrudsavuiandumsnsd 2.2 efinns
Waguwasmuduansi Tnefiansaunnsulsiuvesmsiiwesaudoauulumiiefifinng
SoasuRgIuRstelUil
(1) wwaﬂﬁma%mwﬁmwuLfJuéhLLUiejmﬁmwé’qmsLﬁmLLamJﬂa N (0, O)
2) wiweidudssvudufuusdudassatulaziu
(3) MITan1seuRaIARDUTiLNT ALY TUNISlUNENTEUIUNSHARKAZANILLIDE

2 aa s aav o1 Y Ny =
L‘Uu‘Vl‘V\l'JLQ@?W@@VII@J@EAIUL“UG’]ﬂ']i&J@@JiULLa%lISUE]‘Uﬂ‘Wﬁ@\‘]ﬂ@ P,

2.3 Iumamsa%fwgﬂs’wn'ﬁmﬁ'auﬁ (Model of Shape Generation Motions)

(% s

ANNURANA AN I VIAUAVDIRITUIIULNAUIDINAIURANAINNITLAA D UNAUNNS

FENINLATDINDAALATIUIU ANURANAIAN9LSVIANVBILAT DI BLaEANURANa1A Y
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v Al

N3rUIUMTVIALBU Faanslusun 2.4 Faansdadendwalminaiuianaianisin
FUUVBINURIT U ULAL A UFURNUTIINYUNDIIANAAVBINTEUIUNITAT195UT190

LATD9INA AMULTEINTINILIVIAERYRINURATR U D ulUaunmvualiunandadely

(% (% s

N1500NwUUlATIATIUALNTEUIUNIINANVBIYNEILUTENBUTDUATBINONG AIUENITUS

sevinaladesing q Muandusun 2.4 Wy uiastadelinnududeunasliinnudaau deuly

£%
1 =

YUILNAINIANURAANAINNT AT DUNALLIAN LUNNS AR D UNFUNNSTLRINUAT D93 DAY

o_)ﬁ

(%

FUU

nszvIUn1Tasiegus1avesaTesiianalagnalydiansnigisnisasieguinenis

~ a (% s

\ndsuTuazgussvIRdnvenIelie nsasegUTnMsrfeuniliumsirdouniduinsues

L]
4 a4 & Ao a 1 | 3 I3 = & o= .=4
Lﬂi@ﬁﬂ@mamu@qUWWWLuuﬂqiﬂ'ﬂﬂﬁqﬂmaﬂa’JUUigﬂ@‘ULL‘UQLﬂiQ‘U@QLﬂi@QN@ PISUN 2.5 LLa@ns

Y

a 1 @ @ .. PR 1 1 1 .
AMNUsEABUeduIEdIU UTenaulyaingd (rigid components) ML3en31%MUI888Y (unit

element) Wan13asgUsNNNSIARUNTEINUAaEIIY

a = | a e
\SUIANIAYILATOINE YDINSIARUTNGN
| l [
{ m’muﬁwmm}u ‘ AnHEANAALETIALDLA ANTNEIANA AR LUNANE

ae ol H e
NITUAUNNTTAALURI st adita 1945282170 UAR

{ ANLEIANANR ‘ { ANUEANANRRLLLLF N ‘

{ ANTUAANAALIVIAL ‘
-ﬁl -
YAINUH?

[

= A v a a o £
E‘Uﬂ 2.4 {jzﬂﬂEJ‘V]a\TNai‘V?Lﬂ@ﬂ'ﬂ'uJW@Wa”l@‘U@ﬂﬂ'ﬁﬂ@cﬁuxﬁﬁlu

a

JUN 2.5 uanguun nnalniousdenuugnly (chain-link diagram) ¥83n13a3193U51
nsideun idydnuwal Sy, Sy, ..., S wnunaln@eusie laen S, ABTUNUNABINIFAROU S,
AOLAS0ILRAR WaY S;, .., Sy AD NalAWENROIYAUNANS WaZ Gy Gy, ..., g ABWISITLAOIANS

ﬁl dl 1 1 & d‘ dl U % 6 1 1
LAROUNVOINUILAIUUTZNDU WaE Ky, Ky, ..., ki AD NISLADUNFUNSVDINUIBEIUUTZNDU
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Coordinate

Structural element Coordinate system Relative motion transformation
rmatrix
S0 —
k, Al
T —
k, A2
52
SE—I —
ki Al
s, —
SUN 2.5 UkuunndineansvenIediiona
K K, K K

L7
=
0 —>
Y
(7]
2
—_
L J
L
Fa
‘ll—u
|
|
|
|
|
v
L

o
L0
Lay
£
E=%

PN = o ! A a
E‘UV] 2.6 LLAAILLNUN WY U-89N %J’e]ﬂmiaiﬂﬂgﬂiwmil,ﬂaauw

2.3.1 Iannalaludilied (Homogeneous point of coordinate)

T

NnlaludearannmasafuNaluiui 3 48 Fwuseanuansdiuis nmes

9

[

1971¢99 (eigenvectors) LazLINLADFLLA1LAY (non-eigenvectors) laggAuLAUAN YL
JUSIs VIR YAfiinveaINmesAILsduTedINNesIEae daunnwmesnnlasae
WeyiusuionrsuUasguvednnnesmuninnandesluautitetudaiduvesdmanaes

(Y

13191239 AinAvesnmesainunasenin Analaludifled (homogeneous coordinate)
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s A ilaawo a = = | o & @ ~ o a Y] |
L'JﬂL@]a'ﬁﬁﬂ%ﬂﬂﬁ]%ll@%ﬂWﬂﬂI@IﬂJ‘ﬂLu‘ﬂﬂ‘UﬂL‘V]']ﬂ‘Uﬂ')']llLUuauﬁUQauLﬂﬁnﬂu LLagL?ﬂLG]E]ﬂEJ

nzasarileganinalaludillvanviiuaud

AYDIINABIFMNNAAAISLTEY (cartesian coordinate) x, y, z WeulugUiuy

[
(%

PANVDUINHDSANAUNE L AG T

(2.11)

— N e

[

\elviszndaiunlumaiey aansawdeusUlveglusduuuuallasisi
T
r=(x,y,z1)

INBRITOINTIUALNALLNI NG (transpose of matrix) WazlINIAos r @INNTaEnS

Pl
ho)
o
=p.
_|
)Y
[©)
e

>

r=xe +ye +ze +1¢*

1 2 34 s = | . A | a ¢ o |
0y €,€,€ A LNMBsNLIMLIY (Unit vector) VBISTUUNNG @3 e AB LINADIAN LIS

(radius vector) Ya9INAn

e* =(0,0,0,1)" (2.12)

232 m‘suﬂmgﬂﬁﬁ'ﬂ (Transformation of coordinate)

Y v

msulassuiinaanansaifeulviegluguiuuumsndlanadl

X, :Az’,j(ql’qzr"ql)xl (2.13)

lne AB LINLADIALIVRIYANIN VLRI BRARUTEUUNTR

[

%4
X,  #e vnmesiumisegalusyuuiinaue iy
4, fowvind axd Ndlaseadnedadl



18

(2.14)

)
)
S
S
<
bt
Q
R

(% fY av

VSNENATUUUTIEYUIN 3x3 ABTEUUNITUYY S hazduiusAuiiialsudiy O34

amisndluandluguimingaaann (orthogonal matrix) 1w 9 i, j, k = 1, 2 uay 3

3 = 0, if i#k,
aa,.=>y a.a, = (2.15)
2% = 2,0 {1, ii=k,

(%
S A

LATUBNINNT ALNOTHRUUATDUUNING AD

a, a4, dj
ay Gy ay|=1 (2.16)

4y Gy Ay

svuu S uaw S, avyniudesnalnidenleanisasnegusns lnefinisindeuiiduivsvasnaln

WouleednnnegNvnnsiveules anauns (11) anunsauansaeail
[ .
a,(q,.4y,--q,) = [ 4% (B) 2.17)
i=1

Tned A;” ) Ao WYsNg axa Tuansnsideui ALLAnduas s uidsLAaoul
a(l,...6) Ao wansfianisvesnisiadoudimiuufnduarfrunuaadoud
VLAY 1, 2 Wag 3 NUNefInisindeuiiuualdunsiwasfianimiy
AU X, Y Wag Z nuelav 4, 5 hay 6 msm?{auﬁuwmuuaz

ALAUITOULNY X, Y uay Z

B A9 LERIAINITNITARDUNALULANALAZ SN LI UGBTI



y AD LAAYANITZUUNNR

4 dy oo o« y _— 4 . d "
NTLAFDUNTUNNTUAAINIY AY AD NITLAFDUNAULUIILAU X, Y Uag Z NIN1T

LARBUNRUUNHUTOULAY X, Y Uag Z BE150kansuvsnglanmisnei 2.3

AITNA 2.3 LERLUNINTNISIATOUNLUEUR TIUAZN TR UNRU UMY

Motion type Axis Relative Motion Transformation Matrix
(1 0 0 «x
. . g 01 00
0 01 O
10 0 0 1
Y 2 r
Translation Motion 1000
(Msiadeufiuuaidunse) A2 = B
0 01 O
1000 0 1
3
‘ 1000
£ 01 00
1001 z
0 0 01
Rotaliry Motion B 0 0 0]
(M3LARUTRUUNYL) , 10 cosp —sinp 0
A a A" = .
0 sing cosep O
K 0 0 Iy
[ cosy 0 siny O]
B 5
s 0 1 0 0
A E
—siny 0 cosy O
0 0 0 1]
Rotalwry Motion cos@ —-smnéd 0 O
(MILARDUTILUUY) RS
C 6 A =
0 0 1 0
0 0 0 1
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2.3.3 Taludiieansiuana SULBUINS N TV IANUARIALARBUNISUNUKASAS

Lﬂﬁauﬁ' (Homogeneous Transformation Matrix of rotation and translation: HTM)

MIANYINGFNTTUAIILARIALATOUYVBINM AR UNVDUATRITNTUY JULUUANIIANS

YOUATOIINTANNT0IN g lugUres HTM wagauaannfouldasydnainsnnszila

1AENITNIAIUARINLAT BUNAINARDAINUNUTIVBII LN UAARA LA NI INAITUIIY

MFLPDSVDIAIUAAIALAT DUANNTORARINIY HTM la@aaunsin 2.18

1 -¢

L 2 1

=GN

0
Tned 0, Ao muraaedsususTuRATIaAY Y

o,
0.
&
gx
82

2.4 A1FINUNIUITIUNTIU

Va

D ANARIALARDUNIASILUTIANIILAY X

D AINARIALARDUNIASIIUTIANISLAY Z

Ch) mmﬂmmmﬁam%mmamﬂu Y (Roll movement)
B AYUARIALATDULTILNVBILNY X (Pitch movement)

R ﬂ'mmamﬂﬁaul,%mmaqLmu X (Yaw movement)

(2.18)

A33ulavinsNIInunInawideiineadesitenisnsmdeyalugiuteyauin gy

A 9 e1fidu 9niules www.sciencedirect.com wenIMIUNANLLLANTNE DAY

N15ATANNINANLARINAREUVBIFUTINVBAATEITNING tnelanuew]

Tupnseit 2.4

[y

3]

MNeIT290

[

SGRI
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anaui K\Ueu

o

V99U NUNEUD

1 Ibaraki S. et al. [16]

N1SNAFBUNITANLABULIDTEUAIIUAGTN

LAADUALLLUANAUULASDINBNA 5 WA

AALAZAIUAAIALARDUVDILATOINATLOUT

LAIAN [19]

2 Soori M. et al. [17] 2013
ANuNUlUSTUUNTAA D ULEL DU

3 Takahashi A. et al [5] | 2014  |nN596AS18NISLU8UUNISEARDUTIAL L
AnduoesosNyTUdaduInDsULNUg I
ANUAATA LARDULTUIALIR

il Altintas Y. and Chao | 2016  [AAn19n15@8eNUBasEIuIun® 5 kAuae

S. [18] AONARAUDA-LDUY
5 A5 VAU kazADY 2017  |N15AARBUELDUASIVRINTZUIUNISNAY

AREITNITNANTUINTITLD Y U UALLUANE
P a A o ,
ASANNIBLASDILBMAA LazNISINIUBVBY

FUIU

dl a
AT 2.4 VBINIUD

yosgUsNeAesinsna muinmsAnwanuduiudszminamsideanuunsindouiia
wAndvesiaiesiienauazauaanAdourdgusisinensitasssUuUnIARinMER UDe
wsesdBuTuuaTuiaduines 5wy a1uvfin #e workpiece rotation type, tool &
workpiece rotation type LWae tool rotation type finsdenuunisndouifindfidma
FemnuAAIAAGaULTYIAdinveILAarA UL IUuYan s deuRl A ILANAAY  usagndlsd
AININNITNUMILITS NS IRTIeR Uz iulAddelaifinasfiansannisadisuuudnaesuay

AATIENNITLTLRUUNITAT D UNALILLAN A VDLV UY U UALATIATII VU LU E U UTULAS

Y

MAYITDIVBINTANBINITNINTUIRNAAINUAAIALAR DY

ABLILADTYILOBNLULNTINTIIARAAILARALATBUYBIFUTI



UNA 3

A5anduN15IY

3.1 Ui

Baudunmsitelunmsfnunadsdifnguszasdiieoaisuuuiasuasingzsiuy
susuilasadsruuuuiugulinanesfamesdisoenuuuiisusisifnnnuaainaiadou
033U Tnefifuldfuiunsmatunouy fifdelud

- uni

- mseenuuuktuusuilasaisuuuuiugulinaresfme st ponuUY

- msfauaznsiassmuusiueINsARBLTIve LT LEUAlATIET ST

- TuadraesnnandsauuAiufndusuriusuilaseadnsuuny

~ ﬂ']S’E]EJﬂLLUUV’hﬂ’J’]ﬂJﬂaW]Lﬂﬁ@u‘ﬂ@ﬁLLﬂJu‘VjUEJUGﬁﬂN?I%’N‘UUWU

- NIAANYINITIATINAIUAIAAROUYDIFUT VBNV UALATIATINTUIY

3.2 N399NWUULIUUEUALATIET 9 VUILUUNUI W NAaABNNILABS Y8 DNKUY

n1seaniuuLINusuAlassaisvnuuiugulieansuiimesdiesnkuuly

a

NuIdeil gATulaeenuuuwvuiueudlassasisvuiulagldlusinsa Autodesk Inventor

a ad

Fducation @a19131983398n5Aa USEN Autodesk, Inc. laaugnlaniufnwadasias

'
av A

ainaaialdlunisiseunisasusayifeqldldiiienismdvdls uaggud 3.1 uanduau

YuguAlATIas1NvUILTIeaNLUUMEARNIABIYILDRNLUY

JUN 3.1 N1509NMUURIUYUEUALATIATIIVUIUAIY CAD laiaa Fanuc M-1iA /1H
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va Yaa a U

n1seankuuLIUugudlasiaieluuIdel fITeldisuuvAluinduuunniy

(inverse kinematics) lng9aUszasAraINIsiITaNALUNANdNNTuveusuAfuUIUTAD

.q' v ¥ °

nsaruuuitaeyuigndeslundazdesie s dundaiianizianzasveseniames

(effector) vaaszUUBIABaTEIgNINNAAAASIUIUN 3.2 uargun 3.3 Beazdedulyludiuil

Y
T5RMe3 V03T UUlAY TINANNTOFINAUTITINR VB UNARINTEMSU 04, 0, Uay
6, MUAITU UAZAINENINYTINVDIABLAIATIUY L, wasAUEIINETINVIUAAZAIA

919819 L, Fadudrundsiidesnisvesoninamesgaiislunnuy x uag y audieiu uas

SEHEMNTLNINNAUDLADTNIEDY (C)

JUN 3.2 MalgAnudndvasiueud Fanuc M-1iA / 1H

MATgnsuinTanluldazislgfiufndueniu dmsurddusnaginnisae
9 = § v S | = i = I
ANAUTEUIU x, y BelvmaninesisUaiuanslusun 3.2 wazgui 3.3 Feanansauanaudy

AUNNST 3.1-3.3

(3.1)

Lllyz :Lb2 -y

(3.2)
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Aetiuanilandun suAUamnanaIteey assamaABaunasansluaunisn 3.3 [20]

4zL, +[(-4zL,)* —4Q2TL, + K)(-2TL, + K) :

0 =2tan"'(
22TL, + K)

(3.3)

U7 3.3 FBD dwifunisdnassiuulaunin

n1sdasswuulaundingniluldiienisesnuuy wazamindeulnivemaansas

o a

ANNUNITABLENALIS Autodesk Inventor Education F4n15150LA05UBINA bABUVTUIY 3

a (3

Avemluunansilumisned 3.1
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A157197 3.1 WISTLRDSVBINA b UUTUIUY 3 A9l

Parameter Value
La 100 mm
Lb 270 mm
e 47 mm
Torque 2 Nm
Gravity 9810 mm/s*
Velocity 5 deg/s

3.3 N139ALAZN1IINARIANNLINEINTTIARDUN VR LV UBUALATIE UL
3.3.1 M3IAAUUNUEIVDINITARDUN VR IMIURUBUALATIAT 9V

AnuwiugINsiAdeuivosuvuusudlassai1svuuiilinisinsae DBB (double
ball bar) mugudl 3.4 Wuedesilolunsindeanansaveedmionas vosunsiantunss
nafiUanssisaadlumiiag 1/10,000 un. Tumsindafinaiadeuiiawainvosnisudlonis
LAABUTIVIIINALFIBUNUANINATIABILNY LALYININIINTIVANNLLUE AT AOULT BB
wiosiionadeiimsldogaunsvats BnsTauuuildifunsiresoujusuilassadismun
1o

U7l 3.4 uAnsHauIUUBUATATIAILLLATTYUUMTIARUY DBB Seuvuvueus
Tnssadsvuuiiduiu MUA / 11 adnlaguidnmida (Fanuo) wazdl 3 sefuemdasy
(degree of freedom) dm¥uiain DBB 1ugu BC20-W Hanlag U3y Renishaw §717R Haen
anusiuglunisiaveadesegil + 1.25 pm lneivasszaznnsing « 1 . ¥959neade

ANNYT Uazn15INAINE1I91989lAINENY 100 Ui, AUNTIYDY DBB gAMVILAGILTL

v
=) U

Asluganinansganyuignindslunsnaisvedizuasiunisniiou 9 luddmdaleves
wvlilAmes (effector) lnanislddnsidoun 1200 uy. deunil

NadNsveIN I Inliuanteglugun 3.5 MNHaTeINITIANUIIAITONDAAURAIUIALS

= A (<3 sa | = oA &/ 1 L3 o 1

nswndeuniveddueninawesiugunsly Fainnuenduriuagudnataluluiuasiumie

i a = a U N A
AU X LASATAIMUUILUUINNNEATDINANINIANBYN + 0.4 4.
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JUN 3.4 nnaaesinAuLiugnie DBB

[ |
A

Nominal

| cafNTHSTRRINRIANT™ | | |

U 3.5 Han1smsinaag DBB

3.3.2 N15.U38UWIBUN1591889N151AR LNV DML LB UALATIES19 YUY

lunsdnaeslammundedonyuinuiunilaiivesdeasau (upper link ) wazdsrsa

a

819 (lower link) Aauansgud 3.6 §ad L, iWuveaduseursuudononyuiigninindly A

81190904AMULLaEANNEIVRIAIAFIa 1 TY Ly, Ly lnednsidsundadlussey « 1 u.



I a

AnueMsaRLlfiiRanannd
Auiorfuiueiesassiildlunisnaass dslunisnaassdiianus 27 fidend wsunis
BoNMINTAIAINLNANNVANBUDIAINLENING 3 A1 Tutia5Ees -1 1A, + 0 LA, WAT + 1 Y4l
wiililes 26 dudeniilaiunldnuuenmdeansseyimmun iy + 0 uy. fuanslunisid

3.2 IngnadnsuaIni1sinasinIsedaunvasdualudueivanasazasuisluuny 4

=

Y; Xgp= (XE'yE'ZE)T

A19197 3.2 TIUIUNITNAABIVDIAURAANAIAVIIANA

PN ° a a ¢ a o
E‘U‘Vl 3.6 IllL@a?‘ﬂ']aa\‘]ﬂLULNWﬂaLLaswqiqﬂJLmai

Rotational=Joint

Lower Link—

D

|

ouble

spherical Joint

Case Ll Lz L3 Case Ll LZ L3
1 +1 +1 +1 14 0 0 =1
2 +1 Sl 0 15 0 -1 +1
3 +1 +1 =1l 16 0 -1 0
a4 +1 0 +1 17 0 -1 =1l
5 +1 0 0 18 -1 +1 +1
6 +1 0 -1 19 -1 +1 0
7 +1 -1 +1 20 -1 +1 -1
8 +1 -1 0 21 -1 0 +1
9 +1 -1 -1 22 -1 0 0
10 0 +1 +1 23 -1 0 -1
11 0 +1 0 24 =1 -1 +1
12 0 +1 -1 25 -1 -1 0
13 0 0 +1 26 -1 -1 =1l

"

9 L;= 110 44, L, = 100 Wil ag Ls = 270 Uy, wazdn1smg
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3.4 TuAa31299A MU TLAUUALNANTL VU UEUALATIA 19V

3.4.1 TUAan g

1n3UT 3.7 uandlidudslunauasmsiiimesvans 9 sgrsvesuvuusuilasaing
g dwdulumsiteilunauszneulufeguiiBamunidld duuuaziasesdd do
Aovyl uaziduevAwes Tnefiduduonamesaziiunuionun 3 unu fsznauluse
X, Y, way Z mmﬁl,l,wﬁaﬁ%ﬁﬁugm ﬁTﬁLmu'waqLéuwww\lﬂLmaé’%gﬂﬁmumimﬁ%mﬁq
VOIUNITNYY 6, 05, O3 VBULBTIINDLADT AILNUIYUNITNYY Oy, 0,, O3 VOULFDSL)
uewefagninlitugunazemunuueniulaziudaszroriu lagsasduuasdendeiuives

6§ o

T119m1e35 AIAFIANILTaUARAUAIAULLAZLE WAL DS AL TaRDUDARDIF

Rotational Joint _ Base

Spherical joint

Lower Link

End effector E~= (XEJYE'ZE)T
A1) NMNELLAVDIULAS ) TAsaasna

JUN 3.7 lunaveuwauueudilasasauuny

Rotational-Joint
B3 .
Os 1 Upper Link—=
y
0 M;
B, B x
L, z
Lower Link—
B. Xg Double
Base End-effector E; spherical Joint
Top view Side view

P a s a a ¢ ¥ o 1 14 U
E‘U‘VI 3.8 MANBsLIVALNYBIRIANUTENDULUAMEAINETILALALAUIUB DR D
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= < (4

3.4.2 NN5AATITAAULUANSWUURNEY [10]

s

nfldaesuledadsnisnlasugunisnyurenemasiasyusenindanidue
Jouinlunsinsenvesnnudesuunsiadeud
MSVLULN Oy, 0,, O3 VDINBLABSLASUIINNITIATIENNTLATOUNUUUVEBUNTY WA

YU @, P; 58niNAed wavseninsdsdnuinduenames Iagldsuuiainnisldusgh

nAmasAely

n) eV 04,05, 05
FLAUINSUNULY Oy, B,, O3 VBIMIVRADAINITATUIINNITIATIENNSIATOUT
Y dd’lj o 1 s v & s a L4
WUURNAY IREEINUgIUNINwtevesnanes X vasdudweivames lun1siasies
nstdeunwuurnduaziiunismenszdnditase (QunsuyuvzonIsaaunngzdn) 91n
o | A o < s ad (J C ! &
Auanlasunniduernames Tng3sn1sAuInNIThanInINUIIVint9a198

nadaunazliduiaiamesun U WA aSALANNIST 3.4
Xg = Xg, Vi, ZE

(3.4)

FunaveInAwes My, E; Tugun 3.7 uay 3.8 waminuaun1si 3.5 aweludl ddldlunism

FEUTVOIANA YUMITANY 0y, 05, 03 Uazdunlsnanes Xy veaduernanes

M; = (—Ly — Lyc0s6,,0, —L,sin6;)"

1 1 V3 V3
M, = (E Ly + ELzCOSHZ, —7L2 - TLZCOSQZ, —L,sin6,)T
1 1 V3 V3
M; = (E Ly + 5L260593,7L1 + 7L260593, —L,sinf3)T
E1 = (xg,—L4, YE, 2 )T
Ly V3
E, = (xg +7:3’E —7L4:ZE)T

L V3
Es = (xg +;4'3’E +7L4'ZE)T

(3.5

NANUFUNUTTLHLTENTNADIPALATAUY IR AIUTDUAAIAIAUNITN 3.6 Aerialuil
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L = |E; — M;|?
(3.6)

(%

pensunuanni1sy 3.5 W luluaunsin 3.6 uagdnnes 6; ud antuazlaaunisy 3.7 asil

AiCOSQi + Bl-sinei = Ci (l = 1,2,3)

L3—13 — A? — yi-z¢

Ay =xp =Ly +L1,By = 2,C; = 5L
2

13—1% — D% — E2_z2
2L,

D2=xE +%L4_%L1,E2 =yE— §L4+§L1

1 1
A; = E(—Dz +'2“Ez)» B, = 75,C; =

L3—13 — D — E2_z}
Pl
V3. V3

1 1
D3=xE+§L4_EL1:E3=yE+ 7L4 5

1
A3 = E(_D:g +\/§E3),B3 = Zg, C3 =

Ly
(3.7)

PnnslEfesndunsinalifduaszinaz lolnvunslnadiduuunniuluaunisi 3.7 6; ag

v

memmumiﬁ 3.8 mﬁ
0; = —tan"1(A;/B;) — tan™1(C;/ |A? + B? = C?)
(3.8)
) Lr'”imﬁ'uagu 0, P;

Y3l ¢ wew P; TEUINAA uazIEIndsdtuduenmamesluUN 3.7 azuaniniy

aunslasunusginamesnigly deaunisi 3.9

9; = cos (o Midi
' |B;M;||M;E;|
M;E; - E; Xg

Y; = cos M (e
X (lMiEi“EiXEI

(3.9)
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®; YUIEMINGRA

1 a 61 =3 s
R T e e NN NI B oM\ (37 [ I lo
B;M; : \INM9sIENIN B; Way M;
ME; : WNABIIEWIN M; uag E;

EXp @ VINWOIIENIN E; Uy Xg

3.4.3 yuudnassmsiafeuiivasuvusiusudlassEi U
ludautlazdumsesuisiauusiasswesrndonuumsiadeuiivosnuusus
Tassadravuuiisaulufeiianainisviadinvessusne wuvaunsgsauludedianatn
isnadndmiunsurestese dorensinannazdsd dudussdusznouifidulsynau
gnasuazgnlfileuansendesuunaindeuiivesiusud fuiudezeduienisedoudis
TudsAndeauuvesgusne Tnenslelunagusrsnisindeudl (model of shape generation

motions) munlaasSurgliluuni 2

n) nsileaiuunsiAfaunvasdasau
lun1sindeunvestedonyuazkaninIuaun1sy 3.10 Fesenaulumendeuuy
Y9IFUTINSATNAMUTI Uaztna s TURUTY MU3UR 3.9 Muantaluinavesdononyuuas

= d‘ a s a ¥ J
NTLARBDUNVBUUNING AZ(6;) NUITNYALLRYAVNAN

| Base

1 ]
M
d Upper Link
1
d,
ds
dy

d‘ o v U
gﬂ% B HUUITADNUVDNVBABL UV U
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cosB; O8ygy sinf; Oxy
8v2 1 Sag: b6y

2(0) =A Azl
#(00 B\ —sin 0; Jdag, cosb; Ozy R
0 0 0 1
g1 = Yiq Sinb; — a;, cos O; + @jp
Sags = —Vjp Sinb; — ajp, cos 0; + g

8Ye1 = Vjp COSO; — ajp, sin6; — yiq,

6)/92 = )/ja cos 91' + Ajq sin 91' - ]/]b
1 1 _
Oxg = 3 (=28, + dy¥jp + da¥jp) c0s0; — (dy + dy)Vig — 2(2621-1, +dyajp + dyajp) sin6; + 8x;,
6Yg = 6Yic = 6Yjc
1 _ 1
6zg = E(—Z(ijb +dyYjp + dayjp) sin6; + (dy + dy)a;, — 5(2621-1, + dyajp + dyatjy) cOsO; + 8z,

(3.10)

e

R Lfmme’ﬁLmeLmumumm%mmu

Ap © MandsuiidmuvLsdeIoLvEndTidaduvtauy Y fulnums

Ams Vin, ATl ILMTR9YINNN9RLUNL X UAZUNY 7 212431379 n 28989ALsTNAU M
Taeifi m - i, j, karm=a,b

Sy . Aananfiesuresiumius x, v, z iAn9aedgling n aesesdilsznen

mn'symn'szm

m Tagf m = ij, waz m =a, b

9) ANULILUUNITARDUNVBIVRNITINAY
4 4 . N Y 4 4 .
N17LAARUNURITAAANIINANAIN1T00D U IEANNANN1TN 3.11 TITINAIAIIY
4 . 4 - . e’ 8
Wiesiuuaesgldne mugdn 4. 11 Inauaasdslunadosansananiaznisinaauiiuyiand

A%(6,) MuaziRanmssalli
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2
_._._____._._R._:f s
!

U7 3.10 Lunavestanensinay

cosg; —sing; 0 6x,
sing; cosp; 0 & o
A3 (9i) = 45 % & Yo | 45
0 0 1 6z,
0 0 0 1

0xy, = —6xg cos@; + 8y, sing; + &x,,
0y = —0xg sin@; — 8y, cos @; + by,,

6z, =0z, — 0z,

(3.11)

Ag: A coordinate transformation matrix that aligns the z axis with the rotation axis.

6xp, 0¥y, 02, deviation of the position in the x, y, z direction of the guide surface n.

n=d,e.

Lflla

S: L?;JunﬂLmaﬁ‘ﬁuam5QLLﬂuquu§T’qmﬂlﬂ€fﬁzmuﬁﬂﬁzﬂaulﬂéhanmmas‘ B;M; Way M;E;
WInnMes ME; uag E;Xg

cal o i

Ag: unsuasiidinuvsndndnegludumiawnu Z fuwnumu

8 80 65, UUANTEUUYRIA U IUTIA x, v,z Vot  n,n = d, e
n n n

A) IU1IAAMUTLIUUVDIRIAVULAZAIAENY
NsPReUNINSNG AZ (L) Trulufvuinanu e unyesdn Asuansmugun 3.11

AN115095UNeAIENNISNA 3.12 famalUil
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N| &+

SUN 3.11 Beapuevesien

1 0 0 L+6;
Ah=aly o4 o |4
0 0 O 1
(3.12)
e
L : lunsalvasdeduy nnmasaziiu % wazludadana nwasaztdu %

4; : msulasinamvsnguulnu X dufirnnees L

8, ANULUUYBIVUING A

nNsldansaunsi 3.10 fs 3.12 Andeauunisadeunvedqn £ (i = 1,2,3) 9

[

§5unaumsi 3.13 fail
E; = (Ap1i(L) AR (0)ATi (L) AT (L) ASi (01)AL1i(L1) Ari(0)AL2i(9:)ALzi(La)As2i (91))Xo
(3.13)
athu
A (L) + Wunsulasiidansedaves Ly, Tnsunennanudesuy
A9, (L) 1 unsuasiidansednves Ly, lassuanudosuy

e.(6;) * Wumsudasiidavesnisuyunszdaves 0; lnssuwanudosuy

Cs

X, InNeasaAue
Y

WetiinresduenamoiTugnaudnNueisaIngn B, By, Es Auniaimnes

v

YouduENAWMDITENLNTALERIAEUNSA 3.14 siatl
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(3.14)

(% ]
LY = o

swudladundsamesveudueriameslisuateistazandoauuuingigiu

o 1 [ s A a o ! d' =2 = !
YBIFWAUAIULDWLNALADS AIUNTARANIANNTITNOTUIEALAFUNIS 3.7 B9 3.14 LiloA1
Deauutulasuinanandesuuuinggiu d@unsn 3.15 daggnldiunisaiaun3ngy

suluisandenuunnnsngu

4 4
2 2 2 2
o5 = | D () (@) + ) () (k)
k=1 k=1
(3.15)
Lﬁla

i,j: MUYLEIUTIALAaEULNYIaUADaNNYBIRIAUSENB Ul ULINSAG homogeneous

coordinate transformation matrices WUy 4 x 4
a b 1 Aﬂl 1 lﬂl
u=, u” s ANLRAYUDIFAIULUYILUY

oft,oh, 0f: AMTERUUINATEILYRINM T e

3.5 N1599NULUUAIAIUARTIALARBUYBILYURUBUALASIEF1SUUIL
nnitldesurgliluided 3.3 aruwiudlunisiadeuiivesuruusudlasiasng

YUUlFFUHANTENUIINAINAAIALAR BUNIAUTVIATIALALYUIAAIINARIALAADUTDY

daudszneu FeduainyuuesresnIseaniuuaukiugrlunisiadeufivasainaiy

=2 © o W 1

panioudnludsddy eglsinuloninainindeugnanat N1sUsENIaNaIZEINNN

[

Juuagagldsunulunisuszanananiniu Jsndudeddriniunainndouninvualntg

wnfigawihnilululivasinmssnwainuwivgweansinfouniuainualy
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[

Turmdetazidunisdauafadsdrnsunislasua1s1u UM U auv9IAIY

ARTIALARBUVRIRIALAE TR A UAIEBNTULAYR 1AL TEUUUNI T AR UNVDIRY U UL UA

=

lassadsvunu wazdueniawmesniieuludedidnmenisldiBmsusuaimmuizay Taans

NNPONHUUAIAINNARIALATELYBIVUEUAINITABS UL AtsialUL

n) AUUINI5BBNUUY

9NA9197 3.3 WanIMIoBNUUUAILYS Hufiaveslmitiing a~e fuandlunisad
3.3 1 8un1suanslugudl 3.9 uag 3.10 Fen1seanuuuIzdesgniivlivianun 7 an
t = (ty, b, )7 Iu‘ﬁwméf’;amsiwﬁuﬂuaqmmﬂmmLﬂ?{augﬂiw £, 09 £ LAZIUIA

[
[

AALARBUTUIN tg, £; MINAITIN 3.3 uaRIUUIRYRINEUAN Tl sANwITATaL

A19197 3.3 AUTNITODNLUY

Symbol Meaning Guide-way Symbol Length (mm)

ty Radial axes a Ly 110
t, Radial bearings b L, 100
t3 Thrust bearings c L 270
ty Spherical joints (Ball) d L, 40
ts Spherical joints (Socket) e dy 50
te Dimensional tolerance of upper links d, 60
ty Dimensional tolerance of lower links ds 80

dy 90

9) Waulvanng

Y1 A ~ a' .=4' I3 s & o
‘U']ﬂﬂ"lﬂ“liﬂ’]L‘UENL‘Uu&lﬂmiﬁﬁ’]w‘ﬂ@ﬂﬂ’ﬂﬂLUENL‘U‘L!LF’W&BUV]‘U@QLQUL@WLWﬂLG]’eJiLUUG]’J

[

9109 AzAUTaaERSleEALNIST 3.16

F(t) = Ox, = \/UZ(XE) + UZ()’E) + UZ(ZE) < Omax
(3.16)
F1h)
o (xg), 6(xg), 0(xg): ANTBIUUNINTIFWIUIAR X , v , Z VDI WAULIANDS X

[ 1 Y v 1 ~ A d' @ s
Omax: LiJUﬂ’]EJaiJﬁUlWU@\‘IﬂWLU8\1LUUﬂ']ﬁLﬂa’EJUVIGU’ENLEJUL@WLWﬂLG]E]?
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a) Handuinguszasd (Objective function)
91naun1s 3.17 Juilsiduinguszasdlaefignuvuraainadou IT deiuilald
AUNTATINAMULINUAZAUYUYDINITAALRBU FIgNHITUILALAIAIUARIALATDY LAY

YUIATDITIIBIAI VB ULUANAAAIINAIALATEUTITEY

7 ,r,i0.34—
Gopj(t) = Xizq .

(3.17)
dlo 7y wswesunuvesiheesiuveuwaiinmiuaaiaedeunssy

seunseanuuulymeAmIuAaIAlnfouYeILYLuE UAlATIAT 19Uz ARA TN

'
[ [

aensusualgmliinunzan Javldamanvesilinguingussasanelagnindouls

9 1

fruavaIAtdewuunIsaaulnivaLdueawmas AuAIANAAINLARIUAIERILUSNNS

28AkLUU

3.6 NIAANYINITAATIXVIAUATIALARDUVBIFUINNVB VU UBUALATIE T 19U

¥

Tudrumdatlaziunisasuredinstlifnwveen1saniuni1snsiaaaulssansan

12 '
=) )

yos3smslilunsidetianiteuluniseenuuunuaainiadeu seegdaansiadeudives
siususiaenanduzuil 3.12 dumisesduonianeiuazitaesia 15 0 Auandugud
3.13 kazANS197 3.4 eainAnuaNIIATYeRiugLs FuisvoudulermlamesazuAvAs
uaglutie 1/6 vessveznsindeudl enaasdululdfiasfuusyudndonuumnasg uvesan
Desuumsiedeuiivesiusus lnsazmeuaussiulieulufimsfumeaiauaainindeus

MsAZaufigndIuan 15 99 LaziiuAvAIIgAN 15 9A094AaZAIAA1AAAO UMD

q

[
Y

mnwitavanan ludmvesreeausulireminulswuunsindounveriueuR Iz A

AN a,,,, = 0.05 13



UM 3.13 a9 U NAM s ARSI UNITEINWUUAILARIALARDY

A15199 3.4 SR aUL NI ALADS

z =—209.76

Positions
Cases X Y Z
1 0.000 0.000 -209.76
2 70.00 121.2 -209.76
3 98.99 98.99 -209.76
4 121.2 70.00 -209.76
5 140.0 0.000 -209.76
6 0.000 0.000 -303.35
7 70.00 121.2 -303.35
8 98.99 98.99 -303.35
9 121.2 70.00 -303.35
10 140.0 0.000 -303.35
11 0.000 0.000 -350.85
12 23.50 40.7 -350.85
13 33.23 33.2 -350.85
14 40.70 23.5 -350.85
15 47.00 0.0 -350.85
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unN 4

HaN133ATIYITRYA

unikdunisieseidoyauazeAusenanisaiiauuuiiasiarinssiuay
pusuilassairsuuvuiiugiulunaneufinnesdisesnuuy (computer aided design:
CAD) ﬁiauﬁqﬁﬁmmwmmmm?{aumaagﬂiw GeoRumenanushieswiolud
- namssrassnsiadeuiivuulauniinveanuusiusudlassainavuy
- mafFeuiflsunmsdiassnsindeuiivesuuuueudlassaisvu

- NATBITANANTUINTTEDNRUUNEBUSULAANNNSAIAN®

4.1 nan1331aINITAGaUNKUUIAUINYa U VLILEUALATIES 19T

v Va o

HanN13INaeINsiAdeunuuulnuiinveswvuueuilasiassluaddel f3Tel935

WUUALLIANALUUNNEY (inverse kinematics) 1ngnuUsgadAvaInIsiasanfa@ndaniu

al

VWU UAATUNULABNITAT 1L UURR LT ndadl ULz a ATUNUIlANIZIA1%29

[ d'

vaaavlivlanes (effector) ¥asEUUBIABATENGNINTA INFUN 4.1 VBIUTIENTINANTT
Pasauvulaunfindiegy 6, 0,, 8; vesnsimdeuiluguanan 100 uy. iy 20 oA

0.5 3U7 NAN1FI1A0INUIN 0, 0, LAt sEaNsTINABINUIUGIIANALITU U6l B4 3

L% =

AAnaussanssauasilugsnatfeiu waziirnisvesussldduiusiugy 6,, 0, Feduna

3

UNUARZAIATNUY L, Uz UelngsIuuedilaayasateany Ly Uosumlennednis

youdueamasaarneluwny x, v uaz z fanuianain

130 — —

125 +
,;" —o—Thetal
- m
I 2|
&1

-
N
o

—i—Theta2

=#—Theta3

Resultant Force (N)
- i
= =
o wv

100
0 0.1 0.2 0.3 0.4 0.5
Time (s)

a U & o ° a o o
JUT 4.1 navesusadnsiieuiunaivesnisiiasauuulawfindmsuyu 6;, 6,, 03
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MN3UT 4.2 uansusannsiassnuulaundinifisufunaiveunu x, y, uas z 189
nsiedeuiiiuguaenay 100 uu. fiyy 20 831 0.5 Uil HanTIIADINUILTITdsHAdE
Asdlunsindeuiluusazunuvowny y wae z SAamausslununfendu uiunu x e
ussiliinedl Faduwaunanudazdsdvesduenamesaniineluuny x y uay z A
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Design variables
Bl ty t3 Ly ts ts t7
1 431.6 | 0.023 | 0.024 0.090 0.079 0.079 0.103 0.122
2 440.1 | 0.024 | 0.019 0.102 0.081 0.081 0.117 0.135
3 440.1 | 0.024 | 0.019 0.102 0.081 0.081 0.117 0.135
4 440.1 | 0.024 | 0.019 0.102 0.081 0.081 0.117 0.135




A15199 4.1 HAANFVDINITOBNLUUAINUAAMLAZDY (5D)

a3

| “ms | bearing | and bearing | Boll | Socket | “PEET | HEN
Cases ! t; t, ts ty ts te t,
5 440.1 | 0.024 | 0.019 0.102 0.081 | 0.081 | 0.117 | 0.135
6 431.6 | 0.023 | 0.024 0.090 0.079 | 0.079 | 0.103 | 0.122
7 440.1 | 0.024 | 0.019 0.102 0.081 | 0.081 | 0.117 | 0.135
8 440.1 | 0.024 | 0.019 0.102 0.081 | 0.081 | 0.117 | 0.135
9 440.1 | 0.024 | 0.019 0.102 0.081 | 0.081 | 0.117 | 0.135
10 440.1 | 0.024 | 0.019 0.102 0.081 | 0.081 | 0.117 | 0.135
11 431.6 | 0.023 | 0.024 0.090 0.079 | 0.079 | 0.103 | 0.122
12 429.3 | 0.021 | 0.025 0.096 0.079 | 0.079 | 0.110 | 0.131
13 429.3 | 0.021 | 0.025 0.096 0.079 | 0.079 | 0.110 | 0.131
14 429.3 | 0.021 | 0.025 0.096 0.079 | 0.079 | 0.110 | 0.131
15 429.3 | 0.021 | 0.025 0.096 0.079 | 0.079 | 0.110 | 0.131
Optimal | 453 4 1 0.021 | 0.019 0.090 0.079 | 0.079 | 0.103 | 0.122
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Adbstract

The preciston and accuracy of the movement of the parallsl link robots are one of the key features that are
essential in the production processes, which control the position and speed of the miechanizm linking, and have the
iovement of the final control motors mousted within the linkazge mechanism on the basis of 2 numbar of mathematical
modelsy Fecently, J-dimensional CAD'CAE systems are widely applied and mechamical design has become
copipliczted. Therafors, the tolerance design of the prodaocte iz becoming more difficult and complicated. The
objective of this research is to propose a mathematical model of the paruﬂl;ﬂnk robots, which applies o talarance
designe for the parallel link robots based on the geometric tolerances of the componest:. The propossd methed
provides us with 3 systematic methed to design the gecmetnic dimenstoning and tolerancing of the components, undas

the constraints of the Kinematic mietion accuracy.
Keywords; Tolerance Design, Geemetric Dimensioning and Telersncing, Modaling. Einematic Motien

Deviations.

1. Imtroduction

The precision and accuracy of the movement of the
parallel iink robots are oe of the key festures that are
essential in the production processes, which control the
position and speed of the mechanism linking, and have
the movement of the final contrel motors moustad
within the linkage mechanism on the basie of a number
of mathematical models. Fecently, 2-dimensional
CADCAE systems 2re widely applied and mechanical
deslgn has become complicated. Therafore, the pered
of the tolerance desizn: of the mechanical products has
became shortened and more difficult In the designing
phase, it is reguired that tolerances of the comiponents
with high accuracy are set properdy. [t the production
process, it i reguired to keep the geemietric and
dimersional deviations within the rangs of tolerances

As megards the pgeomelric tolerance:, =ome
researches lkave been carriad out to deal with the
dimersional tolesances and the geometric tolerances,
pimed of realizimg statistical amalysiz and design
methodologias for 3-dimensional machise products [1-
11]. In the previous papers, a systematic procedare
determites the telerance valies of the puide-ways
thaosetically under the comstraints on the basis of
kinemiatic motioh deviation: of S-axis machinmng
centers by applying mathematical maodels

The abjective of the present research is o propose
1 mathematical model to deal with parailel link robats
which are appiied to assembly works and picking works
for utilizing high-speed. The mathematical models are
proposed to represent the Kinematc mation deviations

of parallel link robots, on the basis of the dinietsions
and geametric tolerances of the components, and are
applied to systematic procedure which determins the
beth dusenslanal tolerances aid geometric tolerances
of the puide-ways inder the copstraints on the basis of
Einematic motion deviations of parallel link robots.

1. Geometric Tolerances and Devintions of Features
[79]

The geam#tnic tolerances of the featared specify the
allowable azeas pamed “tolerance zomés,” which
comstratn the position and crientation deviations of the
dssociated features against the bominal features, as
shown in Fig 1 {2). The associated featurss and the
weminal features mean the featares of the manrufactured
products and the ideal features defined in the desipn
phaze, respectively. The peomietric deviations of the
azsociated features from the nominal features are
represented by sty of parameters named “devistion
parameters " For example. one position parameter w
and two rotztional paramieters @ 2nd § are requirsd to
represent the gedmetric deviation: of the zssocizted
plane festares agzinst the mominal plase featurss, far
the case where the folerance zone is giver by the area
between 2 pair of parallel plases, In the resaarch, the
followings are arsumed for the sase of the modeling and
the anakysie of the géametric deviation:.

1] The deviation etare &; L1 the
2 position  and Ezﬁumn&nn mm"wis ff the
asyociated features follow the nermal distritution

Wi o) 2nd g, =0, Where, i; aed o, are the

)
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mezn valee: and the stendard - deviations,
respectively

(2] The marufacturipg processes of the components
are well controlled, and the proportion of the rog-
conforming  companents, which mesns the
toleranced features excead the tolerance zones, is
a5 small as o value Py called "Defectve rae”™

(3] Eq (1) represemts the relationships besween the
standard deviztions o; of the deviation parameter:
of the tolerznce featares and the magimwm value:
of the deviation parametsrs,

8 = Eimand Cra th

Where,

Simas . Maximum value: of the deviztion
parameter: &, if the pber devisuen
parameters are §; = 0, (12,

€z, [ AComsman represamiing the g of the mayi-
mus  values fimae and the standard
deviations 7,

Letus coneider a caze of the plane feziure shown i
Fig. l{a), 2= an emmple The magimum values
O imay AFE Eiven 13 follows

G=wil=ad =g

¥ g P m
Iil-um,l-"' Irﬁm = Eli]m = r;
Where,
Lyly 3 me znd width of the Fl-ﬁ-! feamure,
£ : Tolernce values, e g, the distance betwesn

Two planes representing the wlarance zones

From Eqs. (1) - {2, the standard deviation of three
parameters are given s follows
= F Ty = e Oy = 2
C el Tl

The following eguation gives the condition: that
the plane features are included within the tolerance zone
between & pair of planes

5£=+@+L*E‘

-

&
= 4
<5 )

3] ™=

The probebility that the tolesence featares are
meloded the tolerance zone & given by the following
equation, Thiz probabiliny 1 — £y means yield rate

L=g,
o2 _[.‘ S ‘[.""'“'|:]']-.u;.;—g';.':.u_t.,,,R ()]
Where,

2, 8 LaCa by Lafp By
e -I-“ e r‘ %y t‘

I the defective rate Fy b2 set to 0.27%, the constant
Cpy can be ezimated as ~Cpy= 3837, through the
mumerical anabyaiz of Eg. (3),

Im the casze of o cylinder shown in Fig, 1{b), the
following equation gives the standard deviations of the
parameters.

hzudh=swh=ad, =y :
r =
Em'aim.l.l = E "ﬁ.lmu":'lmn.'r = I [ﬁ}

t t
L T
Inthis caze, the €. 13 estimated as "C, = 5.06", of
the defactive rate Py, iz set to be 0.17%.
I the case of & sphere shows iz Fig.l(c), the
fotlowing equation ghves the standard deviztions of the
parnmeters.

HTudy == w i
r
ﬁ]_ml E—lmlﬂm = E |f;|;r"p E] = E'E'.': m
Ies this cage, the Cp Iy extimated 23 "0, =3.377, of
the defective rate P is sat o be .27,
The Cp, vares with fearore: bacmme it i
caloubated by Eq,(5) and the pumber of parameter varis:
with faatures,

(b) Cylinder festre

L

{z) Sphere Feature
Fig. | Definition of geametric tolerance of features
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The dimensicnal tolerances are shown in Fig.2, the
tolerance zome values are expressed s c=a 4 b,
assumed to be $3¢ and the following equation gives
the standard dediation of the parameters. In thie coss,
the C,, is estimated 24 "C, = 37, of the dafective rate
F, iz st ta be 0.27%.

T r
= N =
ey ®
3. Kinematic Analysis of Parallel Link Robots
3.1 System description

The paralle] link rofot i this study 15 shown in Fig.

3. It has three degrees of freedom (DOF) and motion
dlong X, Y, Z-uxis that consist & fixed baze, three
bramched chair: and the active links Thess are
copnected to the semo motors, and cne énd of each
paseive Lk 8 connected to f1s active link by spherical
Joints, While the opposite snd side i connected to the
moving end-gffector. A schematic diagram of the 3-
DOF paraliel link robot &nd its parametars are shows in
Figd.§

"
P! =Tiaim

Fig 3 The parallel link robat

e
Kylw, pw )
Fiz. 4 The kivematic diagram

Fig. 5 The kinematic parameters

3.2 Imverse kinematics analysis

Detavit Hartatberg has proposad the D-H methaod,
which is commonky wtilized in robot kinematic modsls,
In this research, inverse kikematici analyes (s
corsidered o determine the active link position acgle
8,0i=123) according 1o the peattion (x, v, 2) of the
moving end-effector, As thres chain: have the same
structure and form of motions, we can consider fhem
together,

The kinematic diagram i shown i Fig 4, the state
of threa applicable comstraines that the lower lengths
must have 10 accuracy. constant lemgth L; is shown in
Eg. (¥}

Le=|B;=M| (=113 0

In order to convenient equare both side of the
constraint equations i Eq. (F) to aveid the square-roon,
the constraint equation is gives in Eq. (10}

=|E=MP =125 (L0

The warizble wvafues are the position X =
[x,9, 517 of the end-effector. The constant vectar
vakues are points B, E; were given previously, The
vectors M, are dependent on the joint variables @ =
{8 83, 8517 by 2pplying the following equation.

by 4 Lgcos E‘:[]
My o= a
L] —|... EII‘.'ISj ;
&
—J'.,_ = —J:.I ok By, .]

-
il ®

~l

,+-—-—-I.1co B3 | ul}

—I.;_ sin
- -:.1 coE 8y,

L
Nl u'll-ll

| Vi

l = TLi ok By

=Lz iln Fy 4

Ej =[x+ L r£)

i Lix B ]

Eq -{A’—?*.1.'+Tr_l,:.:l “1}
Egj = {3_1?‘”_:_3.-.'}

From Egs, (89 - (11}, the three mdependent

equations are obtzined in the Eq. (12}, as shawn balaw.

Ajcosd, + B sing, =C; (13
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1 o8 — 2 el gl
.'I‘—J"FL;—I'.’.E;H:I',CL-L:—L:?EL'L
R
jz-%l:ﬂ,--.‘i!,:l_e,-r,f,-ll 4 :E: L i
1 1 i | ) |

oy -:—IL‘ +5.'.|_. Ey = }I+TL‘-T£‘

i=F=-p]=£f-1
;TH

i

D mie aL e R -“if_+]
& Ii-!l"l."!il""l-

L 2
Az =2 (0 +HIE )8 =00 -

According to the aszembly mode, mverse
kinematics anatysiz gives &, 23 Eq. (14}

;== Elﬂ-qiﬂp A
- tai ( [T+ 8 - €7 (4

For the anpls berwees Link | and Link 2, Liek 2
and end-eifector are determinad by the inner produci of
MB;, ME;, E.M; and EXp, respectively, The
equation is grven in Eq, {15).

@ =ros"? f_ B AT )
' H;RJ H;I’.[

(t5)
vi= ms—:{liﬂi'hh}

4. Modeling of Parallel Link Robots

The model of the parallel lmk robat is formalzied
by the kpematic motion matrmpe: The mawioes are
copsistancy to relate the kinematic monon deviations
among bearings, spherical jomis, and links, respectively
1t i3 predicted froms gecmetric deviations of pusde-ways
and dimensiopal deviations of the lensth of link: The
methed to ebizin geomeiric deviaiions from geametric
dimersioning and tolerancing are explaimed in the
previous section

4.1 Kinematic motion deviations of nsotors

The model and kinsmatic motion mairix of moter:
are shomn m Fiz § and Eg. (14} The stendard
deviztion: of parametsr:  Sa, 8y, O, 6y, 6z are
calculated by Eqs. (3) - {6), as shown m the following
BquELan,

/fcos@ fys,  SmE  Sxgh

= 5Veaz 1 Bag, Oy
L fag, cosd fig (1
a ] a 1.
Where,

Sgy = ¥ig SNE — @ 0050 + 0
Bagy = =Y Sing — g, 0058 + o,
dye: Sy c0sd — mpsind = ¥ia,
OV = ¥ P05 8 + 0 5N G ~ v
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dxg = é{—!ﬁ'.‘cﬂ, + Y+ L) cos 8 —
{zl. + 'Il:”lln. 2 E [Es'ﬁlh + I:!ﬂ‘:h L 3
by )sing + Bxyg
f¥a = §¥e = 8y,
425 = i{“”lﬂ- ¥ L) sind + (L + L
- ;-[Zﬁiﬁ, + Loy + .'45:;1,} cos & + 835,
Lot Ve - ClTIEBIRT 0D doviations of puide-way k
Unit-m(m =1, /in = a.h)
B X s B ¥ 08 sy = Poxition devistions of guide-way 4
in Unit-m {m = L j.n = a; b)

4.2 Kinemutic motion devintions of spherical joints

The medel and kinemaric motian mawi: of ball-
joints are shown i Fig. 3 and Eq(17). The standard
deviztions of parameters £x, &y, 8z are caloulated by
Eg. (7). ns shown in the following squation.

cosg —sing 0 fxg
epon = | SN cosE 0 By,
Aflgl= a 0 15:') (LR
0 o0 a0 1

Where,

dx, = —fxgcos @ + fygsing + dx.,

Sy = =Bxgsing = By 005 @ + 8,

8z, = 01— 85y

&, By, 6, ° Position deviations of guide-way n

B Tring |

Fig. 7 The model of spherical joints
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The posttion X g of the end-sffector is determined
by the poedtion E;, £, Ex. E; are given in the following
Eqg. (18]

k= A,[L,_IHE[&}Hil:f.ifl.-I‘{ﬁ‘-:l (18

AF(m = @A (L A (B QAR (T = )

Where,

Ayl Translation between the coordinates system

A*(a,. 8 - Rotation betwesn the coardinates system

A%(&): Fotation of the motors

A7 = @i, % =ty ): Rotatlos of the spherical joints
Then, the positior Xp iz calculated by Eq. {19)

becadse Xp is the gravity cemter of the positions

By by B

a.il'.- = {Erx' '_'I"' u‘l}

g - AR SR L) l--:l-'lI 5*1-;-::"I + gk
i 3 £T =g L1 Lt ;.\‘Jl #1 '

(16
oy - ;qar.*.-raj.qnn.‘.
Whare,
Dops 0y Fps  Standard deviation of the poxition £,

& Tolerance Design

The design & suitable 821 of telerance values of
mechanical products plays an important role from the
vigwpaint of the both product quality and production
costs, The olerance design is considared here means the
allpcation processes of the tolerance values. In order to
rediace the manufactaring cost, the tolarances should be
eased as far a8 possible sabject 1o the premise that the
standard devistion of the kinsmatic motion devistion of
the end-effactor, which depend on the design vanables
t;, &re less than allowabls values. Then, giving the
allowance of the standard devistion of the kKinematic
motlon deviation of the end-effector and taking each
tolerance vales as the constraints factors, the toleradce
desige of each component is converted imto a
conetraited optimization problem, as skown in Eq. {20}
= (21}, which 2ssumed that seven kinds of tolerances
£01 = 1~7) shown in Table I are design vamables and
lllu'l tolérarce manufacturing cost is the objective
function. The position of guide-ways a~e in Fig 1 are
indicated in Fig €.7. Eq.(20) represents the relationship
hetween dimensions and tolerances and formulated
based on 150 Tolerance

L3 )
min g = ‘1:- {20}

aml

Whare, r; is the dimession of the conponats

Tahle, 2 Design variables for seven kinds of tolarances

| Symbal Ifanning Guide-way
f3 Radial azte a
fa. Radial bearing h
13 Thnst bearizg ]
t, Spherical joints (Ball) d
Iy kierical joints (Bocket) g
s imensional tolerance of the 15t link
t; Dimensional tolerance of the 3nd link

Where, foa. it the allowable rangs of the standard
devistion of the kinematic deviation of the end-affector,
and &, B standard deviations in i-direction of the
poaition X,

. Caze Study
The ed method is applied to the talerance
desizn u?ggﬂ;nﬂhl link robot shown in Fig. 3 bv
setting the allowable kinematic deviation to 0.05 mm.
Fig. £ shows the optimns salutions
The dexigned tolesances of ¢, ¢, are smaller than
other tolerance values, a5 shown in Fig £ This means
that the kinematic motion deviations of end-affectar is
deeply influenced by tolerance value: of those giide-
ways, therefore fhose tolerance wvaluss are rather
important to reduce the stamdard deviations of
kinsmatic motion of the and-effactor.

7. Conclusion

Systematic procedure {8 proposed to desizn both
the geametric tolerances of the guide-ways connecting
compenents atd dimensional talerafces of the lmks,
based on allowarce of the kinematic motion dsviations
of the end-affector This method is o design tolerances
urder the constraints on the kinematic motien
deviztions of the end-effector by applying mathemarical
models

- LY Ll L i fy 3
Diign veriable

Fig & The result of taleramce desipn valse:
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Absiract

Parallal link robots are now being applisd to various assembling tazks for small products and compowents. One
of the important isswes for design of the paralle] link robots is to improve their kKinematic motien deviations
due to the complex link structures. The kinsmatic motion deviations of the parallel link robot are deeply m-
fluenced by the geametric deviations of the components, such as joints and links. A systematic design method
is required for specifying suitable geometric tolerances of the joints and the links, in order to improve the
kinematic motion daviations of the parallel link robots. The objective of the present research is to establish a
computer-aided design system for spacifying a suitable sat of the geometric tolerances of the components con-
sidering the trade-off berveen the requiremants on the kinematic motion devistions and the éaze of the many-
facturing processer. A mathematical model is formulated to reprezent the standard deviations of the kinematic
motions of the end efectors, based on the tolerance values of the joints and the links. A systematic method is
proposed here, by applving an optimization method, to detarmine 3 suitable set of the tolerance valuss of all
the joints and the links under the comstraimts on the kinematic motion devistions of the end effactors. The
mathod is applied to some design problems of the geometric toleratce: of tha paraliel link robats,

Keyvwords - Parallel link robots, Kinematic motion deviations, Geometric tolerances, Toleranca design, Desige
optimization

1. Intreduction

Thres-dimensional CAD'CAMTAE (Computer Aided Design Manufacturing Engineering) syatems are gow
being widely applied w0 design anabyvsis and manufacmring of mackine products and componsnts. One of the
fmnportant issues to be considered in the applications of CAD'CAM/CAE syatems s bow 1o deal with the geometric
tolerancing and the dimensional tolerancing m the thres dimensionsl product modeling systems.

hiany researches have bean carried out to deal with the dimensional tolerances, aimed at realizing statistical
analyeis and design methodologies for the three donensional machine products (Tfathien et al, 1007}, Q¥arahari et

Faper N 1700342
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al, 1599), (Roy et al, 1991}, (Voelcker,1603), Tha dimenticnal tolarances deal only with the deviasions of the ons-
dimantional talerances, and thedr applications are relativaly lmited for represantation and asalvais of tha goemetic
deviations in thres-dimentional spaces. Therefors, much smphasis bas recently been grven to the modeling and
analyels of the thres-dimensiona) peomatelc tolerances in the thres dimeniinal product modaling (Carrino et al,
2001}, (Ngol and Aganwal, 1908}, (Nged eral., 2000). Howaver, moat of the resaarch works have not vt considared
thi statistical amabyvsis of the threa-dimentional tolerances.

A wet of ressarch works have basn carrisd out to represant and to anslyze the three-dimentional kisematic motion
deviations of the machine tools based on the statistical characteristics of the geometiric tolerances of the mackine
tools {Satonaka et al. 2005), (Satonaks ez al 2007), (Satomaikcs et al 2008), (Sugisura et al., 2002), (Takahaskd e
al, 2014), (Takemarvy, ot al, 2016). The methods proposed in the previous papers are applicable w the machine
products other than the mackine toals,

Parallel link robots are now being applisd to various assembling tasks for small prodocty and compopents. One
of the important issuas for design of the parallel link robots i to improve thair kinematic motion devigtdons dus to
tha camplex ik structures. The kinsmatic motion deviaticns of the paralle] link robots are desply mfluenced by the
gromatric deviations of the componsnts, such as joints and limks, A pvismatic dewign msthod i requised for
spacifyving suttable gecmatric wlerances of the joints and the lnks, in crder 'o improve e kisematic motion
daviations of the parallal link robots, The objectsve of the pressnt reasarch 3 1o satablish & compoer-aided design
syutam for specifiing a sultable set of the peometic tolerances of the componants conaidering the wade-off bamveas
thie requiremants on the kinsmatic moton deviations and the sase of the manufacruring processes. A mathenatical
modal Is formulated to represent the standard deviations of the kinematic motions of tha end effectors, bated on tha
tolarance valuss of the joiots and the links. A syutematic method is propossd hare, by applying an optimization
mathod, to detarming 2 suitable sar of the 1olerance valus of all the joints and the licks ander the constraints oo the
kinematc motion deviations of the end efecton. The method is applind 1o some design problems of the geometric
tolerances of tha parallel lisk robots.

The following lasues are discussad in the papas.

(1) blesursmant and simulstion of a paraliel link robot,
23 [averse kinematics of parallsl ok robots,

(5) MModeling and analysis of parallel link robots incheding geometric deviations, and
(4) Dabign mathod for tolerance valuas for jolnty mud lisks,

1. Measurement and Simulstion of 2 Parallel Line Robot

Kinsmatle motlon daviations of a parallal link robat are fretly maasased by apphving the DEE (Deubla Ball
Bar) nyutars, &y shown in Fig. L. Tha robot and the measuring systam applied ame FANUC M-10A1H and Resishaw
BC20-W, respectively. The tarmicals of the DBE are fixed on both the table cexter and the and affector, and the end
affector i controlled 1o rotate around the wble center. Tha rotational radiu and the feed spesd are st o 100 mm
and 1,200 mym vec, respectivaly. An exampls of the measurement reaalts is thown i Fig. 2 (o) represesting the radial
positon devistions of the end affector, As thown in the figure, the majectory of the end effecior has an ellipsoidal
shapa, and the radial positoniag deviations resch about &l 4 mm, The partems and the ranges of the radial deviations
obtained here are almost same as the resulis published by the other papers (Takceda et al. 2004}

Biathematizal simulation method is also applied to sstimarion of the effects of the deviatdons i the lengtks of
the Haks constituting tha paralisl link robots and the alignment devistions of the rotational joints of the uppes links
which contrel the positions of the and effectors. The mathamatical simulations kave bean carries out for the config-
urations with various link lsgrhs and rotational joint poxiticns of the robot shovn in Fig 5. Tha robot has theee ses
of the rotational joints, the upper links and the lower links as shows ia Fig 3 (a) and (b), Ons set of the rotaticnal
Joint, tha upper link and tha lower link i -x dirsection e Fig. 3 (b) and Fig. 4 are salectad, and tha position tha |oint
and tha lengehs of the Hnks are changed in the simulation. The paramaters changed in the simulatcns are the positon
of the rotational joint L, the langth L, of the upper link and the length L, of the lower link.

The neminal values of £, L; and L, are 110 mem, 100mem and 270 mm, respectively. In the sirmulation, these
paramaters are changed in the range of wl. ] mm. One ecumpls of the wajectorias obtained in the siemlation is thown
in Fig. 2 (b) under the conditions of Li=110 - 1.1, L;=100 =+ |0 and L, =270 - [0, The majectory cbiainad here hasy
4 simuilar pattarn with the rajeciory tiown in Fig. 2 (a) cbtained o ths axpariments,

The reanlts obtained through both the experiments and the sivmlations show that it is importast 1o design the
gorometric deviatons of the link lengths and the aligoreese devistions of the rotatienal jolnts from the viewpolat of

_[DOR: 10,1253 jamasm. 201 5jamasmag18] © 2018 Tne Japan Gocety of Machanical Engineers




62

Takematsn, Satonalcs, Thasana Iwamura and Sugimora,
Journa! of Advanced hMecharical Desien Svetems and MMarufactonme, Vol 12, Ne.l (2018)

mproving the kinematic motion deviations of the end affectors.

A systematic talerance desizn methodolomy is discuzzed in the following sections, in order 1o estahlish 3 design
method which determines 3 snitable set of the tolerance valoes undsr the consoaints on the ionemaric monon devi-
ations of the end effectors of the parallel link robots. Especially, the ernphasis iz given to design a suitable et of the
tolerance valoes of the rotational joints, the sphevical joints and the links included in the robots. The tolerance values
of the components deeply affect the position deviations of the end eFecrors.

1
->-
Y I I
& -
4 + il
Fucsmiinasd =T \_;_/

(AT ISTITRETRTT T " o+ D0y 5l

(8} Experimental result () Sonulation resul
Fig.2 Measurement snd simularion resuits of paralie] link robat

3, Inverse Kinematics of Parallel Link Robots
3.1 Kinematic Model

The parallel link robote considered in the smudy are shown in Fizs 3 (3) and (&), which reprasent the thres
dimensional mode] and the kinernatic model, respectvely. Tha end efactors move in the thres dimensional space
azamat the fixed bases, The motions of the end effectors are linuted 1o the parallsl moticns with thres degree of
freedom. The motions are controlled by the rotational meles & & and & of the upper links i the knamatic medal
shown in Fiz. 3 (b),

Three servo-motors are aquipped within the bases 1 conwol independently tha rotational angles &, & and & of
the upper links, The lower links shovm in Fig, 3 (2) are coanected by two double spherical joints with the upper
links in ane ends and with the end effectors in the opposite ends By connecting using the double spherical joints,
the motions of the end efectors ave limited 1o the paraile] motiens without retations.

Figure 4 sumenarizes the geametric paramaters Tepresenting the link lengths and the positions of the joints which
comnect the bases, the upper links, tha lower links and the end effectors.
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Fig.4 Geometric parameters reprasenting links” lensths and positions of joints

3.2 Inverse kimematic:

The mverza kinematic analysis iz required to dstermine the joint angles 8, & and & of the upper link= bazed on
the position of the end efectors. This section deals with the method to determine these joint anzizs. The input
miormation shout the poziton of the end effactor 1= given by 2 posiiion vectors Xz represeniing the centers of the
end effectors.

Nz = (oo ¥o 5" i1}
Egustion {I} gives the basic conditions to detenmine the joint angles & & and & based om AL
I3 = |E;, — M* )]
where,
I Length= of the lowar links.
M, Position vectors of the npper end of the i-th lower link, which iz connected with the -th upper link driven by
the zervo motor

E;: Bosirion vectors of the lowser end of the i-th lower link which is conpectad with the end effector

The M, and E; are given by Eqs. (3) and (4)
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My ={-L, =L cosf;,0, —Ly sin 8

My = (%L._ -+%I.2 cosl,,— %L‘ -g:.,ma,,-:.,:m H;)

5 SR 3 3 ’
M, = [EL._ +§L’ oozl —,.:I.,,+—2—I, m‘.‘ﬂ',.-l,ﬂllﬂ.)

By = (0 = Lo¥er 5
T
L V3
g = (':I: * ?.IJ": = TL‘J’:)

T
By = (x. +%.j‘: + %L,&)

where,
Ly: Radius of the circle an which the rotational joints of the upper links are arranged.
I;: Lengths of the upper links,

The fallowing equations ara obtained for tha joint angles & fromm Eqs. (3) and (4).

.d.qEDE E.' 'I'.E.!ﬂlﬂl = E‘
=1~ 4] -5t = 5
alq

T L

D==:+;I.,-;I,, B= }rlu%.l.+$ll

Ay =It-h +f..uﬂ,, =85l =

PR PO A T el el

2L,
i 1 3 3
Dy=sptsli=sl, 5= y+5l-%L,

The joint angles §, are finally obtained by the following equations.

8 ==tan"*4,/8) “ﬂn'l{fi.l"ﬂ.l'-"lf - ’:."}

64

&)

i)

(5

(8

The angles @, and 3 shown in Fig. 3 {b) are obtained by the following equations. These angles are required
to estimata the position of the end effectors taking into consideration of the geameatric devistions of both the joints

ﬂ'ﬂhtjﬂt EEHE“E-
B.M:-M.E,
;= r.':l:|5_1 (W}
Dyt e

IM.E,| 1B Xe|

where,
;: Angles babween the upper links and the lower links.

[DI04: 10,1259 jamesm 201 8jamasmDo1 5] © 2018 The Japan Socety of Machanical Enginears




65

Takeraati, Satonaka, Thasna, [wamura and Sugioara,
Tourmal of Advanced Mechanical Dexlgn, Svatemi, and Mamcfacruring, Vel 12, No.1 (2018)

g, Angles batwean the lowar links and the and effactors.
B, M. Vectors connecting from B, to M.
M, E;: Vactors comnecting fom M, to B,
E Xp: Vactors connacting from B, to Xj.

4, Modeling anid Analyziz of Parallel Link Rabots

4.1 Modeling of Geometric Daviations of Joints and Linls
The geometric daviations of the joint and the ks are consmained by the geomatric tolerances dafined on the

gecmetric alamants called “featares” constitsing the joints and the links. (Satonaka et al. 2005), (Satonaka et al,

<008} (Sugimura et al. 20138
Tha geematric toleraces of the feanires specify the allowabls areas nansed “tolerance zone,” which comitrain

the position and orlentation daviations of the azcociated fextures against the nomsinal feafures, as shows o Fig. 5.

The geomatric deviations of the associated fearores from the nominal fesrores are reprasentsd v iat of parametens

named “‘devistion parameters.” For axampla, one position paramater w acd two rotational paramatens & and § are

reguired to represant tha geomecric devistions of the associated plans fastures againet the normical plans festures,
for the case whare the tolarance zone {s ghven by the zres batwean a palr of paralls] planes shown in Fig. 5(a) Tha
toleramcs values ¢ mean hare the dinessions of the allewable aress of the associated features. For an example, the
tolerance value of the plane fearurs is the distance § batwean 4 pair of faces reprasanting tha allowable area of the
arspciated fearura,

In the research, the follewings are assumed for the sase of the modaling and the analyvils of the geomatric
deviations

(1) The deviation parameters §, representing the position and oriestation deviations of the associated feature fol-
low the normal distribution My, o), and g =0 Whare, 4 and o, are the mean valoss and the standard
deviations, respectivaly.

(23 The manufacriring processes of the components are wall controlled, and the propomics of the pon-coefooming
componaenty, which maans that the toleranced features exceed the tolerance zones, v 20 small 29 & valoe Py
called “parcant defactive”.

(3; Eq. (8) represents the relaticnships between the standard devistions o, of the deviation parameters of the wol-
erinced features and the maximum valaes of the devistion pasameters.

L Fatny
Taiwrance one b3

||‘“_|'I

{a) Plana fearure i}h{iiﬁ}ﬂuﬂua’m
: a0

o=
s . T

:.4_-5

{c) Splere feature (d) Link lasgth
Fig.5 Dafinition of pecisatric olsranca of fearures
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O = fiman/Cra (%

where,
8 qe Mzzimiom valies of the deviation parameters 8, if the other deviation parameters are §, =, {i )
Cp, :Aconstant representing the ratio of the masimmm vahues &, id the standard devistions o,

Let us consider 3 simple case of the hink lengths shown m Fig. 5(d), a5 2 example. The deviation parameter in
the case is mivenby & represanring the length devistion If & follows the normal diswibution N(u, ), the percent
defective P,, that iz the percentape of the cases where the length devistion § exceeds the range of =37, eguals 1o
0.27%4, This is the basic character of the pormal distributfens. So, if ©2 is the maximam allowable devistion in =
directions of the link lengtls and standard deviation o equals 26 in the case shoom m Fig. 5 (d), Py aquals 0.27%.
Thiz means that P,= 0.27% for the case I;:..i=3-

Let us consider another case of the plane feature shown in Fig. 5{a) including mare tham one devistion parame-
ters. The maximom vahies &, are given as follows.

ﬁ:W}ﬁ":ﬂuE.:ﬂ fg:l
4

'f'lm"i'ﬁl‘m'h

T
i — T
3
whare,
fyidy: Length and width of the plans fearare.
t: Tolerance valnes, e.z. the distance berween two planss reprasenting the tolerance zones,

The following equation gives the conditions that the plane festures are incinded within the tolerance zone be-
Pween a pair of planes

¥ L, L ¢
"gSh g torsg i

The probability that the toleranced faamres sre inchoded within the tolerance zone is given by the Gllowing

equation,
( ] I sEpg repd—ay pERdTELTE] X ' o
1—-F, = Jr f Jr { (——'.-\})r.'x dx.d
d E‘] L, & A ].:;Im 7 ELEs L -
g 15'?5; g n';-‘:';‘ﬁ, S sz:-_ﬂ;l

If Py isosetto 027%, the constamt £ in Eq. (8) can be estimated as “C,,= 5.33", through the mumerical
analysis of Eq: (11)

For the cazes of the cylinder feanmes and the sphere feamres thown in Figs. 5 (b) and (c), the consmnt £, in
Eq. (&) are sstimated as *, ;= 5.06" for the cylinder fearares and “C_ = 3.87" for the sphere feamres, by applving
the sarne methods 33 ones for the plane fesrures if P, 12 setto be 027%.

4.2 Kinemaric Motion Deviations of End Effectors
(1) Kineratic hMation Deviations of Rotational Teints

4 by 4 homogensons ransfonmation matrices are applied o represent the kinemstic motions and their deviations
im the previous and present research works (Satonaka et al. 2005), (Satonaies et al. 2007), (Satonakes et al 2008},
(Sugimura et al, 2012}, (Takahashi et al, 2014), (Takematzy, et al, 201§}, The kimematic moticns 3t the rotational
Joints shows in Fiz. 6{a) are represented by the following equation telcing into consideration of the geametric devi-
ations of the faces.
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' tosd; 6ys, =nH; Oxj

&y 1 i, &y, "
AzB1=A Yaz i e 13
&(6:} = A —sinf, fdgy cosd; Bag | T L
o i) o 1

Gfgy = Yo 58, — @, cos6; + @

Gotg; = =) sinf, —apcosB; o,
B¥a; = ¥ 0058, — 2 SNE — Ve

&Yz

Y058, + a s5inf. — ¥
6xg = = (—286x5 + dy¥m + dayys ) oos 8; — (dy + dyJye —%[EE-:-E +dyog +daas ) sing; + Bx

e = 8¥5e

g =

—

)
o
I
Eal '-EJ [

1
—28xy, + dyyp + dyy Vsing, + (dy +d e, — S (265 + doag +d,e, ) cos, + 85,

where,

B: Unit vector reprezswating the rotationzl sxis i the paralizl link robaots.

Ap: Transformation matrix which transforms te v-ziz to the rotational =xiz &

Ag(8. ) Transformation matrix inchuding the kinematic motion devistions dee to the gecmetric deviatons of the
guids-ways of the rotational joint.

;: Footztion anzle of the rotational join:

& poms Ve - CTiENtEtON deviztions of »-th guide-way of the rotasional joines in Uhit-#1 (m = i1 = & &)L

8%, .. 8% 8% . - Position devistions of n-th suide-way of the rotafional joints in Unit-m (m = Lj.0 = G, &)

(2 Einematic Motion Devistions of Spherics] Fomts

The zeomemic deviztions of the lower links are reprasented by the dimensions] deviations beiwesn the centers
of the upper double spherical jomt= end the centers of the lower onas show in Fig. 3 (o), and the domensional devi-
arions between the pairs of the centers are represented by the sverzse lensths of the pair of lower link: conmected
ith each other. It iz asnumed, in the resestch that the averaze lanzth of the pair of lower link= conmectad with 2ach
other is spproximated by ane Imk with toro ball jomts on both side of the link, and that the spproxmsation emrors ans
smnall. Therefore the double sphericz] jointz of the lower links ara representad by the singls spherica] joints i tha
rrode] for the ezse of the Enabysiz.

The kinemstic moticas in the spkencal joints are represented by only the angles of @; or ¥, 2= shovm m Fiz
3 (b)), and the transfonmarion mawin for the spherical joints with ssomeric devistions is given by the followme
ELAE0nE.

oz —sing; 0 Fx,y
- B sing; ‘cosg; 0O &y - 5
Al ) =4 Bl A
) =4s| oy 1HEET 5
R 1] i3 B
X, = —dxgcosg; + Svasing; + 8.,
Gy, = —fxgsing; — Syacoz@; + 8.,
5, =&z, —dzg

wihere,

&5: Unit wector reprezanting the rotational iz which is perpendicular to efther the planes defimed by e veciors of
EB.M.; and M.E, orthe planes defined by two vectors of MGE; and E X

Ag: Transformmation matwix which rensforms the z-axis to the rotztions] axiz 5.

Af: Transformation matore: incloding the kinematic motion deviatons dos o the geomstmic deviations of the snide
wzys of the spherical joints.

o Angles given in Eg. (7).

%, 6%, 87 Positon deviations of guide-way n of the spherical jomt

Equation {13} give the wansformation of the sphencal jomts =t M. For the czzes of the spherica] joims at E;,
the angles o, s replaced by 3, -
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(3) Daviations of Uppar Links and Lower Limks
The deviations of the upper and lower links shown in Fig. 3 are rapressnted by the following equation.

1 0 0 L+&
= - b 1 0 4] =
A=A o 1 o JA° (14)
o0 0 i
wiere,

L: Unit vector reprasenting either the vectors B M| B, M;| for the upper links or the vectors M. E,/|M,E;| for
the lewer links.,

Ap: Transformation matrix, which tansform the x-axis to either the vectors of B.M,/|B M| or the cnes of
MLE (| ME;].

&, : Length deviations of the links.

(4} Kinematic hotion Deviations of End Effectors
The kirematic motion deviations of the centers of the end effectors are estimated by apphing the following
equations. The motians deviations of the points B, are frsthy astimated by the following eqiation.

li = E-‘h:.'{f-ﬂ-ll:i{'ﬂjJJ'I:;H-:HE;.-W.J:“E;EL;Hﬁ.-w-'i} [15}
= (Ao (L 3 AR 00 DA (L 0 g (0 DAL (L g DA g (N DD X

‘where,
Apeillyd: Tramsformarion matrices representing linear wansformations i Lkt direction withous the deviations

ALy Transformation matrices representing linear transformations m Lk direction with the deviations,
pi6:): Transformation matrices rapresenting rotational ransformations arcund ¥ direction with the deviations.
X, Zaro vectors.

The position vectors of the cantral pomt of the end effectors X are obtaimed by the following squation.

1
Xp= EZI,- (18)

The mean vahies and the standard deviations of the position vectars of X are estimated by applying the Equa-
tions from (57 to (16} when the positions of the nominal vector Xz are specified,

&. Design Method for Toleranca Values for Joints and Links
§.1 Formulation of Problem

The tolerance design of the parallel link robats plays an impartant fole from tha viewpodnts of both the kinertatic
tuotion accuracy and the production costs. The tolerance vahies should be as large &= possible for the sase of man-
ufacturing processes, On the other hands, the end affectors of the parallel link robot should be controlled =o that
their kinematic motion deviations are kapt within the allowable ranges.

A svstematic procedune is proposed here, by applyving an optimization method, to determine & suitable sat of the
toleratice values of all the jodnts aied the links under the caonstraints oa the kinematic motion deviations of the centers
of the etid afectors. The tolerance design problem considersd here is formmulated as showm in the followings, ia
arder to consider the trade-off betwess the high kinematic motion accuracy and the aise of the manafacturing pro-
=117

(2] Dasign variables

The design variables summarized in Table | mclude five geometric tolerance values from £, to £y ofthe joints
shown in Fig § () and (b) and o dimensional tolerance values &, and f. of the upper links and the lower links
shown i Fig. 3(d). The tolerance values ¢, mean here the dimensions of the allowable areas of the associsted
features shown in Fiz. 5 {a) to {c) for afl the feanres and the dimensions shown in Fig. 5 (d) for the link lengths.
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"]

() Fotmtional jointy (&) Double spherical joint
Fig.5 Modals of joins
Table | Design variables Table 1 Dimeniions
Svmbel Moaning Culde-way Svmbol | Length (mum)
£ Fadial axes [ L, 110
£y Euadsal beasings [ Ly 100
£y Thrust bearings [ L 170
ty Spharical joints (Ball) d Ly 40
ty Spharical joints (Sockat) ’ — 50
fe Dimansional tolerance of uppar links [ &0
Ly Dimansional tolerance of lowar links [ 80
[ %0

Towmlly, yeven tolerance valoes ¢ = (8, 65 bp)T are considared in the tolesance design of the parallal link robots.
The dirsansions of the robots considered in the case smadiss are summarized in Tabls 2.

(b) Constraints
Tha following Equaticn gives the consorains on the kinematic motion deviations of the end effectors estimared

by the squations Som () 1w (14),

Flt)m Jat(ze) + 0% (Ve) + 0% (2e) & Crmna (am

whers,
aglxe ) oixg ) olr,): Standard deviations in X, ¥ and r directions of the position vectors of X,
T Allowance of the standard deviations of the kinematic motion deviations of the and effectors.

(c) Oljactive function
Tha following equation gives the objective function including the tolerance valess and the repressntative
dimansicns of the grom#ric alements of the joints and the lnlks

Gy (1) = Ll rf 1K (1%

whire,
ry: Reprasantative dimensions of the gecmatric elemanty on which telarances are spacified.
f;-Tolarance values representing the allawables areas of the associated features.

Tha objective funcrion Eq, (18} ls formulated on the base of the relations batween the tolerance vahues and the
reprevaptative dimentions of the feamures dafined in the [T standard wolazance (J15, 1988} Figure 7 mmmarizes how
tha tolerance value ts changed according o the diameters of e cvlinder festures of the holes and the pins. Thres
lines in the Sgure commpond o ITE, ITE and IT10, repecti ely.

It b ssvumied tha the indivical lHaoes of 1T, ITE and IT10 correspond to the diffieultes e the mamsfacnring
processes of e festures. The laas meas squars mathod is applied o approximation of tha lines in dee figors, and
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e [

bidlerane sl

Fig. 7 Felations betwean wlerance valne and representative dimension of faamre

the formulas rP**/t;=y (constant] are ohatsined for the individual lnes. So, the ghjective funciion G,,(t) =
Tl rf%, is set tobe minirized in the tolerance desizn processes,

The representative dimensions considered here ave the diameters and'er the lenzth: of the features shoue m
Fig. 5 {a) to (c} for the cases of the jointy and the link lensths hown in Fig. 5 (d) for the cases of the linis,
razpectively,

The objective fanction geven in Eq, (18) thould be minimizead under the copsmraint: presented by Eq. (17) in the
desizn process of the tolerance valnses. The design process are proposed in the previous paper {Takematsu et al,
2014}, md surymarized i the next secsion,

5.2 Design Process
The problens considered here is to select optinmm tolarance valiss ¢ = (8,6, 0,07, which minimize tha

objective function values dascrived by Eq. ﬂi}uﬁuhm-mhm:mmudumﬂmhy
Eq. {17). As the rolerance values are increased, the objective function values are decreazed, however the kinematic
eotion devigtions are incyeazed znd comenmes encesd the consmained value giver by Eq (13} Zo lhru:nimm
tolerance values ¢ are obtained ar the border of the constraints given by F{B)= Joi(xg) + a%(y;) + 0%(5g) =
a0

mmm&:me steps are applied to felection of the opdimum tolerance values &= (&, ¢, )" onthe
border the constraints.

STEP 1; Search of the matimum tolerance values E s = U imiit Bt i il

The maxirmee values £, ., of the -th tolerance are searched through the following procedures,
STEP11

All the toberance values £, ¢y, -~ ¢, are frstly set to be the mminum valune of 000 mm,
STEPR1.2:

A wolerance value of £ is increased by 2 iep value of 0.00] and the kmematic moton deviation F{F) is cal-
culsted and verified F{t}= o, Thiz step iz terminated when F{f)= o, and tie maxireem valoes of the -
thtolerance ... if obtained.

The two steps above mentioned are repeated for all the tolarances £, &5, -1, w0 obtain the mazirom values
of all the mlerances.

STEP 1 Search of a candidate solation #0001 = (Crineiat Cainiseat o Eringgiat |
A candidate sofution & .. ; i= obtained by applvins the followine procedores.
STEPL1
Amn inirial tolerance valoss €, = (fe..Coge e Ip)” @re Zenerated randomly a5 dhe pmifoom random mmmbers.
The initial values of the /-th tolerance r., is pensrated 33 an uniform random pureber berween the mimimum
valoes of 0001 men and the maximum valoes & ..
STEP 12
The steepast descent method is spplied to find an of a candidats solution £, Fom the mitial valnes £, Tha
F?a;lwhn:, is updated by applying the following formulss wntil the €;,, sausfes the comspainfy
EY= T
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biin = t; — SVF(E) (19)
EVF(8.) = (OF /8t , 8F /Bts vy OF £8E)T

wihere,
VF{t.}: Gradient vectors obtained through the numerical partial diffsrawtiation of F{t.).
£: Constant to obtam &, fom ;.

A candidate sohution of ¢, i5obtinad on the border of the comzmaints by apphving the taro staps.

STEP 3: Saarch of the ephirmon sohstion
The optimom splution is obtained by applying the following procedures.
S5TEP3.1
Al the component valees £ oo Erinisini - s Erimisigy 202 Tounded off to the third decimz] place, becanss the
tolarance vahes are nsnally specified m U001 mm unit. The tolerance valoes sre menipulated m 00001 mm anit
in STEP 3.2 and 5TEF3.3.
ETEP 3.2
If ¢, ;.. setisfies the constraimt F{t_ .} = og__., STEP 3.3 iz camied ot If not so, one of the tolarance
valnes ¢ .- withthe largest sradient dF/3t, . . is deduced by 0001 mmunsl F{E, . .} ssbicfies the con-
shraints. After ¢ .. satisfies the constraint F{f...o;) = 0o, STEP 3.3 is carried cut.
STEP3.3
The gradient vectar WE..;(t...;) of the objective function is firsthy calculsted, and the tolerance valnes
t; inpeor 2Te arransed fromn the largest one to the smellest ome according to the absohite valees of the sradient
vector companents |V, 38, ..o The followding three steps are repested froem the tolerance valoe & oo
with largest aradient vector component 1o the smaller one.
{1} fipienr is modified by adding 0.0:01 mm to the tolerance value & o0
(2} If modified € :.; does not satisfies the consraimt F{f. ;) = T then £, i restored to the oriz-
inzl valoe.
{3} The tolerance value with next [argest sradient vecior component are selected and then (17} and {2 are carmed
onat.
The procedures menfionad shove are repeated ontl 21 the tolerance walnes sre manipulated and Zn optirmom
solution iz abtained.

The procedures of STEP 2 and STEP 3 are repeated for tan times 1o obtzin the final optimonm solotion, since the
solutions obtamad throuzh the procedures mentioned above zre mfluenced by initial tolerance values §; randomiy
genarated in STER 2.0,

53 Case Smudies

The proposed method is applied to the tolerance desizn of the parallel link robot showns e Fig. 3. The secmetric
deviztions of the festires ara represented by the standard deviztions giwen in Eq. (2), and the kinemaric motion
devistions of the end-effectors are alzo represanted by the standsrd deviations by apphvine Egs (120 to (14). There-
fore, hoth the gepmetric deviztions and the motion deviations are symmetry in plus and minns divections of the
devistion parametsrs.

The parallel link robot considarad hara has 1537 rotationally symmetic stocmres. and the motion sreas of tha
end affactor are limited within the range shown in Fig. 8 (a). Therefore, the motion deviations of the end effector
are verified at tofally 15 positions show in Fig. § (b). The optimram tolerance valnes € = (fy, tg, . &) e frtly
dezizned for the 15 positons mdependently by zetting the zllowzhlz moton deviztions to (.05 mon hasad on Eo=.
(17) and (18}, The final optimurm talerance values ars obtained by selecting the minirenm vahes of the mdmvidieal
optimim tolerance values & = (&, 6p, -, 6,07 for all the 15 positions.

The cptiroum desiEn rezults are showmn i Fig. 9. The borizontal =as of Fig. 9 (=) and (b represent the dasiEn
wartables &= (t,.%,.---, £} . The vartcal axe: of Fiz O {2} and (b} represent tolerance vahoes and the mdavideal
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{2) Moticn areas of robot (b} Positicns where motica deviations ars verified
Fiz. 8 Motion arez of robot and positions where motion deviations sre verified

Ll 1

Obiecene fimetion vl
B
1

CO T — "R . N hae
Deesizn variables Diesien varishles
(a) Detignad tolerance values (b} Objective fimction values for lndividaal
design variables

Fig. @ Result of tolerance design

components of the objactive function values »°*%/t, for the individual tolerance vakues in Eq. (15), respectiveh:
The dezigned tolerances of ¢, and ¢, are smaller than other tolerance values, as showm i Fiz. ©. This means tha:
the kinematic motion deviations of end effectors ars deeply influencad by the tolerance values of the peometric
elemants of the rotational joiuts of the upper links, therefore thesa tolerance values are very important 1 minimize
the standard deviations of kinematic motions of the end effecton,

6. Conclusions
A svstamatic mathod i proposed, by apphving an optimization methad. to determiine & Suitable ses of the toler-

ance values of the geometric slements of the joints and the links constitating the parallel kink robots, under the

constraints on the kKinematic motion deviations of the end affectors. The results are summarized as follows:

(1) Einematic moticn deviations of a parallsl link robot ware measured and compared with the simulation results
bazed on the kinematic model. The resalts show that the kKinematic motion deviations of the end affectors of
the rabot are deeply affected by the geometric tolerances of the joints dnd the links constituting the robots.

(2} Amathematical modal of the paralie] link robots was proposed to estimate the kinematic motion deviations of
the robots based on the gosmetric deviations of tha joints and the links. The inverse kinematic method was also
discussed to obtain tha joint angles of the upper links to control the end effectors, basad o the mominal model
without the geometric deviations.

(3 Atolerance design mathed was proposed and applied to & design problem of the parallel ik robots o design
4 suitable et of the tolarance valaes of the geametric alements of the joints and the links. The method provide
s with 2 systematic method to determing the suitabla set of the tolerance values taking into consideration of
both the constraints of the kinematic motion deviations of the end affectors and the ease of the mamifacturing
pracess of the robots and their components.

[2Cs: 10,125 amdsm 201 Sjamdsmo S} © 2018 The Japan Socely of Mechanicsl Enginesrs
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