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When ~he contribution lightweight components to t}~e totil energy of a system is S~tiail ~i}e 
ir~erd~ ef'fbcl.s a,e sometimes s~3ored by  repacb~g ibem to massleSs ~i~ikS. For exampie a 
revohae spberie d ma S]e s Hnk gen:eiates two k[nem ~tic c<msteaigt equations betwee~-~ aSjaeent 
bod}es and allows foyer relative degree of i:geed0m. ~rx t~3is paper; to h3~plement a mass!ess/ink 
systematieai]>, h~ a completer prog~~: m using the velocity tians%rma~ion technique, the ~;elocity 
nansfm'natio~ matr[x ofm~s:dess links {s derived m d  numerically imp{ememed; T~e veiociy 
tra~gfb~mat on m~tiix for a m~ss}ess m d  ~ re~o1~,te-un{versa/ m~s ~ess 

"~ :~ . . . . . . .  resSec{iveiy A m s less ifnk model ~'~ a Ii~3k ~re appeared as a 6X4 ~a~rix ~nd ~ 6 ....... ma{ *X 
suspension composite joim tra~3smfftlng ex~er~ al i~>~ces S a/SO developed a~id the iu!medca[ 
efl]clencv >f the p,<:~posed mode] is c m3pared ~i ~ eonvem{{:~3 i1 mu]tibody model: Foi a m a  siess 
li~ik transmitting ex{eenai tbrces, tbrces aeth~g on Xt~kg are reSOived md trmsmit~ed ~o the 
attached pOiiits with ~qUasi {afieassumf>ticm Numeric / ex~m@/es ~re presented ~o veri[~ the 

:'o{ m t~ia{ion, 

Key Words:M~flt i-bod} Dynamics, Mlssless lank, ~e[ocity ieCi:mique, 
Simulation 

L lntroduct~o~ 

With the help of high peFfbrma~3ce of  comps> 
ters multi body dy~3amie anil~s:is h a  
become o~3e of d3e mOs'{ efthcth, e {oots in tee 
maChh3e and ~utomobile i~du tries Severalco~3- 
merchd p~og~ m3s such i s  DADS m d  ADAMS~ 
v. iich ~ e  available n the computei aided m- 
~ysis f ~  mUhi body sy~tem ~ v e  been deve- 
loped m d  widdy used. (('ADS1 i905  M. 1 ) L  
1994 
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2:~5 Korea. (Marmsc~ipt ~eee~ve8 A~g~,. I7, .,(.01 

........... '~,z ...... ..o~..;, ........................................................................................................ 

In a multi body dynamic am~lysiS, the cq[~a-- 

tons o f themot~n  arc derved basd on maSes of 
o m p o n e n t s  kinematiC cons t ra in t  m d  tk>rce 
e}ements such as p H n g ,  dampers and ~cu~atos 

Amer~g the m~oor componems ff~ a System the 
mass o{ one component may }be compa>advely 
sma!ter than others When a i arae force i applied 
<O fl-~e small mass compone~~{ the equa OnS of  
motion o f  the overall sy.s~em may be li corn 
dk~Ol~ed and thus I5e mlmericai efiieiegc-+' of the 
Computer ~muiat~on is seriously decpcased TO 
o~e~come this <mmeriCa{ b~eflic eney many r e s  
earchers have e d  compOsffe {oh~ts ~o model a 
sna/i mass componenL Haug ,  1989 Nikrave.'-~h 
i988l To improve the numedca~ eflickm W n 
vehicle dynamic analysis  Kading and  Vande> 
ploeg{198 ) derived {sol ldaxiesuspe~ion a p e  
e/emen to apply {o the tt'on{ and rear ~ugpension 
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n , vehicle d y n a m i c  ana l - s i s .  M c C u H o u g n  md 

/ ta~> ~ o  derived d~e suspens ion  ,n ~ [rack 

cehlc |e f rom a c o m p o s i t e  ./oriel and  car t  ed o m  the 

d~ nature real 5 ,,e< 

h~ ~hesc m o d e l i n g  techniques ,  small  mass com- 

ponen l s  are repiaced ~o mass |es -  Hnks and  equ~v 

alent  ~ m e m a ~ c  c o n s ~ a i m s  However  ~hese 

m o d e / m e  [echmq~es  c o u l d  nol h a n d l e  a masMe,- 

l ink Han,, ,mmmg (orce e/emcl tx_ which ot}en ap- 

{}ca~ m the Iowe c o m r o |  a rm o ~ a  ,McPi~erson or 

I )oub  e ~Wmhbone suspel stun 

h~ {h,s paper.  ~o m~plemem ~, mansions hnk  

t e n t e d  n a con pu{er p rog ram using ~he vetocn~ 

lrans~orma[~on iechnloUe. H~e ve~ocu} IranM'or- 

maHo~l matr ix  oI 4 mass|c>:~ Hnk is oe~ved  a~d 

mm~ericaH) im Aemented ,~,nd ~ tow model i rw 

~ e c h n ~ o , , e  {:or a / Y l a . - t e s s  l i n k / r a n q m l i l / r l } 2  externa~ 

~orces , s~ ggzs~ea T h e  c()nq/pLlier p rogram \u -  

~oDv~,7 Kim e~ ak '999? used m this papm 

employs  file ve[ocit~ ~ransR)rmafion t e c h n m u c  

N~kravesh. Gfm. I993 Km~. Vanderpioe,e.  1996: 

[.ee e~ aL. 993) T h e  kinemat ic  r e l ahon  m~ 

CtH}s et|lial}o|]s el- a mansions [ ink m t_ ar- 

tesian coor~hna~es are ~el[  expla ined  in re~e~- 

eaten Hau~ 1989: N/kravesh .  198R A H h o ~ l ~  

~e ~.mema~ c re in[ ion A a  massles~ l ink ca~ m: 

Irca~c(l a> onstra~m er m 111e eqHa[/on 

mol~oN using ~:e|ocilj ~rans~orma[~o, Inch 

a[uu~ 1[]e der~vaH~n o f  \ 'clot/{} nans lo rma l /oD 

111alrlg ol a, mansions imk m~ly be sxg[ell~atl( and 

much c o n v e m e n u  [ ' h e  elHciencv o f  the proposed  

2, Derivation ~f Ve|~ci{y Tra~s- 
formation Matrix  ~f Mass less  Links 

2.1 Equat~m~s o f  Mof im~ U s i n g  V e l o c i t y  

T r a ~ s f e r m a t i m ~  T e e t ~ i q ~ e s  

"FIie v e i o c i b  m/ns%,: rmadon m e t h o d  is p r o  

posed to ob ta in  tI ie  generAi  b o f  ( ; a r t e i m  

coord ina te s  and  tt~e nu i=e i ica l  efficiency i~ i0{n~ 

comdim~tes  T~?{s mefl 'md empIoys  a g raph  theory  

~o m d y z e  ~i~e t :,po~0gy o f  a sysl.em. As  a resglt  of  

topology  a n a l y s i s  a ~f:ee Stiuetu~'e a i d  ~ pa th  

m m ' X  of  the system ~re m a d e  ~o s l o w  the 

ConnectiViiy of  bod ies  t}om d:ie ba.~e b e d }  {o {:he 

end  b0dy~ ";Fhe Connecti~i~y iS defined t?oni t i e  

types 0I ii0imS between the  bodieS. "lhe ve iochy  

traiSfi>rmati0~ matr ix  o f  ~ system c a i  be R>~med 

by pu~ t i ig  Mock mat r ix  ~ p r o p e r  positior~ ~ c  

COrding to 1he path rnm' ix ,  Th i s  block: m~{ilx 

imposes veloclb,  con{ributior~ of  eaCt i0h'~t ~:~ the 

velocity of  each body,  When  tI~e veloeiW ~lans; 

[ ~ r m a d 0 n  m~trix i i b r m e d  t i e  equt:{0~is Of 

m0tioi? can be c o i v e r t e d  from Car tes ian  c o o l  

d ina te  Sp~ce ~o job{ c0ordb~i~e s p a c e  T}~IS 

rnefl~od conf i rms  bod~ fl-~e numer ica l  e i t ic leney  

and t/~e generai{ty of  e q u a d 0 n s  o f  mot ion .  

Lefts eonside~ ~ the COnS~rah~t equ ~tkmS in jOin~ 

coord ina tes  ~s iBll0wingS: 

O|,r = 0  ) 

where q S t h e  vec~oi: of.i0[ii{ c o o r d i n a t e .  

"}'he d ine  der iva l ive  o f  Eq. l l )  is wri[Ien as: me thod  is conHrmed ~hrougl} ~everal s imula[ ions  

f i 'mr-ba mechamsm~ and  ~he vehick  

In seethe ,  me < l o c i w  ~ran;dbrma~ion matr ix  

o~ mass/ess treks ,, derwe< am1 n u m e r / c a l b  

, .Dlemented m ~hc A m o D y n 7  m e . r a m  h? ~.,. 

~on H}c masslcs5 hnk wl [h  exle na/ force 

e[emcms ;< . , ,ns idered .  Numer ica l  examples  are 

~ug,?esle< i~ ~ecHon 4 [ 'he efficiency ~{" ~he 

~>~}ooac~ mo(~e~ ~s c o m p a r e d  to a rigid bed  

model  w~H~ mass eHec~ l h e  conc[usamg o f  {h~s 

Dar~er ~re ~FC en ted  m SJC[IOH q- 

A n d  Ihe lh~e dc~h, :~iGI i f  E G 1o1 iS w ritte~ ~s 

i ;==1 [ (O,~i1,4 + :  ~ , i  + @] (4i 

where  @~1 means  ihe J a c o b h m  m a r x  o ~l~c c0n~ 

straim; eqm.~ti0ns USi lg  fl~e velocity iransii)r.. 

m a t i 0 n  ma t r ix  and  Lagrange  mtAt ip / ier  ~ fl-/e 

equ~don,~ of  m 0 f i 0 i  a~::e ~ r i t t en  as: 

v~he~:e M : : : B Q ~ I B  i d~e aener  d~ ed m~ss m a t : i x  

@r162 gives m e~s~ Ca[CuiidO*~ Of !~eob ia~  

m a i i x  i i  j o i n t  cooedina teI ,  g = : g : r { g . . , N f l ~ q  ..... 

M B Q ]  i d~e g nma[ iZid  fi:rce vuc'~or: B y  c m >  
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b m m g  K u .  (3  a n d  b;q .  5 tl~e e q u a H o ~ m  o f  

m o u o n  a r e  w r m e n  m ~he m a t r ~  f o r m  a s  

M 
~q 

2~ V e | e e i t ,  T r a n s f o r m a t i o ~  M a t r i x  o f  

R S M L  

Fi>~ ~ ~ n o w s  ~he c o n f i g u r a l i o n  o f  a r e v o | m e  

s p h e r i c a l  m a s s ~ e s s  / i n k .  i n  f ~ g  I H a n d  Y ren rc - -  

s e r e  1 h e  r e v o m t e  ~o im de|]mHon r~om~ a n d  ~he 

s p h e r i c a l  jm m d e f i n m o n  p o i n t s ,  r e s p e c f i v d y  1 h e  

m a s s l e s s  h n k  ~s c o n n e c t e d  to  1he r e E e r e n c e  b o d ~  

w u h  a r e v o l m e  }oin~ a n d  t o  t h e  a d h ~ c e n t  b o d ~  

w i t h  a s p h e r i c a l  i o i n t .  F i g u r e  2 s h o w s  t h e  c o o r d P  

n i n e  s y s t e m  o f  a r e v M u { e  s p h e r i c a l  m a s s l e s s  b n R .  

"., t ./" 

m~H~,:uralion o f  a R S M I  

R 

/ 

S 

Fi re  2 C o o r d i n m e  s, s~em o f  a R S M ~  

In  F ig .  Z C7/( c o o r d m a l c  system ts c o o r d m a t {  

; y s [ e m  t i x e d  a~ t h e  r e v o h ~ e  1oin~ o f  ~he r e f c r e n c e  

~ot~v a n n  H~e ~ a x i s  r e p r e s e n m  t h e  r m a H o n m  

ax is  {~f me  r e v o m m  ,d in .  T h e  ~~<)~  c o o r d i n a t e  

s~ ;~em ,-  a c o o r d m m e  s y s t e m  r o t a t e d  #}ore t h e  

~'g  3 c o o r . h n a t e  a b o u l  " a x i s  

F h e  " ecto~ d "  c o n n e c ~ m ~ t  b e t w e e n  p o r e 1  R m d  

n o i m  S r e p r e s e m s  a m a s s t e s s  h n k  o f  l e n g t h  L 

w h i c h  is  d d } ~ l e d  a t  t h e  ~ * g ' ~  c o o r d i n a t e  +r 

g h e  p o s H i o l  v e c l o r  , o  fl~e > r~gm , , /  H~e ~oca~ 

c o o r m n a { e  s~ stem oR boa> can  be w r ~ H e n  ,,. 

re :=~ r i  1 ~  d 

w h e r e  g a l}d r~ a~e  a v e c t o r  f r o m  u l e  Hler{ia~ 

r d e r e n c e  - a m e  Io  m e  o H e i n  o f  t h e  b o d y  i ~'n{~ 

m * d y  ] ,  r e s p e c t w e b ,  s ;  ~s a v e c t o r  l h a m  ~he  o r i  g i n  

o l  t h e  b o d y  , ~o ~he r e v o l m e  . r a m {  d e h n m o n  

~,om~ a n d  s , .  a v e c t o r  f r o m  t h e  o l m m  o f  t h e  

bod~  to  the spher i ca l  1omt  d e f i n i t i o n  p o i n t  

[ 'he v e d o r  d ,~ d d ] n e d  ~:rorn the r e v o / u t e  j o m ~  

d d m m o r  ~ o t n l  R ol  h o d )  i o  d i e  s p h e r i c a  

/ o l i n  d e f i n i t i o n  p ~ m ~  ~ o f  b o d ~  ~ w h i c h  m a y  

no~ o e  [ ) e r p e n d l c t d a /  m ~he r e v o l m e  ~o1[11 a x m  

V ~ , e  v e d o r s  are? d e f i n e d  m t h e  i n e r t i a l  r d ~ r e n c e  

f r a m e  X }5~) ,  

V e d o r  d "  c a n  b e  d d i n e d  f r o m  t h e  m m a ~  ~ m ~  

d e f m m o n  p o m l  o~ m p m  d a t a  as  f i J l o w s :  

w h e r e  d-,  ,- d~e  i n i t i a l  p , ~ i f i o n  v e c t o r  f r o m  m e  

1oevo~me , t i m  d e l i n h i o n  ,>om~ o{ body o t h e  

-~mer~ca~ oin~ d e f i n i t i o n  p r o m  o~ b o d y  Fh~ 

m~ f i x  A . .  a ,  o o r d m a t e  t r ' m s ~ o r m a n o n  m m r ~ )  

N-ore d m  ~oca~ { o o r d m a [ e  . s s ~ e m  o f  b o d y  ~o ~he  

, m a ~  c o o r d i n a t e  s} s~em a~ m H l a l  41a~c l h e  

m a H ~ x  a ~  . a coord l r la { { -  { r a D s l ) J r m a l / o ~  m a t r i x  

Non ~he r e v o | m e  jO~I~{ c o o f d l [ ] u t e  S 2 s t e m  01  r.'~Otb 

j ~o ~he ~ o c M  c o o r m n m e  s ~ m e m  o f  b o d y  ] a t  th< 

m U i a l  s l a l e  w h w h  , -  c o n s { a n t  ~ n a w i x .  F h <  

m a w ~ x  A ~s a r o / a ~ o n  n:at r~x d u e  ~o t h e  r e . ~ o / m e  

~oin t  r o l a { i  m. 

{ o n s l d e r l l  g ~ge g o l a H o n  o f { h e  r e v o l m e  j o i n /  i 

.~-. . . . .  ne ini~ia~ s l a~e  f~-:=-~o thc vec~1~r d ,'~ 

c M c u h l t e d  f r o m  F q .  o a s  ~ b l l o w m g . ~  

Yhc  v e c t o r  d c a n  be  c a l c u l a t e d  " tom d ~,. 
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l 'be ~ ra~shmo~M we oc]~) vector  al the  ~r~gm 

o f  d~e local c o o r d i n a t e  ~>stem o f  b o d y  may be 

W111 [ e ~  t ~ -  

where  r e p l e s e m s  the  a m e  der/va[tve.  [ b e  

ve~oc~ly vecIo~ d o f  R S M L  is  ca lcu la ted  as: 

d e ~ d + A . & , j A ~  d ~ 

M + A  A~A)u{A~ d /12 

a, nere r ~s the a n g u | a r  velocily vector  o f  body  

] b e  s k e w - s y m m e t r i c  ma t r ix  a) is def ined ~.:. 

r  ".a, Fhe vec tors  u~ and  u~ r ep re sem 

um~ vectors  a l o n g  the r e v o i m e  l m m  axes m 

~ " z } ' ~ ' c o o r d h m ~ e  sy stem a n d  ~he iner t ia!  re[~zrence 

~rame X}'%:{ respect ively.  

T h e  [errns g; and  s in Eq. l~ are  a lso  

calca/a te~ a., 

ge :::: O)is~ = & ~ ;  14 

i he ang ~lar veh )chy  o f  ~be bocb is wrY[ten a s  

~ m ; +~ @~Rt + & R e  + ()aRa-r r 15 

where  ~e:~ m e a n s  lhe a n g u | a r  veloci ty ~a< [he 

r evo lme  o i m  And n .  ().~. and  w,~ r e p r e s e m  d]e 

m au la r  vebc i{y  o f  the spher tea l  ] o i m  respect ive  

Jvo T h e  vec t , ,  u >  ua. a n d  m re a r e s e m  /a~/I vec to r .  

ah]u g ~he j , , in t  axes o i  ~he spher icM j o i n <  respec- 

lPdet ~ 

I n s e r d n v  kq>o [2"~ 15[ in to  Eq  / I )~elds: 

r , , = %  ~v ~ ~ , - f d  - s , )  + t} I t h d  +g~u~ 

t. o m b i n i n g  Kq. (15) and  EL. 1~5 _ the  i rans[a  

/ t ona /  veloct ly  vector  and  {13e a n g u l a r  velocity 

r (>l d3e bod)  i a re  wrltlel~ m the  ma~Hx l b r m  

N 

~3 

(~7) 

where  d .. . . .  s ~ - + d - - s ,  and d,~.:=s = d .  Therefore .  

lhe veloch~ N a n s i b r m m h m  m a m x  , -  R S M L  

~ rmel~ as: 

|{, -- { l 
I1 ~2  U~ Ua u• 

l 'he t ime der iva t ive  o f  E~t. IS ~.., ~ r b t e n  ,., 

B 
L~A/ ~AIe O~U.~ ~a~ 

w h e r e  | { i t ,  B~e, Bla. l:{~ are  as t b | l o w i n ~  

B~a = g~l la§ g#&au 22 

B~ 4 == ~ ~U4 @ ~ e~4 t14 2 3 

2.3 V e l o d t y  s  M a t r i x  ef 

R I r M L  

We also der ived the veloci ty  u a ~ s ~ o r m m t o n  

ma~ r~x lor  r e v o h ~ e -  u m v e r s a I  mass le s s  l ink via  ~b~ ~ 

s a m e  sequence  T h e  velocity ~raasf i ] rmal ion  

mat r tx  and  t ime  der iva t ives  o f  R U M L  are  w r~tm~ 

gist 

U [t2 LI'~ 

t~. FY:, N 

2,r 

2~ 3 e i n t  R e a c t i o n  Ferees o f  mas~Jess | inks  

h / l ~ c e  IF]e ma,qt~ o[" a 1 ] l and less  h i c k  is i g B o [ e ~ l ~  

om~ r e a c t m n  [orces  and  a*ra es ca~ De ca[ca la{ed 

by us[r~g lbe eqa~hb rmm <~,1~ a u o n g  as s b o w r  m 

the }u> 3_ 

F - F  

Fig: 3 loire: retct ios ~brces and momeSt actisg m 

R S  ih3k 
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3, M a s s l e s s  Link with E x t e r n a l  

Forces  

34 Force dis~Hb~{hm wHh~u{ b~shi~g 
When externai fi:,rces a r e  applied to a massless 

link, the reaction tPrces due  to the ex~ernaI ibrces 

canno~ be calculated from using a conventional 

cOmpos tc joint: Since  the mass Of a massless l ink 

is small  enough compared ~o masses o~ other 

bodies  we assume a quasi -s ta t ic  .,4me, In @e 

qua i-s~at)c s t a t e  the react ion fi.)rces due to a 

force elemeut can be  divided imo equivalem 

forces a{ attachment po ims  o f  @e massless l i n k  

The coordinate of  RSML is shown i n  {/~e P i g  4 

( a )  In @e F i g  4 ( a ,  L represems the length o f v  

reVolute spherical massle s Hnk, </z ~epresen~s the 

disiaace lY<m the revolute joint R> the external 

force acting p o i m  and h i~d$cmes the distance 

bmween the pherical joint  and the external force 

acting point: T h e  R J and S , J  represent @e 

rev0h.4e jo in t  and fl-~e spherica~ _ieim respeciively: 

F~g: 5 b ) s h o w s  all external threes and reaction 

RA Z S,J 

R ~  

(a) R S massless link Coordina{:e 

{ b r c e 5  o ~  } ,  pJat le  an(i] o F c e s  o~1 , e ~Mal/c a l l  

s h o ~ n  in @e Fig. < , F i g  5 {d) d ' iow~ the 

m o m e ~ H s  a [ o ~  l { I X / g  

When external ~o~ces a r t  ~pphed ~ ~c 

vo~q{e ~>herical mass~css hnk mrt~ aHecdoml/ 

l~wces anu  ~wo d i r e c t i o n a l  m o m e n l s  are Hmncl 

,., react~c,n i o rces  ;u {he r evoKae  j{?m[ T h r e e  

mrec~ona[ reac~Hm ~or~,::. re Rmnd a~ l/~e s~he 

ricaJ }om~ R e s u J t m !  .,,~:{~, c an  be dp,~ded ~nlo 

lhe bendH g d i r e c t i o n  and  he a x m |  hrec t~on in  

the  ~ >',a b,  4H{~ ~ ~epresem mc  re/  ic;H 

ex~c nal  ~brCe and ex le rna]  ~orquc,  r e s p e c u v e l y  

and b,, r e p r e s e m  @e b e n d i n g  d ~ r e c h o n  reave 

ion  R~r(e u H?e r e t o l m e  <-h i  a n d  @e s p h e r i c a l  

) o r a l  r e s r ~ x ~ l v e / v  In  H'~e )qg  5{b] .  Vu r ~ g c e s e m s  

H~c a x i a l  mrec~ on e x t e r n a l  R>rc~ R,, a n d  R,  

~epresem ~he axm[  dh 'ec~ion reacHcm Iorce  ut {he 

revolute mm ano ~he phe r i ca l  joinL respective~y 

Fhe resuham ~6rce <m x / r~kme are ca/cula[ed 

K,~ .... F .  7' 26 
2L>' 2 [  

h% : 2L# A'. t 2L 7 - -  

r  ~ . .~ : ? / ,  - < 

7%: .... 2 I /  t%, ~ . . . . . .  ~L' i 2~ 

If,,:: ~' I% / G =  }' #% 29 

[ he ~esUJt ~t~ *tees H~ y-~e phHle c~H~ be 

c~uc~/14~ed HSH?~[ UW? Sal l le  Ix~l~}i/e~ b4 [ h e  H } o v c  

caJctHated n @e sam~ form as the  }!~ 29 

Y 
(b) }R}rce componenl:s on y q  phme 

X 

R~ 

{C} Feice comp~net~;iS on x.z i l m e  

Taz T~ rbz 

(d) Mm~nen{sai0ngz ~xis 

Fig; 4 F0iCes a~sd m om e n t s  acdng  R S lh~k 
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F~g, S 

Fv 

T FB 

(~} Bend ing  direc~ior~ 

RB 
(b) Cxi:d dkectio~ 

R'-S i lnk  feac i0n i!\~ce CHct l la thm 



M?ss/e~'s Links :fith Exeerna? Forces and Bu~hin~ E][[~,c~/br Mu#iboet, ]) namiC A~ a@ i 815 

v b . . . . . .  , :e T 

3.,2 g { ~ r e e  d i s t r i b u t i o n  w i t h  h u s h i n g  

}n rue s :  v e h i c l e  ~uspe~m~:m s~srems~ h i t qh imz  

e l e m e n t s  a r e  u s e d  ~< m : ' ~ r o v e  {he r i d e  . d m l i t v  a n t  

: r  t3cE{orma: :ce .  R e g u h { t / o a s  f o r  bugh~:,~ 

J e r n e m  m u s :  n e  c o n s : d e r e d  m m o d e l i n g  i n e  

v e h i c l e  . , . . p e ~ s ~ o n  ~ . s t e m  F h e  ,~nl m o d e ~  the 

m e a r  b : m  . . . .  o. m o d e l  a n d  f f :e  n o w - h n e a r  bushme  

me d e t  axe  u~ed  : o  d e s c r i b e  : h e  i n f l u e n c e  o~ r t ,  b b c  

r~:sh c o m p h a r : c e  o{l v e h i c l e  , ~ l s p c n s : : m  i}]o\,c/ :e01 

~4 V B h : n d e H  l g v a ~  [ h e  r e s u i m  - h e w e d  Iha~ 

- ~ -  o{iNnH/e e ~ e m e n  . - e m i l  r~e mc[nr162 : o r  a::  

a c e : i r a : c  n o u e ~ m g  }: H~e v e m c i e  s}-ler ' .as. 

~t a b u s h : h e  e l e m e m  s c o n ~ a m e d  m a Iowe ~  

t I m r  { a~:: :{ ~ o r E 5  ar~ Conloh3D{ e / e m e m  

d mu:::~ c~cJbrmutiot~ and ~.~ampm~: S i n c e  Ih~ 

a u ~ n ~ g  e ~ e , : ] e ~  c t ~ l r l e c l s  a d j . c e n t  b o d i e s  v i a  

o l c e s  d u e  :~  b u s h i n g  d e : o r m a : / o n s  t h e  m o d e h n . .  

:ccmm lie mvolgnlg :he r}usDma elemem . quite 

~ t f e f 0 n :  [ ] 'om O:e p u r e l y  k i n e m a t i c  ere:T/el::  

}-~g, {~ ~hov,  s a n  e x a m i n e  u s m e  ~he b u s h l n ~  

b l u s h i n g  s p b e r / c a ~  i l l  w:~h e x m r n a :  f o r c e s  m m e  

~.cl ,,. rm: :he def:~rma~:ons o: ~hc oom~ B, a~ 

~ : a  :~ VI. l ;Hid ~ b e  d e ~ o r / n : : { I o n s  ~::  | h e  

o: : h e  [ o ~ e ~  'o i : tro{  a~m :n ~ne b:}2 5 may ~>e 

- , / I t c h  us ~o lh )ws :  

w i l e  ~ H :~ z~ r. ~.~<, A i :d  /\': a l /d  ]k~: ; l ie  :[lc 

s : i f f n e s s  m m ~ x  :~| t h e  b u s h m ~  n s m l i e d  :l 1he 

p o r e :  B~ a~ld I{:~, r e s p e c t l v e b  

[ v e l ~  {hOQg/ :  [ h e  OUMU[} ~ e [ o r m e { 1  

/ t ? R g [ n  o f  { h e  ~ o w e r  C o Q 1 r o }  l r ~  ~ I ] N S :  g o ~ l a ~ #  

c o n ~ a m  ['ht~s ~he c o r m / r a m l s  o} ~hc im~nm 

n . ~ h : n e - > r ~ h e r i c a ~  m a s s i e s s  [ i n k  c a n  b e  w [ - n w a  ,~. 

/ b | l  ~ws: 

qZ,-. )9:S Z ,, :2 

@~=HiB:> / :~ :.:~ 

I { r e  ~:~I:/  ~ : : : I H / ~  H i e  D o : c i : : l a :  r y : [ ~ e o / ~  : 

q ~ d i e d  h> c a l c : f l a ~ e  b u s h m : :  d e i b r m a { ~ o n s  

M m  V( ee 

| h e ~ l  : h e  o v e r i d :  e c u a t t o n  c a r  ~ : - : '{~:-ga:~ ~ : : ~  

w h e r e  ~ ~ :he . . . .  g~ange rnuu~p~ ie l  

Re~/L'[tOD }h rces  al  p o lH i  |~ c a d  b e  tl}sir:Du~e< 

c I l l  ~ l i e n l  : o r c o  ~, ~ ~ G  i ] ] o n t e ~ I s  a :  ~P~O e n G ~  � 9  1 1 l i e  

{ } h w [ ] [ c h  l>  :~ D~21DeiI~ C U [ t I F  /H : l e  [ r o m  ,% : o  i n {  

l i ne  g~ By: in ~ z 5. ' ] h e  emHva~e[ l l  forces am[ 

/~OFl~e~MS a [  p o i n t  {~ ~ H l d  . ~ / ~ l l  ~ CtgD ~c CO~T~: l H e ~  

h~ ~isIm. [ne ctemen:ar~ beam lileo v ~:[i a:- "" 

{~r~a~e b o u n d a : }  cot :di l ioB:~.  A f  e r  c o m D u i / n g  t h e  

F e a t [ i o n  { b r c e .  m d  m o m e m , :  q, ?ore: ~ m } s c  ale  

( h s [ r i b g l e d  ~ {orces  :m H}OI~/gt ~1{ //~e 

io:m~ B:~ tr / rccs al~(~ HIor:Ioni5 a/o~? H~e hne 

|~, B can also b( ;alctda:ed b) ~:::g :::e beam 

:nee > w i t h  p r o p e ~  :?oundat c o n d i t i o n  L}eiaHed 

} : : :~ '~ ' ,~  %r  ( : e ~ :  v ~ b e d  I: ~ e : C ~ ' C :  " ----:: e: ::: 

2001 

4. N m n e r i e a l  E x a m p l e s  

t : e  

{ E h F / k  w / l h  b ~ l s h I ~ e  ~ 1 : 1  2 K l e f I : a {  h~fk: 

4 . /  F o u r  b a r  M e c h a n i s m  

s p h e r ~ c M  ~ l a ~ c ~ s  b ~ k  ;~ ( I  ~he rcvoh l [e-~H~ve~ 

~M r n a s s b ~  I m k  w : l h  e~l( r#a/  tk~rce we mode led  

~ h c s e c o n d  o n e  Ras H~C mAs~les h n k  ~* :#  7 ~ho\~ 

l h e  C o R v e n ~ o n [ ~  ~>Nr-bA~ m o d e l  %~ bo(l~es ,,~ 

a c~ l l  o ~ H :  i f  c h a s e d  a ~ o p  ' Q - : O f f L  
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816 Yeong--H~un Sohn, Wan- Suk YOu, Keum,.SIUk Hong and Kwang. Suk Kim 

l a n e  i (Omp~ sm~ of ~wo other models .............................................................................................. ;L,"- I: R~.~ 

Ri 
ground 

coupler 

f011owe~ ~<~. 

Fig; 7 Conventional l\m{.baf mode1 

RUk ground 

coupler 

follower 

Fig, 8 Fo~r-.ba~ model wi{h a R/!ML 

The e l o c k y  ~aasformation matrix in this case 

is w~itten as; 

[ B ]  ..... 

0 

0 

0 

0 

0 ~ ~v~ 

F ig  8 shows the lbuf-bar  model wkh R U M L  

The c~ank ~s a fevolote, universa~ masstess l ink 

and spherical joim is a cut ~oint, 

The velodty ~ranSibfmafion ma~ri• 7n ~his case 

is written as; 

[d2 
0 

Tabte l ~epresemS ~he comparison of ~wo dis  

tierem cases 

F i g  9 and F i g  t0 show d~te planar mogon of 

the co~pler and angular veh:~-_'iIy of the cOupier, 

respectively 

/ /  ..ii) 

,,' V 
' , [:.:t.::::_RPM_L ....................... I 

.02 0,0 02 04 08 08 ~ 0 I 

Horlzon~i Position [m] 
Fig; 9 Planar motion of the co~pler 

g 

................. ] 

f ~  
__.._j' ,\jlJ 

rime [see] 

FiR. I{1 ~Ml~zu/ar ~eloc~ly ol  l h e  c { m p / e r  

Results o~ RUMI. model show good agree~ 

meres wilh the rigid buds model  Fhe proposed 

model asmg the RUML ~now~ ne be~er 

efficiency U~an fl~e r gId body model 

4.2 Vehic le  S i m u l a t i e n  

4.2~I Vehic le  ?,'lodeling 

-imuiation with a ~\~ii vehicle model ~s per~brmed. 

Copyright (C) 2003  NuriMedia Co., Ltd. 



Ma.ssles.v Lh~ks with s lq~rees a~d Bushim, E'/7~,ct m, khr D)'e~ams Ae~a&.~i~" 417 

F a b l e  2 P r o p e r l i e s  o f  l he  veh i c l e  s y s t e m  

eJod - K a m e  104 6k~ 

R e a r  , '~us~ens~on S o h d  a x l e  w l l h  lead S p r m ~  

IH'e bu l l  t~r{: n o d e /  

I'alJle 3 { , ,mpar lso{~ of C P I  l imes  ,H p u l s e  s~eet 

~ n n u l a ~ o n  S(Z}I R/00(}It  ( k l a n e  w a r k s l m o n  

t < 5 M  Jl 

t a s e  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [ H/~e 

~ e e r m  ~ svs{cm R a c k  a n d  p m m n  W p c  ~ e c o n a s  

............ RSMk ~ l h ~ t  b ~ l n g  
. . . . . . . .  Rigid v ~ h  bushing 

~ o  RSML ~ t h  ~ s h i n g  

8 . n g ) h e r k s a !  i o k } l  
L J ( ~ A  : t j [ ) f J ) g e l  r  ' ~ f l ~ /  I (]/t /r I % r  ~]rYrl 

IriS, l /  /~ ron t  s ~soe~s~on / ) o u b l e - W ~ s ]  b o n e  sus, 

p c f l s / o l l  

T h e  KOll I  ~L~spens lon  e l  l h e  \~ebl~ l e  s h o w n  ~n |be 

1 e t~ s a l ) o u b l e ~ - W i s h b o n e  l , p e .  A n d  a s o l @  

a x l e  <;usoensam wi lB  a l e a f  s p r i n g  is n s t a l l e d  m 

~ e  Pea r  whee l s~  T h e  t i r e  m o d e l  t~sed m s ,  m t ; | a | i o n  

c a l c u / a R f , s  M~e / o n g u u <  i n a l .  l a / e r a /  a n d  v e m c a l  

d i r e c { i o n  i b r c e s  a n d  momems,  g h e  s t e e r i n >  ,.>y g~em 

is a r a c k  a n o  pm~on t y p e .  I n  @e F i g .  12 a n d  h e  

/ A  r i m e  m e a ~ s  ~, H g i d  b e d 3  m o d e l  a n d  R S M I  

r e e r e s e m s  m a s s l e s s  l i n k  m o d e l  A l l  t h e  m o d e l s  

t o m a t o  , l r a n s l a l ~ o n a [  s p r i n g  d a m o e ~  og~ t h e  

lowe~'  c o n t r o l  ~rm F h e  p r o p e r t i e s  o f  the v e h i c l e  

s~ , t e rn  a r c  l i s{ed  in  T a b l e  2 

4 . 2 . 1  S t e e r i n ~  S i m u l a t i o n  

W h e n  ~he v e h i c l e  - m o v i n g , ,  wlll~ a H~eea  

g O k m i h r ,  a h a l f  s i n e  s ~ e e r m g  i n p m  is  a p p l i e d  a~ 

[l~e r a c k b a ~  d u r i n g  O 3 s e c o n d  b~g~ / 2  a n d  b~g 

13 sh~>w y a w  ra~e  a n d  l a l e r a l  a c c e l e r a t i o n  o f  Ih,-  

c h a s s l ~  ~7"ame~ ~ e s o e c t l v e l y  F w o  r e s p o n s e ~  e<m> 

g a 

T i r r ~  . ~ q  

~'ig, 12 '~ a~ rate e l  chassis fTante 

.......................... t 

- - ' - - "  R i g ~  v'@hot,r bu~ing 
........ R S M L  ~ o u t  ~ J a h i ~  

RSM, L ~ bushk~ 

F'i~. K~ L a t e r a l  a c c e / e r a l ~ o n  of cha~s l s  t r a m e  

- a  buqhm~, K e  M n m q  ideruic+aL l ' w ~  regu /~  ~v~h 

~ns l l /Dg Ke ~ , m e w h a l  d i l ] ~ r e n t  H-ore r e s u ~ s  

~,~thouI b u s h i n g  d u e  t o  b u s h i n g  d e f b r m a ~ / o n .  

F a b l e  3 s h o w s  t h e  c o m p m a l i o n a i  tm~es  o f  t h e  

I bu r  d d t e r e n l  m o d e N  a l  t h e  S ( i /  w e t  , a l t o n  vv~h 

R I O 0 0 0  c h i p .  A s  s h o w n  in  l a b l e  3. h e n  l h e r e  ~s 

n o  h u s m n g ,  d i f k ' r e n c e  is  n o t  b i g  b e l w e e n  ~he r ~ g ~  

h o d >  m o d e [  and a m a s s l e s s  h n k  m o d e l .  M o ~ e v e r .  
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818  deo*~g:-/!yu~a ,S'oh< Wa:a- S u k  )'oo, Keum Sk ik  H~ng I ~ d  Kwz:ng- S u k  K#~ 

m c a s e  bushing , -  c o n s M e r e d  c o m p u I a t t o n a l  

u m e s  a r c  ~tui te  d i f f i : r e m .  R S M !  m o d e h n g  ~een-  

n i q u e  i n c l u d m g  b u s l ] u l g  c / e n ' ~ e n l s  i s  muc l~  ~ o r e  

e f f i c i e n l  d m n  l h c  c o n v e m i o n a /  m o d e  

5. C o n e l ~ s i o r ~ s  

| l l  I b i s  p a p e r .  [ h e  veh}< n y  l r a n s l o l  r a n [ i o n  

m a t r i x  ol m a c > l e S s  links s u c h  ,~:, a le~ ) I u I <  

s ~ h e l i c M  m a s s l e s s  | i ~ k  m A  r e v o m u : . u m v e r s a l  

m a s s / c s s  h n k  , s h i c h  a r e  u s e m /  m v e h i c b  I H m -  

r o w s  a n d  m o d e h n g  o | ' a  I l l u l l l b o { l y  , , , , m e n  t r e  

f ' o rmuh:~ ied  [n  c a s e  g e n e r a t i n g  d ? e  c q u a H o n s  }~ 

n~oHon5 b u%]ll~ [ /e VelOC~[ 3 raIISlOn13~l H ( } n  

~ e c h n i q u c s  m a s s l e s s  l i n k s  c a ~  b e  n o d d e d  8s  

f i le  j o i m s  ra the r  /hai:i the c o l m t r a m t  eq[~s l ions 

[ h rou f2 [ /  l h e  nt,%~ a p p r o a c h  ( ' o n v d : l l [ l O ~ a |  l//t}- 

d e h n =  f e c h n k i u e s  uch u~ c o r t , s t r a m ~  m t , d e l  

d i d m t t  h a n d l e  a m a ~ s l e s s  l i n k  ~ r a n s m n H n b ,  . ~ r c e  

e / e m e m s ,  w h i c h  e l l e n  a p p e a r  m l h e  l o w e r  c o n l r ~  

a r m  o f  M c P h e r s o n  o r  D o u b | e - W i s h b o n e  s u > B m >  

d o n .  k l o w e v e h  exR'rna l  ~ o r c e s  . p p l i e d  :,n [h (>c  

m a s s / e s s  l i nks  a r e  r e s o l v e d  a n d  w a n s m m e d  ~o d~c  

[ x e ~ l l b o r m g  ~t}a~cs t h e o r e t i c a l l y  m d-~m B a D e r .  

E k e  h } u > b a r  m e c l a m s m  m d  ~he Pull v e h i c l e  

sys[el]~ a r c  l e s t e ~  1o c o n f i r m  r ~}3rn]Ll |a l /oHs ~{ 

m a s s i e s q  l i n k s .  W h e n  t h e  m a s s  o f  a b e d ,  is s m a l l  

a n d  c a n  b e  n e g / e c l e d ,  res  p o n s e s  o f  a R S M  1. r n o d d  

a n d  R /  M L  m o d e l  a r e  m a g o o d  a ~ r e e m e n ~  w i d ~  

a r i g i d  b e d }  m o d e l  

W h e n  a b u s h m t {  e l e m e n t  is ~ t | a c h e d  I o  a r a n - - -  

l e s s  / i n k  m o d e }  ,~ . u a s l  s [ a l / c  {o rmu la l~on  o 

b u s h i ~ l g  de{ormatlon e n h a n c e <  fl~e n a m e r , c a  

A e k n o w l e d a  m e ~  

T h i s  r e s e a r c h  w a s  s u p p o r t e d  by  ( I R A N q  

N o  B ~ - 0 2 0 0 - I 0 0 1 " - 5  lh)m ~he K O S E [  K o r e a n  

S c i e n c e  a n d  E n ~ m e e r m g  } : o u n d m m n  

R e f e r e n c e s  

t i n , d e l l  M V 1998.  " 1  h e  l n l / u e n c e  - f  R u b -  

h e r  B u s h  C o m p l i a n c e  o n  V e h i c l e  . ~ u s p e n > t o n  

M o v e m e m .  " Muge:qatr u:~d Devik,*L t / 9 , .  pr:  2 = - 

37 

( ' A O S J .  ]99.% D A D 5 '  Revisio:t  :.~/ U s e r s  Mul l .  

h a :  O a k d a b .  I A  [ L S A  

H aug I . . . . L  10~9.  ( "ompu:e: o A h/~'d Ri:ze::~a ~/:,v 

% N I l  B A ( / O N o  I~ l a s s a c h u s e / t > .  V o J t m - m  1_ : D .  0 ,,-- 

71 

Kadm,_, .  R. R uu;~ V a n d e r , ~ 1 o e g  M . . L  l u ~  

:hvm.m ~:mS's~s o/" VehicIe,~ UsD<e a R~gM ~o< 

:~ c:7:7:~71&', (see/~ey6H :~'H:~:.:o3e { ::DIp~gIP: ('06/(: 

t c m e ~  u w  t ~ > m m u c r  <Mded D e , I F , ,  F h e  U m v .  o~ 

= u w a  t ~ \ v a .  [ e c h l i c a }  / ~ e D o r l  INt I ~  6 

K i n  K . S  a n d  Y o o _  W E . e l a L  1 9 9 9 . " D e v e l -  

o p m e m  o /  v e m c ~ e  l ) v n a n u c s  P n  g ~ a m  ~ m o U  -. 

I - 5 w u c m r c  m d  a ~ o r i l h m $  K N A E  11. 

ep 3 2 { - - 3 3 0  

Km-~ ~ ", u n d  V a n d e ~ p l o e g  M . ] . .  1916_ ,~ 

w e n e r z  I a n d  E ( ~ ] c i e r u  M e ~ h o d  D y n a r m c  AnaIv~,~>. 

o f  M e c h a n i c a l  S ~ s / e m s  u s m l  V c / o c i >  [ r a n s t \ ~ r  

maHorm g,:~::s doz#wa: q/" Mecha:,U~m.s 7}'an,> 

*~Us.~:o:::, :Nd A ~::o:': 4:g&"w~ ;,, DeA'~.,:~ I U~ ( 

L e e .  B . / L  " { o o  W . S  ma K w a k .  I< M 

I q ~ ) t  - & "P~ S I I I I / I H C  h o r m u l  11/011 10I  [ - ) y l l / l l l ] / c ' ,  
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