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Abstract-This@paper@describes@a@method@ of@controlling@the@ determined@by@ the@ conditions@ of@dynamic@ equilibrium ・ This 

  

trolled@ by@ the@ motion@ of@ the@ active@joints@ using@ the@ coupling@ and@ they@ are@ controlled@ indirectly@ using@ dynamic@ coupling 
characteristics@of@manipulator@dynamics ・ While@the@brakes@are@ with@other@powered@degrees@of@freedom ， Since@dynamic@equi- 

  

ensure@the@controllability@of@the@passive@joints ， An@algorithm@for@ condition@of@the@biped@gait@as@the@boundary@condition   
point ・ to ・ point@control@of@the@manipulator@is@also@presented ， The@ This@paper@describes@a@method@of@controlling@the@position 

feasibility@of@the@method@is@demonstrated@by@simulations@for@a manipulator@with@two@degrees@of@freedom ． of‖［anipulator…omposed｛f‖ctive‖nd｝assive）oints ・ The 
active@joints@have@actuators@and@position@sensors ・ The@passive 

joints@ have@ holding@ brakes@ instead@ of@actuators ・ While@ the 

I ・ INTRODUCTION brakes@ are@ released,@ the@ passive@ joints@ are@ indirectly@ con- 

  with@two@degrees@of@freedom   
The@dynamics@of@a@manipulator@has@nonlinear@and@coupling 
characteristics ， When@each@joint@is@controlled@by@a@local@linear II ・ PRINCIPLE＾F，ONTROL｀ETHOD 

  

itself@does@ not@have@ an@ actuator   
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and 

qeR" are）oint‥isplacements ， 

ぱ 三八 " 肝 e  gener 由 ized  forces, 

ど ( Ⅰ )eR" are  gravj ぬ tlon Ⅲ forces, 

巧 (g,g)e 皿 "  are  Coh0 Ⅱ sand  centh 伍 g 杣 forc0s, 

M(q)@eR"x"@ is@the@i   ertia@matrix,@and 
「 gD"X" is@the@viscosity@friction@matrix   

The  displacements  of  ⅠⅠ 0ints, including  all the  ( れ 一 ⅠⅠ 

passivejoints,are  selected  仕 om  the  elementsof  q  飢 d  selaS 

a  vecto Ⅰ レ eA  "  (since  r 二 %/2,  r 二 %  一ァ ). When  ア ンれ 

一ア ， レ is  composed  of  the  displacements  of  th0  ( れ 一 ⅠⅠ 

passhe  joints  サ Jo actG ㎞ ts  化ト レ repre-2 pase n.When  化何 %  and  r  =  市 れ一 ose  r, ofthe  山 lthe  (2r  j0ints  一れ )  achve 
Senled  by  レ are  passive.  rn  addition,  杣 l  lhe  remaining 
(n@@@r)@joints@are@active ， and@their@displacements@are@repre- 

sente 廿 as  めモ Rn-". The  gener 田 ized  forces  of ぬ e  r  active 

joints@are@expressed@as@ r@e@R@@When@the@passive@joints@are 
free ， the@generalized@forces@of@the@passive@joints@are@equal@to 

zero ， The@elements@of@q@and@u@are@then@rearranged@as   
ぴ一 一   0 Ⅰ (2) 
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み ( Ⅰ ， 9) =   (3) 

When@(2)@and@(3)@are@substituted@for@(1),@ we@obtain 

M Ⅱめ +M,2%+6. Ⅰ T (4a Ⅰ 

ルケ 2l め十 M122 秒 + み 2 二 0   (4b) 
The  el0mentsof  カ ケ町 e  缶 nc 丘 onsof  g. The  elementsof  み 
are 伍 nc 廿 ons0f  Ⅰ and  Ⅰ・ M Ⅱ ， Ml2, M2 い弗ア 22, あ Ⅱ and  あ 2 
can  ㎏ c 杣 c 田 ated  f Ⅰ om  伍 edynaI Ⅱ icmI 対 el0fthe  manipulator 

if  ぬ e  measured  v 杣 ue  ofj0int displacemenl and  vel ㏄ i 呼 at 

each  Ⅰ 0int  is  subs は mtcd  in  g  and  q  of  (3).  Fu ァ伍 emore, 

when  desi Ⅰ ed  v 杣 ues  レリ are  assigned  t0  市 e  accele Ⅰ ah0nS  レ， 

(4b)  is  c0nside Ⅰ㎡ a  Ⅱ near  equa 廿 on  w れ h  rega ィ d  lo  ゆ ・ The 

If@we@apply@these@generalized@forces@T@to@the@active@joints,@the 
resulting  accelerationswillbe  め and  サガ   

ln  o 山 er  words,  while  ぬ e  passive  joinls  are free,  ぬ e 

accele Ⅰ atlons 也 of ア Ⅱ olnts, lncIudlng the ( れ一グ ) Passlve 
joints@ @@5.@ can@be@arbitrarily@ determined@by@ applying@the 
generalized@forces@ T@to@the@r@active@joints ・ The@accelerations 

ゆ of 市 e  ブ emaining  ( れ一ァ )  active  j0ints  a Ⅰ e  deterIIlined  by 

@rf@and@cannot@be@adjusted@arbitrarily ・ However,@ in@addition 

to@the@accelerations ， the@initial@displacements@and@velocities 
are@required@to@prescribe@the@motion@completely ・ The@initial 

displacements@ of@the@passive@joints@are@the@displacements@ at 

ぬ e  momenl 市 e  brakes are  releas ㎡． The  in Ⅲ 杣 vel ㏄ 下 es of 

the@ passive@ joints@ are@ zero ， The@ initial@ displacements@ and 

velocities@ of@the@ active@joints@ are@ determined@ arbitrarily@ by 
controlling@the@active@joints@with@the@passive@joints@fixed   

While@ the@ passive@ joints@ are@ fixed ， their@ velocities@ and 
accelerations@ are@ zero ， The@ displacements,@ velocities,@ and 

accelerations@ of@ the@ active@ joints@ can@ then@ be@ controlled 
wi 山 outa 什 ecting  伍 e  passiveJoinls   

By@ organizing@the@motion@pattern@using@ a@combination@of 
山 ese  tw0  m ㏄ es,  ぬ e  tot 田 pos 面 on  of  市 e  manipulat0r  is 
controlled ． In@Section@IV,@an@example@of@the@organization@of 

this@pattern@is@described   

III ， CONTROLLABILITY@AND@OUTPUT@CONTROLLABILITY 

In@ this@ section,@ we@ present@ the@ theoretical@ basis@ of@ the 
proposed@method@from@the@standpoint@of@linear@system@theory 
[9] ， First,@we@investigate@the@controllability@of@a@manipulator 

system@with@passive@joints ， The@system@is@uncontrollable@(in 
the@ sense@ of@ linear@ system@ theory)@ if@ no@ gravity@ and@ no 
friction@act@on@the@passive@joints ・ In@such@a@case,@simultaneous 

positioning  of  杣 l  the  Ⅱ oints  is  impossible.  Therefore,  Ⅰ l Ⅰ e 
holding@brakes@of@the@passive@joints@are@necessary@to@ensure 
the@positioning@capability@of@the@manipulator   

Second,  we  investlgate  山 e  output  conlrollab ℡ i%  of  伍 e 
system ・ The@output@is@composed@of@displacements@and@veloci- 
ties@ of@ some@ of@ the@ joints ・ For@ output@ controllability ， the 

number@ of@joints@ we@ assign@ displacements@ and@ velocities 
(output@joints)@must@be@less@than@or@equal@to@the@number@of 
active@joints ・ Including@the@ released@passive@joints,@ we@ can 

simultaneously@control@as@many@joints@as@the@number@of@active 
joints ， Therefore,@the@number@of@passive@joints@should@be@less 
市 mlorequ 杣 to  ぬ e  number0faclivejoints   

Finally,@ we@ show@the@relationship@between@the@linear@ap- 
proximaton@ and@ analytical@ expression@ by@ proving@ that@ the 
conditions  of  output  controllabili け a Ⅰ e  equiva Ⅰ enl  to  ぬ e 

conditions@ necessary@ to@ solve@ the@ generalized@ forces@ of@the 
active）oints・ ， e ， , M ， n is］onsingular)   

coefficient@matrix@ M@@corresponds@to@the@dynamic@coupling@ @@   @@@42proximation@Model 

c 帥 be  solved  uniquely  for  め as 

  

formed  as 

め丁 一 M 元 'M22 レⅠ 一 M 元 ' ぁ 2   (5) q  一 M(4)-l ぱ +  M(q)-l み ( ヴ， Ⅰ )  二 0 ・ (7) 
When@(5)@is@substituted@in@(4a) ， we@obtain 

In@ order@ to@ ensure@ equilibrium@ while@the@ passive@joints@ are 
丁二 (Ml2  一 MllM 尭 @M22) レ d  +  Ol 一灯 tlM 元 ㌧ 2.  (6)  丘 ce,itisassumed  ぬ atgravi ぬ tionalforcesdo  notacton  廿佗 
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passive@joints@and@that@the@friction@of@the@passive@joints@can@be@ignored ， When@(7)@is@linearized@in@the@neighborhood@of@the 
eqDli   rium@point,@the@system@can@be@represented@by@the@following@state@equation     

ナ二 Ⅹ ズ + ⅠⅠ 
    
0 0 Ⅰ n 一 Ⅰ 0   

0 0 0 Ⅰ ，   

ノ二 
a み l 3b, 9b, 

一 ⅣⅡ一一 ab, 6 ゆ -,,,7 丁 -, ㌔ぅす 一 ， ",,7 丁 "-, 
a& ・ a あ 1 36. 

          一 Ⅳ 2l-@  肋 d め ， - Ⅳ 2, 万万 - Ⅳ 2, 百す - Ⅳ 2,7 丁   
  

  
  

  
  

whe ブ e Next ， we@make@the@variable@transformati   n@ x@=@ Tz@ using@ T   え 二ノる十 一 一 BT (12) 
  (g)  whe Ⅰ 0 

  

9b ・ a あ l 9b ・ a み [ a み l a み 1 

一 Ⅹ二丁 - l ズ % 二 Ⅰ「 0 0 0 

0 0 0 0 
0 0 Ⅰ " 一 Ⅰ 0 

The  stale  variables  6 ゆ， 6 レ ， 6 め， 6%  consistoflhe  devialions 
of@the@joint@displacements@and@velocities@from@the@equilibrium   
point ・ The@ input@ is@ the@ generalized@ forces@ T@ of@the@ active 

joints@(in@this@case ， the@number@of@inputs@ r@ and@choice@of@<f> ， 

  
4:@ is@arbitrary ， so@it@is@not@necessary@for@ ¥{/@ to@include@all@the 
passive@joints)   

て二 Ⅰ 卜 lT = M Ⅱ 6 め + 且 4@26 レ 
B. Co れァ ro は Ⅰ み旺 珪ノ 

且ん 2l6 ゆ +A4,,5 秒   
Here,@ the@In@ x@ In@ matrix@ T@ is@introduced@as 

ち， 66. ち， 6 ゆ 

0  N@  0  N@ 

  M Ⅱ 6 ゆ +W@,26%   
T@ = ( Ⅰ 0) gate》he…ontrollability｛f《ystem・ When》he…ontrollability［atrix〃（s…alculated》o（nvesti-   

ァ =[ 下え 下 ‥・ 戸 "-l 仮 ] 

3b, 
0@ 0@ At,.@ M@ Ⅰ， - 8b. 百万円，一下 丁 Ⅳ 2.  " 

Ⅰ「 

0 0   0 0       一 



ARAI@AND@TACHI:@ POSITION@ CONTROL@OF@ MANIPULATOR@WITH@PASSIVE@JOINTS 531 

Since@rank@[V]@=@2r@<@2n,@ system@(12)@is@uncontrollable 、 is@nonsingular@and@the@inverse@matrix@of@M@is@represented@as 
Hence ， system@ (8) ， which@ is@ equivalent@ to@ (12) ， is@ also 

uncontrollable ・ In@other@words,@ when@the@displacements@ and 

velocities@of@ n@joints@are@simultaneously@controlled@with@the 2 2 21 1M Ⅳ Ⅳ ， N,  Ⅳ 2 一 
generalized@ forces@ of@ r@ (<@n)@ active@joints,@ there@ exits@ a   
domain@that@the@m8nipulator@cannot@reach@by@an@input@even@in 

(b) 

the@neighborhood@of@the@equilibrium@point   the@complete@condition@that@ M@@ is@nonsingular@is@that@ N@@ is 
nonsingular   

C. O ぴゆぴヰ Co れナ ro ⅡⅠ み ilit ノ Proof:：irst,》he《ufficient…ondition（s」erified ， Since N@ 

Here, ぬ e  outpuloflhe  syslem  (l2)is ぬ ken  as is@nonsingular,@when 

ノ二 一 C ヒ   
ノ 一 一   6 6% レ   Ⅰ「 

  一 N.,N 月 ，   "-, 
is@postmultipled@using@both@sides@of@(b) 

む 二ぷ 2.  笘 2.  ぷ 22  代 22 ド     (14) QM-, 二 

The@displacements@and@velociti   s@of@r@joints@are@the@output ・ If 
Ⅳ 22 
  

the@system@is@output@controllable   ， the@existence@of@an@input@T 

  
(d) 

that@transfers@the@output@ 5V ， ， 6¥l/@ fr0 Ⅲ an@arbitrary@value@to@ sice@both@Q@and@M@are@nonsi   gular ， 
zero　   guaranteed ， The…omplete…on4ti   n’or｛utput…on- gu Ⅰ   r ， Accordingly ， the」ectors’rom》he’irst》o》he・ Ⅰ r)th 

Ⅳ   =    [6%    6 オ 毎   C   ア仮   ‥・     う牙 "-,   可   equals2r.                  row  oT  gM  and-1  are  llnearly  .  lnde .  ぴ ndenl  Ⅳ・ 2  一 Ⅳ " Ⅳ テ   Ⅳ 22  (=  N*)isnonsingular.Fu 価 er, ば 

一 Ⅳ 巨 一一 C Ⅱ 

9b,   
  

      is@postmultiplied@using@both@sides@of@(d) 

(15)   
From@(15),@ the@condition@of@output@controllability@ is@equiva- 
lent@to@the@nonsingularity@of@A@r@Hence ， if@A@i@ is@nonsingu-   （ Ⅱ ソ ハ 

lar,ltis  ぴ ㎡ brm  l possible  ㏄ 杣 positioning  to  set  レ in  and  ぬ e  neighborhood  レ atdesired  values  of 山 eequilib- 町 ld  to Next ， we｝ostmultily・ 
num@point   

Pg  二 PgM-'M 
Rec 杣 l 市 at  r  is 田 e  num ぬ rofactiveJoints. If  r  三れ 一 r, 

we@can@select@the@ r@joints@represented@by@ ¥1/@ s0@as@t0@include 
the@ (n@-@r)@ passive@joints ・ In@ such@ a@ case,@ all@ the@ passive   (g) 

Ⅱ actIve  omnts  can  Ⅱ oints.  ㎏ posilioned  On  市 e  o wi 山 er  山山 hand,  e  gener 面 e  杣 ized  displacements  forces  of  市 and e Since 
velocities@of@joints@greater@than@ r@ are@not@output@controllable 
irrespective@of@the@output@matrix@C@since@the@rank@of@matrix 一 N ⅡⅣ 甜 

N@ in@ (15)@ is@ less@ than@ or@ equal@ to@ 2r ・ Hence ， at@ least     
く れ一 2r)passlvejolntscannolbe  controlled  lf  Ⅰ くア Ⅰ 一ァ   

Furthermore,@ it@can@be@proved@that@this@condition@agrees@ fr0 Ⅲ (c)@and@(e) ， M@@=@ Ⅳ *1.@ACcordingly,@ M@@is@nonsin- 
with@the@condition@that@ M@@must@be@nonsingular,@and@there-@ gular ・ With@ respect@ to@ the@ necessary@ condition,@ the@ exact 
fore@(4b)@has@a@solution ， This@means@that@if@and@only@if@the@ same@proof@can@be@made@when@M@and@N@are@exchanged ， g 
aCCele ア atlons  o イ r  Ⅰ Olnts,  lncludlng  ( れ 一 r)  PaSSlve  Ⅱ olnts, 

can@be@arbitrarily@determined@by@the@generalized@forces@of@ r 
IV ， CONTROL@ALGORITHM 

active@joints@without@linear@approximation ， systems@(12)@and@ In@controlling@the@position@of@a@ ㎝ 8nipulator ， several@control 
(14)@become@output@controllable   杣 gori 市 mscan  be  devised  acco ァ dding  to  lhe  way  ㎞ which  山 e 

P ァ 0 ゆ osi 「 ion:When  th0  れ dimension 田 squa Ⅰ e  matrix two@ control@ modes@ are@ combined ， As@ an@example ， point-to- 

point@(PTP)@control@is@considered@here   

Since@ the@ passive@ joints@ are@ controlled@ with@ the@ brakes 22 [MMMMl l2 ・ l2 released@(brakes-opp)@and@the@acti   e@ Ⅱ   ints@are@controlled@with   (a)@ the@brakes@engaged@(brakes-oN) ， the@control@mode@should@be 
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sT 蛆 T めくⅠ ， )  of  lhe  で emaining  ( れ 一 ⅠⅠⅠ oints  are  as- 

Trajectory@Generation@of@w 
signed   

Wd り   ⅤⅨ け WXD Ⅰ 斉は r2) Step@ 3:@ Equations@ (5)@ and@ (6)@ are@ used@ to@ determine 
7(7.)@and@ @(Ti)   

ln Ⅲ し杣 V 杣 ueso Ⅰ 巾，キ Step@4@     <KTi@+@AT)@ and@ <j)(T@@+@AT)@ are@ determined 
Ⅱ T 八八 T け by@numerial@integration@of@<t>( ． t) ・ Here ， AT@is 

the《ampling（nterval ， 
t=Ti 

Step@ 5:@ Steps@3@and@4@are@repeated,@ and@the@generalized 
forces T, accelerations q, velocities q, and‥is- 

屯 ㈲ゴ -M 尹 M 及 Ⅵ -M 井 b2 
T(@) こ (Ml2-MllM 井 IM22) d+b.,MllM2llb2 placements@ q@ are@ determined@ for@ the@ rest@ of 

phase@II   

%+AT) 叫 ㈹ + 且 +A りい 恥 The  resulls 0f 田 ese  0 ぽ -line  c 租 culations aTeu ㏄ d  for わ edfor- 

や ㏄十ム T)@ 圭 ㈹寺井 "ATo い恥 ward…ompensation ・ Moreover ， the｜oundary」alues｛f・ 

<j>@between@the@phases@I ， III ， and@II@are@determined@using@this 

t ヰ tt+AT result ， 

When》he control is executed（n real》ime ， the following 

l ノ T, ヮ     feedback@control@is@applied     

yes 

END 
㏄ ふ二リ " 十 K Ⅱ ル " 一 何 +  A"( レ " 一の 

Fig@ 1.@ Control@algorithm@in@brake-opp@period 十 K;/ ( レリーレⅠ ナ   

changed@at@least@once@so@all@the@joints@of@the@manipulator@can Ⅰ K 。 ， Kp,K パ d ぬ gonalgain  mathhx).  (16) 

  
PTP@control@is@possible@with@this@sequence@alone ， but@to measurement (4a) ， (5) ， (6) ， ， and］umerical（ntegration（s］ot〉equired and・ ・ From 

make@it@even@easir brakes ， OFF@period ・ ， This@brakes-oN@period@provides@kinetic a@brakes-oN@period@is@added@before@the げ " 一の +K" げ "- 何 +Kp け "-% 
energy@to@the@link@mechanism@through@the@active@joints@so@that 
the@ pasSve@ joints@ can@ move@ easily@ and@ thus@ unnecessary +K ， J 
moti0n  of  田 e  active  Ⅰ oints  is  reduced.  Consequent ユ y,  lhe 

phases     perod@of@positioning@is@divied@into@the@following@three Therefore Kp,‖nd゜T,‖re…orrectly…hosen ， @・ ， 
In@phases@ I@ and@III ， the@ control@ of@the@5   int@ angles@ 4>@ is 

Phase  上レ jointsare  Ⅱ xed  ( 冗 0  五ナく Tl,brakesoN) similar@ to@ an@ ordinary@ manipulator ・ In@ phase@ I ， <f>@ is@ con- 

Phase  II: Ⅰ ル Jo;nlsare  free  ( 丁 l 三 Ⅰ く T2,brakesoFF) lroll0d  from  目 he  initi 田 position  め (T0)  10  めく「・ )  and  め is 
PhaseII1: レ jo ㎞ lsare  f6Xed  (Ti2  羽 ァく r,,brakesoN)  conlrolled  from  め (700)  二 0  to  め < 「 l).  In  phase  II1,  ゆね 

比 n 監器 ㌍ d 比 o Ⅰ gJ 三泊 品 i, 器 c; 槻埋 ㌔ 器、 Ⅲ㌔瓦窯 ま芹ょ器 n 韓 ;, ㍊ニ % ま竪翼乱 ，   鞄 2):t02)  to,  po 葮鱗 手荒。 笘瞭ニ 3)elt は射僅 
remaining@(n@-@r)@active@joints@are@controlled@fr0 Ⅲ the@initial@ controlled@between@any@two@points   

position  l0  市 e  血 nalp0sition   

First,@the@tr8ectory@and@the@generalized@forces@in@phase@II V ・ SIMULATION 

打 ec 杣 culated  o 牛 Ⅱ ne  as Ⅰ o1lows(Fig. l)   In  0rderlo  con 丘 m  伍 e  偽 asibility  of ぬ e  proposed  method, 

Step@1:@ Desired@displacements   ， velocities@and@accelera- the…ontrol｛f‖》wo-degrees-of-freedom［anipulator・ is…onsidered ， The［ass‥istributions｛f〕inks・ ・ 2) 

廿 joints,including  0n5  レガ (0),  レリ (0),  杣 1 ウガ 廿巨 e  (0)  passive  (3l 二ァ joints,are  く 7 。 2)  0 pre- Ⅰ グ assumed》o｜e「niform.ゝhe〉equired‖ctuator》orque,》he   

brake switching, the passive）oints must be at 

rest ． ) 6  一一一 万 ア，，ザ十 D, Ⅱ ( サ ) あ ' 
Step@ 2:@ The@ initial@ displacements@ 0(7@)@ and@ velocities 止もⅡ サ ) 

(18) 
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Fig ． 3.@ Simulated@motion@of@the@manipulator   

  
  
    

TABLE I o   
SIMULATION@RESULTS   

Positioning@Time r3 一二 0 玉 1.78s   

lT ゅ l 玉 2.3Nm 
0  Brake 

Actuator@Torque 
l め l 玉 2.grad/s 

"  AC@ Ⅱ a'0 Ⅰ 
Actuator@Velocity 
Actuator@Acceleration l ゆ l 玉 12.6 ヰ aad/ss2 10o 
Br 荻 eTorque l れ l 玉 0 ・ 96Nm 

10o       102       
Rated@Torque@(Nm) 

(b) 

104   
  
俺 -   

oU の 103   
+D,22( レ ) ウ ' 一   M" け M,.( )D,"( 四 サ ) 梓     0   

  
The@trajectory@of@@@ in@phase@II@is@assigned@arbitrarily ， The   

102     
acceleration/deceleration@ curve@ is@ chosen@to@ follow@ a@ sinu- 
soidal@ function@ in@ order@ to@ reduce@ the@ required@ actuator @@ Brake 

torque ・ The@maximum@value@of@ |@¥1/@¥@ is@assigned@so@that@the "  Ac@u 且 ㏄ ガ 

actuator@ torque@ is@ limited@ to@ a@ certain@ value ， Ty-T ・ is@ ob-   
10o       102       

Rated@Torque@(Nm) 

ぬ ㎞㎡ The  仕 i om  ㎡ t 油 由 l  e  v v 田 杣 ues  ues0 of  ィ 仙 め (Tl@) and  ㎝ め d  ( レ め (722). (rl),  め (7,))  can  be イ c Ⅰ 

arbitrarily@selected steps@2-5@in@Section@IV ・ The@trajectory@of@<1>@is@determined@by ， and@thereafter@(f)(T ， 2)@and@<j)(T@)@are Fig friction‥isk motor『ith”armonic-drive“ears ， 4.，omparison｜etween‖ctuators‖nd｜rakes ． (a)仝eight ． (b)・nergy…onsumption ・ Brake:‘lctromagnetic｜rake『ith‖ ， (c)，ost ・ Actuator:‥c《ervo ， 
calculated ， The@acceleration/deceleration@of@(f)@along@phases@I 

杣山 1 Ⅱ 杣 so  follows a  sinusoid 杣且皿 clion   

） I 

  

so@ long@ as@ the@ configuration@ and@ mass@ distribution@ of@ the 
    

manipulator@ are@ geometrically@ similar ， the@ positioning@ time 
め (To) Ⅰ 0 ，一                   く一 一 2 ， Ty@-@To@yields@the@same@maximum@values@with@respect@to@the   

0  玉 め ( Ⅰ 3)  三す ， 一ラ三レ (733)  三う   same［aximum」alue｛f‖cceleration spective｛f》he〕ink［ass｛r〕ength ・ l め @  and  l レ l,  irre- 
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VI ， CONCLUSION 

In@ t@s@ paper ， a@ dynam@@   coupli   g@ method@ has@been@ pro- 

posed@ for@ controlling@ the@ position@ of@ a@ manipulator@ with 
passive@joi   ts ， The@paper@also@described@the@basic@principles 

and@ the@ conditions@ under@ which@ control@ is@ possible ・ The 

feasibility@of@the@method@is@demonstrated@by@simulations@for@a 
manipulator@with@two@degrees@of@freedom ・ In@addition ， funda- 

mental@experiments@are@now@being@carried@out@with@an@experi- 
mental@manipulator   

Since@the@proposed@method@depends@on@a@dynamic@model@of 
a@manipulator,@this@method@is@more@effective@when@applied@in 
combinati   n@with@dynamic@modeling@and@identification@meth- 

ods@[10   ． 

We@examined@the@controllability@ of@the@manipulator@using 
the@nonsingularity@ condition@of@the@ inertia@matrix ， However ， 

it@is@preferable@to@represent@the@degree@of@controllability@with 
quantitative@criteria@like@output-controllability@gain@[9]   

When@some@joint@actuators@of@a@manipulator@are@exchanged 
for@holding@brakes@wih@the@proposed@method,@we@can@build@a 
light-weight ， energy-sa Ⅴ     ng,@ low-cost@ manipulator ， As@ an 

example ， in@Fig ， 4@we@compare@the@weight ， energy@consump- 

tion,@and@cost@of@brakes@(electromagne Ⅰ     c@type@with@a@friction 

disk)@with@those@of@actuators@(dc@servo@motor@with@harmonic- 
drive@ reduction@ gears) ， The@ parameters@ of@brakes@ are@ much 

smaller@ than@ those@ of@the@ actuators@ in@ all@ respects ， We@ can 

take@ advantage@ of@these@ merits@ by@ applying@ them@ to@ simple 
assembly@ robots ， control@ of@ redundant@ manipulators,@ etc ・ 

Space@ applications@ (e ， g ， ， space@ manipulators ， expansion@ of 

space@ structures)@ may@ also@ be@ effective@ because@ there@ is@ no 

gravity@influence   
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