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3.2. The use of )*0 in consecutive rotational joints  
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Euler (lgorithm 

"#$ ISW &0% .$ 8$-(A$8 2'(%9 )#$ Z$5)+%4E23$- 
>39+-()#/ LZE>R6 "#$ $?0&) 039+-()#/ &0% .$ $0'(3* 
,+2%8 (% /+') -+.+)(&' )$?).++7'6 "#$ %+)0)(+% 2'$8 (% 
ZE> (' '#+5% (% B(96 V ,+- 3(%7 (6 
 

{i}

{i+1} ni+1

fi+1

nex,i

ni

fi

fex,i
Ni

Fi

Pc,i

Pimp,i

iPi+1

Pun,i

Pdist,i

 
 

F/2D%" WC X$0D"8 +*% 4"V&*(Y1D0"% :02*%/&.'C 

"#$ /+/$%) $@20)(+% ,+- 3(%7 (; (%)$9-0)$8 +A$- L'/033R 
)(/$ (' 

 
 ! "; ;D(( =i i i

),i i f i0 0 ! &   

 ! " ! ";

:

D( /'. /= % ( ' % (+ (0 1
i i i i iR1 i

i i i iR1 iR1 ex,i0 u n - n n
"#########$#########%

  

 ! "; ;D( / N

Z

'. /( = % = ' % '0 1
i i i ),i i

i i i i0 " 0 I "i
&#######'#######(

  

 ;A/8&

N

;. /' = %0 1
i i iR1

i iR1 f iR10 - !
&####'####(

 L1KR 

 
M$ 0-$ (%)$-$')$8 )+ #0A$ :+(%) (/123'$' $@203 )+ <$-+6 
"#$% )$-/' >; \; 0%8 I (% E@6 L1KR /2') 033 .$ <$-+6 
H(%&$ )#$ (%()(03 )-0%'30)(+%03 A$3+&()* +, 033 :+(%)' (' 
<$-+; )#$% )#$ ,(-') )$-/ (% )$-/ > (' <$-+6 >3'+; )#$ 
(%)$9-03 (' <$-+ .$&02'$ +, )#$ '/033 82-0)(+% +, (/10&) 
0%8 )#$ 0''2/1)(+% )#0) )#$ &+%,(92-0)(+% 8+$' %+) 
&#0%9$ ,+- '/033 )(/$6 "#$ \ )$-/ (' )#$ $@20)(+% )#0) 
9(A$' )#$ ISW6 B+- )$-/ I )+ .$ <$-+; 3(%7 (41 /2') .$ 
:+(%$8 0) ISW +, 3(%7 (6 =% +)#$- 5+-8'; )#(' 30') )$-/ 
'#+5' )#0) (% 9$%$-03 &0% 0&) 0) )#$ 3(%7 0% (/10&) ,+-&$ 
0%8 -$0&)(+% ,-+/ )#$ 1-$A(+2' 3(%7 L(c1R6 T+5$A$- (% 
+-8$- %+) )+ #0A$ -$0&)(+% ,+-&$' (% .$0-(%9' +, 3(%7 (; 
)#$'$ )5+ ,+-&$' /2') 0&) 0) )#$ '0/$ 1+'()(+%; )#$ ISW 
+, 3(%7 (; 0%8 )#$-$,+-$  /2') .$ <$-+6 S% )#$ 
+)#$- #0%8; )#(' /$0%' )#0) )#$ (/10&) ,+-&$ 0&)' 
8(-$&)3* +% )#$ .$0-(%9' +, 3(%7 (c16 "#(' (' )#$ -$0'+% 
5#* (% )#$ ,+33+5(%9 0%03*'(' +%$ ,+-&$ 0&)' 0) 0 3(%7 0) 
0%* )(/$; $()#$- )#(' (' )#$ (/10&); +- )#$ -$0&)(+% ,+-&$ 
,-+/ )#$ 1-$A(+2' 3(%76 

;A/8&
i

i0

T. SUSTE2 !ES)-I0TI*& (&! !U&(2I)S 

T.1. !escription of the system 

"#$ 2X '*')$/ 2%8$- (%A$')(90)(+% &+%'(')' +, 0 
)#-2')$-4$@2(11$8 .0'$; 0.3$ )+ /07$ ?4* )-0%'30)(+%03 
130%0- /+)(+%' 0%8 0 -+)0)(+%03 /+)(+% 0-+2%8 )#$ < 
0?('6 "#$ /0%(1230)+- &+%'(')' +, )5+ 3(%7' &+%%$&)$8 
.* -+)0)(+%03 :+(%)' 0.3$ )+ -+)0)$ 0-+2%8 )#$ < 0?('; )++6 
"#$ ,233 '*')$/ #0' ,(A$ 8$9-$$' +, ,-$$8+/ LXSBR; 0' 
'#+5% (% B(96 K6  
 
"#$ $%8 $,,$&)+- &0% .$ 0) )#$ )(1 +, )#$ 30') 3(%7 +- 0) 
'+/$ +)#$- 1+(%) L,+- $?0/13$ 0) )#$ &03&230)$8 ISWR6 
"0.3$ = 8('130*' )#$ 1#*'(&03 1-+1$-)($' +, )#$ '*')$/ )+ 
.$ '(/230)$8; (%&328(%9 )#$ 1+'()(+% +, ISW ,+- )#$ )5+ 
-+)0)(+%03 3(%7'; &03&230)$8 5()# )#$ 2'$ +, E@6 L1VR6 "+ 
0113* )#$ ZE>; )5+ A(-)203 )-0%'30)(+%03 3(%7' 5()# 
8(-$&)(+%' 03+%9 )#$ (%$-)(03 ? 0%8 * 0?(' #0A$ .$$% 
(/13$/$%)$86 "#$ '$&+%8 A(-)203 3(%7 1+(%)' )+ )#$ .0'$ 
IG6 
 



(0,0)
Origin of World Frame

x

y

q1

q2

0

Link 3

Link 4

Link 5

Link 2
Link 1

Joint 4

Joint 5

 
 

F/2D%" =C 5." U#$-" U98&"' $(A /&8 !OF8C 
 

5$H0" ;C J.98/-$0 -.$%$-&"%/8&/-8 *+ 898&"'C 
 

/
in

k 

2
as

s (
kg

) 

In
er

tia
  

(k
g-

m
2 ) 

Xo
in

t l
en

gt
h 

l i 
(m

) 

)enter of 
2ass 

position 
from origin 

of local 
coordinates 

lcmi (m) 

)*0 
position 

from origin 
of local 

coordinates 
(m) 

1 Q Q Q Q 4 
2 Q Q Q Q 4 
3 [QQ VV6VK 1 Q 4 
T [Q O6OO 1 Q6Y Q6VVVY 
5 OQ 2Y 1 Q6Y Q6VVVK 

 
Z+)$ )#0) )#$ -+.+) 8*%0/(&' &0% .$ 5-())$% (% 1-(%&(13$ 
2'(%9 0 d09-0%9(0% ,+-/230)(+%; .2) )#$'$ 0-$ %+) 5$334
'2()$8 (% &03&230)(%9 (%)$-%03 '*')$/ ,+-&$'; '2&# 0' 
-$0&)(+% ,+-&$' 0) )#$ :+(%)'6 S% )#$ +)#$- #0%8; )#$ 
ZE>; 03)#+29# /+-$ &+/13(&0)$8; &0% 1-+82&$ 8(-$&)3* 
)#$'$ ,+-&$'; %+) )+ /$%)(+% )#0) (% 088()(+% )+ )#('; )#(' 
039+-()#/ (' /+-$ &+/12)$-4+-($%)$)$86 
 
"#$ ZE> 039+-()#/ 50' (/13$/$%)$8 (% G0)#$/0)(&0; 
0%8 )#$ ,+-&$' $?$-)$8 .* )#$ '*')$/_' 0&)20)+-' 0-$ 
1-+82&$86 "#$ &30''(&03 ZE> 2'$' 0' (%()(03 &+%8()(+%' 
)#$ )-0%'30)(+%03 0%8 0%9230- A$3+&()($' +, 033 XSB'; 0%8 
)#$ ,+-&$ $?$-)$8 ,-+/ )#$ $%8 $,,$&)+- )+ )#$ 
$%A(-+%/$%) 0) )#$ )(1 +, )#$ 30') 3(%76 "+ '(/230)$ 
1+''(.3$ (/10&)' 0) 0%* 1+(%) +, )#$ '10&$ -+.+); )#$ 
ZE> 50' /+8(,($8 )+ (%&328$ $?)$-%03 ,+-&$' 0&)(%9 
,-+/ )#$ $%A(-+%/$%) )+ $0&# 3(%7 0%8 )#$ .0'$6 
"#$-$,+-$; )#$ $@20)(+%' +, /+)(+% (%&328$8 033 $?)$-%03 
,+-&$' 0&)(%9 0) A0-(+2' -+.+) 1+(%)' 0%8 0 J0&+.(0% 
/0)-(? ,+- -$'+3A(%9 )#$'$ 0) )#$ '*')$/ :+(%)' #0' .$$% 
8$-(A$86  
 

\0'$8 +% )#$ 0.+A$ -$/0-7'; )#$ $@20)(+% +, /+)(+% +, 
)#$ '*')$/ 50' ,+2%8 )+ #0A$ )#$ ,+-/; 
 
  5& % ( ( %# 2 q Z(q,q) X +!! !  L1`R 

 
5#$-$  (' )#$ A$&)+- +, :+(%) A0-(0.3$';  (' )#$ A$&)+- 
+, 0&)20)+- ,+-&$' 0%8 )+-@2$';   (' )#$ &+%,(92-0)(+% 
8$1$%8$%) /0'' /0)-(?; Z  (' )#$ A$&)+- +, 

%+%3(%$0- A$3+&()* )$-/' 0%8  (%&328$' )#$ $,,$&) 
+, $?)$-%03 (/10&) ,+-&$' +  )+ $0&# :+(%)6 

q #
2

(q,q)!
5 %X +

 
>,)$- )#$ &-$0)(+% +, )#$ 9$%$-03 8*%0/(& $@20)(+% 0%8 
)#$(- )-0%',$- )+ )#$ G0)30.DH(/23(%7 $%A(-+%/$%); )#$ 
/+8$3 +, )#$ '*')$/ #0' .$$% .2(3); 0' '#+5% (% B(96 `6 
=) (' 0 '(/13$ /+8$3 .2) )#$-$ 5$-$ -$08(%9' +, 0 9-$0) 
%2/.$- +, 80)0 (% +-8$- )+ 8$-(A$ )#$ -$'23)'; '2&# 0' 
A$3+&()($' 0%8 0&&$3$-0)(+%' +, 033 :+(%)' L)-0%'30)(+%03 
0%8 -+)0)(+%03R; 1+'()(+% +, )#$ &$%)$- +, /0'' +, )#$ 
.0'$; 0%8 +, &+2-'$ )#$ -$0&)(+% ,+-&$' 0) )#$ )5+ 
-+)0)(+%03 :+(%)'; /$0'2-$8 0) )#$ 3+&03 ,-0/$ 
&++-8(%0)$' L5#(&# (%)$-$')' /+-$R 0%8 0) 5+-38 ,-0/$ 
&++-8(%0)$'6 >33 )#(' 80)0 50' 03'+ '0A$8 (% /0)-(&$' ,+- 
,2-)#$- 1-+&$''(%96 
 

D
em

ux

D
em

ux

System Properties

Impact Forces

Terminator

Accelerometers 
of x, y,   , q1, q2

Absolute distance  
from (0, 0)

Fex 
Integrator

s

Velocities of 
 x, y,   0, q1, q2

Values of 
 x, y,  0, q1, q2

Animation data

M
ux

Force sensors

System 
Model

M
ux

Data file

!

 
 

F/2D%" >C 5." U/'D0/(E '*A"0C 

T.2. Setups and modes 

"#$ '(/230)(+%' 5$-$ $?$&2)$8 ,+- '$A$% 8(,,$-$%) 
'*')$/ &+%,(92-0)(+%' 0' 8('130*$8 (% B(96 N6  
 
H(%&$ )#$ /+.(3()* +, $0&# :+(%) (' (/1+-)0%) (% 5#$)#$- 
-$0&)(+% ,+-&$' &0% .$ )-0%',$--$8 +- %+) )+ 0%+)#$- 
.+8*; 033 '$A$% &+%,(92-0)(+%' 5$-$ ')28($8 (% )#-$$ 
8(')(%&) &+%)-+3 /+8$' 0,,$&)(%9 )#(' /+.(3()*6 "#$ )#-$$ 
&+%)-+3 /+8$' (%&328$ L0R %+ &+%)-+3 5()# 8(-$&) 
0&)20)(+%; L.R G+8$34.0'$8 I+%)-+3 5()# 8(-$&) 
0&)20)(+%; L&R 9$0-$8 0&)20)(+% /+8$6 

 
L0R Z+ I+%)-+3; 8(-$&) 0&)20)(+%e "#$ /0%(1230)+- :+(%)' 
0-$ 8(-$&)3* 0&)20)$8; (6$6 %+ 9$0-.+?$' 0-$ 1-$'$%)6 
T$-$; )#$ 0&)20)+-' +, )#$ -+.+)(& '*')$/ 0-$ )2-%$8 +,, 
0%8 %+ &+%)-+3 (' $?$-&('$8 +A$- ()' :+(%)'6 "#$ .0'$ (' (% !



q2

(a) (b)

(d)(c)

(e) (f)

Fex

Fex

Fex

Fex

Fex

Fex

 
 
F/2D%" [C L(/&/$0 -*(A/&/*(8 +*% \; $(A \IC :& -$8" Q+R \I 

&$E"8 &V* 7$0D"8C 

,-$$4,3+0)(%9 /+8$ )' ,-$$ )+ 
+A$6 M#$% 0% (/10&) +&&2-' )#$ '*')$/ /+A$' 

2 Z(q,q) 2 X +!  L1NR 

R G+8$3 \0'$8 I+%)-+3; 8(-$&) 0&)20) $ 
0%(1230)+- :+(%)' 0-$ 8(-$&)3* 0&)20)$8 0%8 %+ 

R 

5()# 
 

 L2Q.R 

5#$-$ )#$ -$@2(-$/$%) (' )#0) )#$ '*')$/ ,+33+
10&) /2') .$ &+%)-+33$8 )+ ()' (%()(03 0))()28$ 0%8 

-$$ )+ /+A$ L,-$$4
+0)(%9 '*')$/R; .2) /0%(1230)+- :+(%)' (%&328$ 0 

 
; 0%8 )#$ /0%(1230)+- :+(%

/
0&&+-8(%9 )+ ()' +5% 8*%0/(&'6 =% )#(' &0'$; E@6 L1`R (' 
5-())$% 0' 
 
 q!! 1 1 5' '& ' % ' % %
 
L. (+%6 >90(%; )#
/
9$0-.+?$' 0-$ 1-$'$%)6 T+5$A$-; 033 8$9-$$'4+,4
,-$$8+/ 0-$ 1+'()(+% &+%)-+33$8; $/13+*(%9 0 /+8$34
.0'$8 &+%)-+33$-6 "#$ &+%)-+3 305 (' 9(A$% .* E@6 L2QRe 
 
 ! " fg g& % (# 2 q q Z(q,q)!! !  L2Q0

!

 ! " ! "f
A A A& ( % ' ( % 'd pq q F q q F q q!! !! ! !

 
5(%9 )#$ 

(/
1+'()(+% 5()# %+ A$3+&()* 0%8 %+ 0&&$3$-0)(+%6 "#$ 90(%' 
+, )#$ &+%)-+33$-' 5$-$ ,+2%8 '+ )#0) )#$ '*')$/ $--+- 
-$'1+%'$ (' &-()(&033* 80/1$8 0%8 '#+5' 0% 011-+1-(0)$ 
.0%85(8)# 0' ]1 b 262Y 0%8 ]8 b O6 
 
L&R ^$0-$8 0&)20)(+%e "#$ .0'$ (' ,
,3
9$0-.+? 0%8 0-$ 0&)20)$8 2'(%9 0 /+8$3 .0'$8 &+%)-+36 
"#$ $@20)(+% +, /+)(+% #0' )#$ ,+-/ +, E@6 L1NR; .2) 
%+5 )#$ )5+ 3+5$- 8(09+%03 /0'' /0)-(? $3$/$%)' 0-$ 
-$82&$8 .* )#$ '@20-$ +, )#$ 9$0- -0)(+' 0%8 /+)+- 
(%$-)(0' 0-$ 088$8; 5#(3$ +)#$- /0'' /0)-(? 0-$ -$82&$8 
.* )#$ 9$0- -0)(+' +- )#$(- 1-+82&)'; 8$1$%8(%9 +% )#$ 
$3$/$%)_' 1+'()(+%6 S)#$- $@20)(+% +, /+)(+% )$-/' 0-$ 
03'+ -$82&$8 8$1$%8(%9 +% )#$(- 1+'()(+%6 "#$ 1#*'(&03 

-$'23) #$-$ (' )#0) )#$ 3(%7' 0-$ .0'(&033* %+) 
.0&78-(A$0.3$ 0%8 )#$ (/1+-)0%) 8*%0/(&' 0-$ )#+'$ +, 
)#$ /+)+-' )#$/'$3A$'6 "#$ (%$-)(0' +, )#$ /+)+-' 0-$ 
 
 2

[ Q6QQQY]2'&motor,I ; 2
Y Q6QQ1]2'&motor,I  L21R 

0%8 )#$ )5+ '$)' +, 9$0- -0)(+' 2'$8 (% )#$ '(/23
-$; 

 
0)(+%' 

0
 [ OQ( & ; Y 2Q( &  L22R 

0%8 
 [ KQ( & ;  L2OR Y VQ( &

T.3. External forces 

&)' 0) )#$ 30') 3(%76 "#$ (/10&) "#$ $?)$-%03 ,+-&$ 0
0%93$$ ; (/10&) 1+'()(+%; :+(%) 1+'()(+% +, :+(%) Y +- )#$ 

% +, )(/$ (' '$) $@203 )+ Q6Q1'; 0%8 ()' 
.'+32)$ 0/13()28$ (' '$) $@203 )+ 1Q7Z; '+ )#0) )#$ 

/.$- +, )*1(&03 13+)' 
$- +, 13+)' )#0) 5$-$ 

 0ercussion notion 

 
0) 

attitudes 

$ 
# 

0&)(A$ &+%)-+3 '*')$/; 0-$ &#0%9(%9 $0&# )(/$ (% +-8$- 
)+ ')28* #+5 )#$ -$'1+%'$ +, )#$ '*')$/ 8(,,$-'6 =% 033 
&0'$' )-($8; )#$ $?)$-%03 ,+-&$ -$)0(%' ()' 8(-$&)(+% 
82-(%9 )#$ ,-0&)(+% +, )(/$ )#0) )#(' ,+-&$ 0,,$&)' )#$ 
'*')$/6 T+5$A$-; 82-(%9 )#(' )(/$ )#$ 3(%7 /0* -+)0)$ 
2%8$- )#$ ,+-&$_' $,,$&) 0%8 )#$-$,+-$ )#$ ,+-&$ /0* 0&) 
+% )#$ 3(%7 0) 0 '3(9#)3* 8(,,$-$%) 0%93$ 82-(%9 )#(' '/033 
,-0&)(+% +, )(/$6  
 
B(%033* )#$ ,-0&)(+
0
$,,$&) +, )#$ ISW .$&+/$' /+-$ +.A(+2'6  

5. SI2U/(TI*& -ESU/TS 

M#0) ,+33+5' (' 0 '/033 %2
'$3$&)$8 ,-+/ 0 9-$0) %2/.
1-+82&$86 > ,$5 )#(%9' /2') .$ %+)$8 #$-$6 B(-'); () 50' 
/+') &+%A$%($%) )+ 13+) ,+-&$' 0%8 %+) (/123'$'6 "#$ 
(/123'$' &0% .$ ,+2%8 .* /23)(13*(%9 )#$ ,+-&$ $?$-)$8 
5()# )#$ )(/$ 82-0)(+% +, )#$ (/10&)6 H$&+%83* '+/$ +, 
)#$ /+8$' 8('&2''$8 0%8 '#+5$8 (% B(96 N; 0-$ %+) 
1-$'$%)$8 #$-$ 82$ )+ '10&$ 3(/()0)(+%'; .2) 033 
%$&$''0-* (%,+-/0)(+% (' 9(A$%6 

5.1. Zalidation of the )enter of

>' () &0% .$ '$$% (% B(96 1Q; )#$ /(%(/2/ -$0&)(+% ,+-&$
0) :+(%) Y (' $?$-)$8 5#$% )#$ (/10&) +&&2-' $?0&)3* 
)#$ ISW 0%8 5()# 0 NQ+ (/10&) 0%93$6 "#(' #011$%' ,+- 
033 &0'$'; %+ /0))$- 5#0) )#$ (%()(03 0))()28$ (' +- 5#0) 
&+%)-+3 '&#$/$ (' 2'$86 "#$ .$#0A(+- +, :+(%) Y (' 
0&)2033* )#$ .$#0A(+- +, )#$ .+8* (% B(96 O6  

5.2. )omparison between different initial 

E?0/(%(%9 %$?) B(96 11; () (' +.A(+2' )#0) )#
&+%,(92-0)(+%' 5()# 3(%7' (% %+-/03 1+'()(+% )+ $0&
+)#$-; 9(A$ 8(')(%&) 08A0%)09$' 0%8 %+ /0))$- 5#0) )#$ 
(/10&) 0%93$ ('; )#$ '*')$/ ,(3)$-' .* ()'$3, )#$ $,,$&)' +, 
)#$ (/10&) 0' ,0- 0' :+(%) Y (' 0) )#$ ISW +, 3(%7 [ 0' 0 
-$'23) +, H$&)(+% Y616  



1 1.5 2
-1

-0.5
0

0.5
1

Lo
ca

l
 a

t j
oi

nt
 5

 ( F
x kN

)

0o

1 1.5 2

30o

1 1.5 2

60o

1 1.5 2

90o

1 1.5 2

150o

1 1.5 2
-1

-0.5
0

0.5
1

Lo
ca

l F
y 

 a
t j

oi
nt

 5
 (k

N)

1 1.5 2 1 1.5 2 1 1.5 2 1 1.5 2

1 1.5 2
-1

-0.5
0

0.5
1

Lo
ca

l |
F|

 
at

 jo
in

t 5
 (k

N)

1 1.5 2 1 1.5 2
time (sec)

1 1.5 2 1 1.5 2

 
L0R 

1 1.5 2
-5000

0

5000

Lo
ca

l F
x 

 a
t j

oi
nt

 5
 (N

)

0.1m

1 1.5 2

 0.4m

1 1.5 2

0.6667m

1 1.5 2

 0.8m

1 1.5 2

 1m

1 1.5 2
-5000

0

5000

Lo
ca

l F
y 

at
 jo

in
t 5

 (N
)

1 1.5 2 1 1.5 2 1 1.5 2 1 1.5 2

1 1.5 2
-5000

0

5000

Lo
ca

l |
F|

 
at

 jo
in

t 5
 (N

)

1 1.5 2 1 1.5 2
time (sec)

1 1.5 2 1 1.5 2

!" # $ % & '( ) * + & '

 
L.R 

 
F/2D%" ;?C S"$-&/*( +*%-"  &." <&. ^*/(& +*% A/++"% (& 

Q$R /'#$-& $(20"3 Q R /'#$-& #*8/&/*(C 
 

8 $& "
H

1 1.5 2
-5000

0

5000

Lo
ca

l F
x 

at
 jo

in
t 5

 (N
)

1 1.5 2 1 1.5 2 1 1.5 2 1 1.5 2

1 1.5 2
-5000

0

5000

Lo
ca

l F
y 

at
 jo

in
t 5

 (N
)

1 1.5 2 1 1.5 2 1 1.5 2 1 1.5 2

1 1.5 2
-5000

0

5000

Lo
ca

l |
F|

 
at

 jo
in

t 5
 (N

)

1 1.5 2 1 1.5 2
time (sec)

1 1.5 2 1 1.5 2

 
L0R 

1 1.5 2
-5000

0

5000

Lo
ca

l F
x 

at
 jo

in
t 4

 (N
)

1 1.5 2 1 1.5 2 1 1.5 2 1 1.5 2

1 1.5 2
-5000

0

5000

Lo
ca

l F
y 

 a
t j

oi
nt

 4
 (N

)

1 1.5 2 1 1.5 2 1 1.5 2 1 1.5 2

1 1.5 2
-5000

0

5000

Lo
ca

l |
F|

 
at

 jo
in

t 4
 (N

)

1 1.5 2 1 1.5 2
time (sec)

1 1.5 2 1 1.5 2

 

1 1.5 2
-1000
-500

0
500

1000

Lo
ca

l F
x 

 a
t j

oi
nt

 5
 (N

)

1 1.5 2 1 1.5 2 1 1.5 2 1 1.5 2

1 1.5 2
-1000
-500

0
500

1000

Lo
ca

l F
y 

at
 jo

in
t 5

 (N
)

1 1.5 2 1 1.5 2 1 1.5 2 1 1.5 2

1 1.5 2
-1000
-500

0
500

1000

Lo
ca

l |
F|

 
 a

t j
oi

nt
 5

 (N
)

1 1.5 2 1 1.5 2
time (sec)

1 1.5 2 1 1.5 2

 
L&R 

 

1 1.5 2
-1000
-500

0
500

1000

Lo
ca

l F
x 

at
 jo

in
t 4

 (N
)

1 1.5 2 1 1.5 2 1.5 2 1 1.5 2

1 1.5 2
-1000
-500

0
500

1000

Lo
ca

l F
y 

at
 jo

in
t 4

 (N
)

1 1.5 2 1 1.5 2 1 1.5 2 1 1.5 2

1 1.5 2
-1000
-500

0
500

1000

Lo
ca

l |
F|

 
 a

t j
oi

nt
 4

 (N
)

1 1.5 2 1 1.5 2
time (sec)

1 1.5 2 1 1.5 2

 
L8R 

 
F/2D%" ;;C :&&/&DA"8 *+ F/2C [C S"$-&/*( $& Q$R _*/(& <3 
/'#$-& $(20" Q/C$CR $ `W?*T QHR _*/(& P3 /C$C $ `[?*T Q-R 

_*/(& <3 /C$C $ `[?*T QAR _*/(& P3 $ `[?*C 
 
S, &+2-'$; (, )#$ (/10&) +&&2-' 0) 0 8(,,$-$%) 1+'()(+% 
)#0% )#$ ISW; 0 '/033 ,-0&)(+% +, () 5(33 %+) A0%('# L0%8 
)#$-$,+-$; )#$ $?(')$%&$ +, 0 )#(-8 -$A+32)$ 3(%7 &0% 0''(') 
(% ,(3)$-(%9R6 T+5$A$-; &+/10-$8 )+ +)#$- 
&+%,(92-0)(+%'; )#$ -$0&)(+%' 0-$ 3$'' (%)$%'$6 "#$ 
&+%)-+3 '&#$/$ 8+$' %+) 03)$- )#$'$ @203()0)(A$ -$'23)'6 =) 
/2') .$ %+)$8 )#0) &+%,(92-0)(+%' ,1 0%8 ,2 0-$ % ) 
1-$'$%)$8 #$-$; '(%&$ )#$* + %$5 (%,+-/0)(+%6 

c

B+- )#$ % ; $/ (' 
/230)$8 ,+- 8(,,$-$%) &+%)-+3 /+8$'6 >90(% )#$ -$'23)' 

33$8 

+
088 %

 

5.3. )omparison of ontrol schemes 

 &+%,(92-0)(+  '#+5% (% B(96 12 )#$ '*')
'(
0-$ A03(8 ,+- 033 &0'$'6 SA$-033; )#$ $?(')$%&$ +, 0&)(A$ 
&+%)-+3 *($38' 0 '/033 :2/1 )+ )#$ -$0&)(+% ,+-&$; 0' 
&+/10-$8 )+ )#$ 2%&+%)-+33$8 L,-$$4,3+0)(%9R &0'$6 "#(' 
(' $?130(%$8 .* )#$ ,0&); )#0); $A$% (, )#$ (/10&) #011$%' 
,+- 0 ,-0&)(+% +, )(/$; () (' ')(33 '+/$ %+%4<$-+ )(/$6 
"#$-$,+-$; 0' )#$ 3(%7' ')0-) /+A(%9 82$ )+ )#$ (/10&); 
)#$ &+%)-+33$- )-($' )+ -$'('); 0%8 )#2'; -$0&)(+% ,+-&$' 0-$ 
&-$0)$86 "#(' (' )#$ 1-(&$ )+ 10* (, +%$ 50%)' 0 &+%)-+L.R 



1+'()(+% 82-(%9 0% (/10&)6 "#$ '0/$ #011$%' 5#$% 
9$0-.+?$' 0-$ 1-$'$%) 0) )#$ :+(%)'6 ^$%$-033* () &0% .$ 

(+%6 '$$% )#0) 9$0-' &-$0)$ $A$% #(9#$- -$0&)
 

1 1.5 2
-1000
-500

0
500

1000

Lo
ca

l F
x 

 a
t j

oi
nt

 5
 (N

)

Free Floating

1 1.5 2

Model Based Control

1 1.5 2

Geared

1 1.5 2
-1000
-500

0
500

1000

Lo
ca

l F
y 

at
 jo

in
t 5

 (N
)

1 1.5 2 1 1.5 2

1 1.5 2
-1000
-500

0
500

1000

Lo
ca

l |
F|

 
 a

t j
oi

nt
 5

 (N
)

1 1.5 2
time (sec)

1 1.5 2

 
L0R 

 

1 1.5 2
-1000
-500

0
500

1000

Lo
ca

l F
x 

 a
t j

oi
nt

 4
 (N

)

Free Floating

1 1.5 2

Model Based Control

1 1.5 2

Geared

1 1.5 2
-1000
-500

0
500

1000

Lo
ca

l F
y 

at
 jo

in
t 4

 (N
)

1 1.5 2 1 1.5 2

1 1.5 2
-1000
-500

0
500

1000

Lo
ca

l |
F|

 
at

 jo
in

t 4
 (N

)

1 1.5 2
time (sec)

1 1.5 2

 
L.R 
 

F/2D%" ;IC !/++"%"(& -*(&%*0 8-."'"8C S"$-&/*( +*%-" $& 
^*/(& Q$R <T QHR PC 

5.T. 2aximum reaction force 

> %2/.$- +, 13+)' #0A$ .$$% &-$0)$8; .* /$0'2-(%9 )#$ 
/0?(/2/ ,+-&$ )#0) (' $?$-)$8 0) )#$ :+(%)' 5()#(% )#$ 
)(/$ +, (/10&)6 "#$ &+%,(92-0)(+%' '#+5% (% B(96 N0 0%8 
N8 #0A$ .$$% $?0/(%$8 )#+-+29#3*6 >' () &0% .$ '$$% (% 
B(96 1O; )#$ $?(')$%&$ +, 0&)(A$ &+%)-+3 (%&-$0'$' 
-$0&)(+%'; .2) )#$ /(%(/2/ ')(33 +&&2-' 0) )#$ ISW6 "#$ 
$?(')$%&$ +, 9$0-' 088()(+%033* /+A$' )#$ /(%(/2/ 
050* ,-+/ )#$ ISW; 0%8 )# -$0)$- )#$ 9$0- -0)(+ ('; )#
9-$0)$- )#$ 8(')0%&$ ,-+/ ) W ('6 "#$ +%3* -$'23) 

)#$ &+%,(92-0)(+% (% 9 )#$ 13+)' (% B(96 
1[; )5+ &+%&32'(+%' &0% .$ 8-05%6 B(-'); )#$ -$'1+%'$ +, 

:+(%) [ '#+5' 0 /+-$ 

$ 9 $ 
#$ IS

)#0) '#+5$8 0 -0)#$- 1$&23(0- .$#0A(+- 50' +.'$-A$8 ,+- 
 B(96 N06 S.'$-A(%

:+(%) Y (' 0' $?1$&)$8; .2) 
&+/13(&0)$8 .$#0A(+-6 H$&+%8; )#$ /(%(/2/ ,+- :+(%) [ 
+&&2-' 5#$% )#$ (/10&) 0) 3(%7 Y (' 0) 8(,,$-$%) 1+'()(+% 
)#0% ()' ISW6 "#(' (' $?130(%$8 0' ,+33+5'6 
 

 
 

F/2D%" ;MC S"$-&/*( +*%-"8 /( %"0$&/*( V/&. /'#$-& 
#*8/&/*(C N*'#$%/8*( +*% A/++"%"(& -*(&%*0 8-."'"8C 

 

 
 

F/2D%" ;PC S"$-&/*( +*%-"8 /( %"0$&/*( V/&. /'#$-& 
#*8/&/*(C N*'#$%/8*( +*% A/++"%"(& #*8/&/*( *+ ^*/(& <C 



>) )#$ )(/$ +, )#$ (/10&); )#$ '*')$/ &0% .$ )#+29#) 0' 
0 '*')$/ 5()# ,(?$8 :+(%)'6 J+(%) Y '$$' +%3* 3(%7 Y; 
)#$-$,+-$ )#$ -$'23)' ,+33+5 )#$ )#$+-*6 T+5$A$- :+(%) [ 
#$-$; '$$' 0 ,(&)(+%03 3(%7 &+%'(')$8 +, 3(%7' [ 0%8 Y6 =% 
+)#$- 5+-8' () '$$' 0 3+%9$- 3(%7; 0%8 .* )#$-$,+-$ )#$ 
1#*'(&03 1-+1$-)($' () '$$' 0-$ 8(,,$-$%)6 H+ )#$ /(%(/2/ 
+&&2-' 0) 0%+)#$- 1+'()(+%; &033$8 )#$ 1'$28+4ISW6 
>3)#+29# )#(' '$$/' (%)$-$')(%9 ,-+/ 0% (/10&) 
1-+'1$&); 0 %2/.$- +, 1-+.3$/' 0-('$6 B(-'); )#$ (/10&) 
/2') #011$% &3+'$- )+ :+(%) Y )#0% )+ )#$ ISW6 EA$% (, 
:+(%) [ 0%8 )#$ .0'$ 0-$ 0,,$&)$8 3$''; )#$ -$0&)(+% ,+-&$' 
0) :+(%) Y 0-$ 30-9$6 B2-)#$-/+-$ )#$ 2%&$-)0(%)($' +, 0% 
(/10&)_' 1+'()(+%; (/10&) 0%93$ +- +)#$- '*')$/_' 
2%&$-)0(%)($'; 0-$ %+) ,(3)$-$86 =, ,+- $?0/13$ )#$ (/10&) 
0%93$ (' %+) NQ+ )#$ $,,$&)' 0) )#$ .0'$ 0-$ (%)$%'$6 

5.5. Impact 2inimization %uidelines 

"#$ -$'23)' +, )#$ 1-$A(+2' ')28($' &0% .$ '2//0-(<$8 
.* )#$ ,+33+5(%9 92(8$3(%$'e 
 
>! >% (/10&) '#+238 +&&2- 0' %$0- 0' 1+''(.3$ )+ )#$ 

/$0'2-$8 ISW 0%8 0) NQ+ 0%93$6 "+ )#(' $%8; )#$ 
-+.+)(& '*')$/ /2') 1-$10-$ ()'$3, ,+- )#$ (/10&)6 

>! F$A+32)$ :+(%)' '#+238 .$ %+-/03 )+ $0&# +)#$-; 0%8 
&+%%$&)$8 0) )#$(- ISW 0) )#$ /+/$%) +, )#$ 

>

.+) 0) 
$9* +, 130%%(%9 
, 0% +.:$&) (' 

$@2$%)3* )+ )#$ .0'$6 M#0) 
)$-$')' )#$ /+') (' #+5 )#$ 1#*'(&03 &+%&$1) +, 
-&

(% 0
0''( +, 

,$0'
&+%,  +, 0 /$&#0%('/ 0) )(/$ +, (/10&) 5$-$ 

&+%,
(/1

%
-$03

()F&*W/E!%E2E&TS 

O(YO%H/& U"%7/-/(2 *+ U#$-" 

 >%9$3$' J6; N*(&%*0 
-"A 5.%D8&"%YF0"K/H/0/&9 
*&8; W-+&6 +, )#$ IHGE 

90<(%$; X$&$/.$- 2QQQ; 116 1Y41`6 
W0108+1+23+' E6 0%8 X2.+5'7* H6; !9($'/- 

( &." N*(&%*0 *+ F%""YF0*$&/(2 U#$-" 

W01

(/10&)6 
! "5+ -$A+32)$ :+(%)' ,+- 2X &0'$' 0%8 )#-$$ -$A+32)$ 

:+(%)' ,+- OX &0'$' (' )#$ /(%(/2/ +, :+(%)' 
-$@2(-$8 ,+- (/10&) ,(3)$-(%96 

>! ^(A$% )#0) )#$ 2%&$-)0(%)($' &0%%+) .$ 1-$8(&)$8; )#$ 
&+%,(92-0)(+% 5()# %+-/03 3(%7' 9(A$' )#$ /+') 
5$334.$#0A$8 '*')$/; 0.3$ )+ ,(3)$- -$0&)(+% ,+-&$' 
.$))$-6 

 
> ,(%03 -$/0-7 #$-$ (' )#0) 5#$)#$- () (' .$))$- ,+- )#$ 
'*')$/ )+ ,$$3 )#$ (/10&) 0' 0 ,-$$ ,3+0)(%9 '*')$/; 0%8 
#0A$ )#$ &+%)-+3 '*')$/ )07$ &+%)-+3 30)$-; +- #0A$ )#$ 
&+%)-+3 '*')$/ 5+-7(%9 &+%)(%2+2'3* 0) 0 &+') +, #(9#$- 
-$0&)(+% ,+-&$; -$/0(%' +1$% 0%8 /2') .$ ')28($86 

^. )*&)/USI*&S 

"#(' 5+-7 $?0/(%$8 )#$ .$#0A(+- +, 0 '10&$ -+
82-(%9 0% (/10&) 5()# 0 )0-9$)6 "#$ ')-0)
0% $,,(&($%) 8+&7(%9 0%8 9-0'1(%9 +
$?0/(%$8 )+ -$82&$ )#$ $,,$&)' +, (/10&)' )+ )#$ :+(%)' 
+, )#$ /0%(1230)+-; 0%8 &+%'
(%
1$ 2''(+% 1+(%) +- &$%)$- +, 1$-&2''(+%; 5#(&# $?(')' 

33 +.:$&)' )#0) &0% -+)0)$ 0-+2%8 0 ,(?$8 0?('; &0% 
')6 >% 0%03*'(' +, )#$ ISW 0%8 0 %2/.$- 

'(/230)(+%' 5$-$ 8$A$3+1$8 (% +-8$- )+ 1-$'$%) )#$ 
(.(3()* +, )#$ &+%&$1)6 ^2(8$3(%$' ,+- )#$ .$') 
(92-0)(+%

1-+1+'$86 "#$ ')28* '#+5$8 )#0) .* 0 &3$A$- 
(92-0)(+% +, )#$ -+.+)(& '*')$/; )#$ $,,$&)' +, 0% 
0&) &0% .$ -$82&$8 30-9$3*; 2'(%9 +%3* )#$ 

/0 (1230)+-_' 8$'(9% 0%8 %+ 088()(+%03 #0-850-$; 
(<(%9 )#(' 50* 0 %0)2-03 ,(3)$-6 

H211+-) +, )#(' 5+-7 .* )#$ EW>Z I++1$-0)(+% 
W-+9-0/ [6O6V616. L^-$$&$4aH> QOYR +, )#$ T$33$%(& 
^$%$-03 H$&-$)0-(0) ,+- F$'$0-&# 0%8 "$&#%+3+9* (' 
0&7%+53$89$86 

-E+E-E&)ES 

M03)<; X+%038 G6; 
U98&"'8; ]-($9$- W2.3('#(%9 I+/10%*; B3+-(80; 
1NNO6 

E33$-*; >6; :( L(&%*AD-&/*( &* U#$-" S*H*&/-8; W-0?(' 
W2.3('#(%9 d)8; I#(&#$')$-; a]; 2QQQ6 

U+'#(80 ]6; Z070%('#( T6; a$%+ T6; =%0.0 Z6; 
Z('#(/07( "6 0%8 S80 G6; !9($'/-83 N*(&%*0 $(A 
L'#"A$(-" ,$&-./(2 +*% S*H*&/- N$#&D%" *+ $ 4*(Y
-**#"%$&/7" U$&"00/&"; >8A0%&$8 F+.+)(&'; h+36 1`; 
Z+6 2; 2QQ[; 116 1KYi1N`6 

J0&+.'$% H6; d$$ I6; j#2 I6 0%8 X2.+5'7* H6; J0$((/(2 
*+ U$+" ]/("'$&/- 5%$^"-&*%/"8 +*% F%"" F09/(2 
S*H*&8 :##%*$-./(2 $( 6(-*(&%*00"A U#/((/(2 
U$&"00/&"3 W-+&$$8(%9' +, XE"I 2QQ2; >HGE 2QQ2 
X$'(9% E%9(%$$-(%9 "$&#%(&03 I+%,$-$%&$' 0%8 
I+/12)$- 0%8 =%,+-/0)(+% (% E%9(%$$-(%9 
I+%,$-$%&$; G+%)-$03; I0%080; H$1)$/.$- 2N4
S&)+.$- 2; 2QQ26 

G0-)(% E6; W0108+1+23+' E6 0%8
U98&"' !"8/2( +*% S"AD
L(&"%$-&/*(8 /( U#$-" S*H
B+-2/; T0/(3)+%; SZ; G0* 1NNV6 

I0-(9%0% I6 F6 0%8 >7(% X6 d6; k5." S"$-&/*( 
U&$H/0/a$&/*( *+ O(YO%H/& S*H*&8; =EEE I+%)-+3 
H*')$/' G0

U/(2D0$%/&/"8 /
,$(/#D0$&*%8; >HGE J+2-%03 +, X*%0/(& H*')$/'; 
G$0'2-$/$%) 0%8 I+%)-+3; h+36 11Y; Z+6 1; G0-&# 
1NNO; 116 [[4Y26 

08+1+2W01 3+' E6; "+-)+1(8(' =6; 0%8 Z0%+' ]6; U'**&. 
J0$((/(2 +*% F%""Y+0*$&/(2 U#$-" S*H*&8 68/(2 
J*09(*'/$08; =EEE =%)$-%0)(+%03 I+%,$-$%&$ +% 
F+.+)(&' 0%8 >2)+/0)(+% L=IF> lQYR; >1-(3 2QQY; 
\0-&$3+%0; H10(%; 116 [2`O4[2``6 

08+1+23+' E6; 0%8 Z0%+' ]6; O( N*(+/2D%$&/*( 
J0$((/(2 +*% F%""Y+0*$&/(2 U#$-" S*H*&8; 
W-+&$$8(%9' 1Y)# I=HG4=B"+GG H*/1+'(2/ +% 
F+.+) X$'(9%; X*%0/(&' 0%8 I+%)-+3; G+%)-$03; 
I0%080; J2%$ 1[41`; 2QQ[6 


