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ABSTRACT

The speed of development of biped robots has been slow despite of
much interest and investment for research since 1960's. One of main
reasons is that the actuators with the speed reducer had weakness in
supporting the weight of the body and leg itself. To overcome this, a
new four bar link mechanism actuated by the ball screw is proposed.
The four bar mechanism has higher strength and gear ratio than
conventional actuators to actuate the leg of the biped robot. Using
this, new autonomous type of 10 degree-of-freedom biped robot is
developed to perform autonomously such that it is actuated by small
torque motors and boarded with a DC battery and controllers. One
leg was designed to have ankle, thigh, and hip joints. Each leg of
the robot composes of three pitch joints and one roll joint. The
dynamics model of the biped robot is investigated. In the modeling
process, the robot dynamics are expressed in the joint coordinates
using the Euler-Lagrange equation. Then, they are converted into the
sliding joint coordinates, and joint torques are expressed in the forces
along the sliding direction of the ball screw. T o validate the model of
the robot, a computer simulation is performed and the developed



biped robot performs motions of sitting-up and down. Through a
series of the experiments, the capability of biped-walking can be
found.
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Fig 2.1 D-H Coordinates of The 10 D.O.F biped walking robot



Fig 2.2 Kinematics model of Front walking
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Principle of least action) (Virtual displacenent)
rq, Iy k
k rq, . )
gi(ry, ... ry) = 0, = 1, , (2. 1)
(Holonomic) , (Nonholonomic)
I I
k
n (Generalized coordinates) d1, ., 0n
, (2 .1) ,
ri = ri (qlv vqn)v I = 11 vk (2 2)
ai, ., 0n ( Independent )
qlv . :qn
8qlv . vaqk
(2 .2)
n, Ary
§ri = jZlAqiaqi, i 1, ... .,k (2. 3)



8qlv vaqk

(Equi librium)
0
0
0
Kk
ZPiTﬁri=0 (2. 4)
P, i F i f
Pi(a)
0,
Kk
()T = 0 2. 5)
(2. 5) (2. 4)
k
Zlf|T3I’i = 0 (2 6)
0 .
(2. 5)
(2. 6) or f
0



) D'Alenbert

i i =l
(2. 4) P, Pi- p
Kk . Kk -
i fiTer - 2 pidr =0
or 0
k T k n T Ari n
izlfl ari = lezlfi Aq; oa; jZle 9
- : 7 4
Fj - izlfi qu
(2. 9) (Generalized force) q;
ij FJ‘ 8(:]]
(2. 7)
k T _ k T _ 1 .1 Ar
Zl P 8r| = Zlml I 8r| - Zl]zl i i Aq] 8ql
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4q;

X T Arl K _d TAri
le S (o Zl{dt[m'ri qu]
(2. 2)
n Ari
V| - r| - jzl Aq] qJ
. _d[Ari]_ o, A%,
Adj Aql ' dt qu - i:lAqJ' Aq,
(2. 13) (2. 12) (2. 11)
X T Arl K _d TAVi
K
51 T
K = Z_mlvlvl
=1 2
N -1 A 4 Ak K
Zm Aq, dt 44, Aq,
(2. 16) (2. 10) (2. 7)
k k
> op o, = oy LA K

p
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Sd 4K 4K _
PR 44, da, Y }mi -0 (2. 1)
69 (2. B) 0
a4 &K AK L
qt Aldj T Iy, j =1, ...,n (2. 19)
I, (Potential field)
R T (2. 20)
T V(q) , (2. 19)
da - a A _
qt Adj aq, - T (2. 21)
Euler-Lagrange , L = K-V Lagrangian
V
2.2 Lagrangian
Lagrangian

Euler-Lagrange
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b B b
pr(x,y,z)dxdydz = m (2. 22)
m
_ 1 T
K - _2va (vavz) V(vavz)p(xvyvz)dXdde (2 23)
= —;LVT(X,y,z)v(x,y,z)dm
, dm (x,y,2)
3 b
(Xer Yoo Z6)
1 1 1
o= g fxame v s o fyam 2o o fzem
re 3
r re.
b 2
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V= V,+ wXTr (2. 25)

.R
, r
RT(v,twxr1) = R'vp + (R"w) x (R'r) (2. 26)
(2. 23)
(2. 25)
V=vVv,+ S(o)r (2. 27)
S(w) : (2. 27) (2. 23)
K = —;L[vc + S(@)r] "[ve + S(w)r] dm (2.28)
4 2,3 1.4
K = —;ngvcdm = —;mvgvc (2. 29)
Vo m (Translat
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- ional part)

0
Ke=: 5 [ r757(a) S(e) r dm
(Tr) )
Ke= 5 [Trs@rr s dm = < Trs() s («)

3 x 3 . S(w)
1
K4 = 7a)T|CU
| 3 x 3 . (2. 31)
part)
K = —;chTVc + —;lew
m
, V.V
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(2. 30)

(2. 31)

(Rotation

(2 .32)



) @ |
(Triple product) @ 'l w
|

Vei = Jyi (9 a, Wi = RiT(Q)Jwi(Q) q

’ RIT(q)

i m , i ,

32) '

n

K== g7 2 [M3u(d T30 (0 +3,(0) R (@) 1R () I, (@] 7 (2. 33)

=0

K= = q' D g (2. 34)

D(a) (Symmetric positive
definite) . ,
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fBgTrdm = ngBrdm = g'r.m

(2. 33) (2. 25)
2 (Quadratic function)
1 .. 1 - ,
K = 5 2di(@did: = - da'D(93
n xn D(q) ge R"

Euler- Lagrange

L= K- V= 53d,(dd4d- V(a

AL - d A _ - d -
4G, = dej (a) q; , dt Aq, = dej (q) q;+ z dt dy(a) g
= 2dy (@) G+ 2 qQ;
AL 1 Ad S AV
© gy 2 T AQk q4i 4 Aq
, Euler-Lagrange
- Adk] 1 4ddijy. - 4V
$dkj(q) q; + 2}{ - 74’—% q;q; + a9, Ty
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rAdkj ) _]_ Adij S _]_ rAdkj + Adki ) Adij S
;14’% 2 Ay 49 2 HiAQi 4q; AQk}q'qJ
Christoffel . k Cijk = Cjik
4V
¢, =
“ Aa
Euler- Lagrange
, N

dej(Q) q] + chijk(Q) didj + O(q) = 7, k=1,

N qi q; Qoriolis
44)
D(@)g + C(q, 9 q+ &q = r

C(a, ) K, ]
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(2. 43)

(2. 44)

(Centrifugal)

q

2.

(2. 45)



ij =

n _ n _1rAd ki 4d ki 4d ij
Zlcijk(q) ai = Zlgidqi * Aq; AQk} I
Fig2.1 2.2
3
7
= l4c0s8qQ4
= |c15inql

l,cosq; + |,cC0Sq,
[,sinq; + lgsingy

= l,cosq, + l,cosq,, + 145€0SQp
= lysing; + |,s8ingy + | gSiNgqys

= |,cosq; + |,c08Q+ |4 COSQ
= lysing,; + l,s8ingpt+ 14SiNg

= l,cosq; + l,c08q + 153C05Q 13+ 14€0SQpu + | 5C0SQ pus
= lysingy + l,sinqyp + l3sSingps + 14SiINQpy + | 5SINQ pus

lcosqq i+ 1,€080,+ 130050 3+ |4C0SQ1oa+ 15C0ST paus + | 5 COS O 156
[isingq+ I,singp+ 13SiNQpst 14SINGpat I5SINQ 035+ | 6 SiNQ 13456



My, = lycosq; + [,c08q5, + 15€05Qp3+ |¢7C080 1y

My, = Iysingy + Iysingyp + lgsingps + 1Singpy
1 Ile, 1 Ile, |
.
v O 1omse7 = ZlQi
Fig 2.2
Ol~03
l4:
It (0y) I
[,
l o (0;) I,
l5:
(e (03) I
(Os) z
(04) O, ~ O . )
l,:
lea: (04) ly
l5:
les: (Os) s
e ( Os)
(07) ,
I (07)
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23.1

Denavit- Hartenberg

To"(0) = [R"OH(Q) d°;(Q) ] ,on= 1, ...,7 (2. 46)
;9= (dy, -0 .d7) "
, q;
do" R,"
q(t)
X Y do" :
S(w§) = RG(RY ' (2. 47)
S (w) . wo"
vo" = dy" (2. 48)

Vo = Ve = Juei (9) G, Ja(@a, i=1,...7 (2. 49)

S

‘Jvcil‘Ja)i ER3X7
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3 = [Zix(‘z’?'oi)], =1, ....7

z;x(0,- 0y) v 2
2.1
Z
J, = [001] ", i= 1, 7
10
- 14Su 000000
Jy1=| 1aCqy 0000 0O
0 000O0O0O
- 1:Sq- 12Sqe - 12Sq2 0 0 0 00
‘JVC2: |1qu+ |c2Cq12 |c2Cq12 000O00O0
0 000O00O
- I1Sq1' |28q12' I(:3Sq123 - |28q12' I(:3Sq123
‘Jvc3: |1Cq1+|2Cq12+|c3Cq123 I2(-\’q12'|'|c3cq123
0
‘Jvc4

Juea (D=1 - |1Sq1' |2Sq12' |4Sq1234! -

- 14Squu- 1esSquas 0,0, 0]
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|25q12- |4Sq1234,'

(2. 50)
. Fig
(2. 51)
- 13Sqes 0 0 00
l3Cqs 0 0 0 O
0 00O00O
|4Sq1234!



‘]vc4(2): [ lqul+ |2Cq12+ |4Cq1234! |2Cq12+ |4Cq1234! |4Cq1234!
14C qoaa+ 1 c5sC s , 0, 0, 0]

J,ee(3 = [0000000]

Jyes

Jves(D =1 - 1:Sq- 12Sq2- 14Squau- lesSquus, - 12Sqe- 14Squei- 1e5S quus,
- 14Sqeau- lesSquas, - 1aSquu- lesSqpus s - lesSquaus, 0, 0]

Jves(2)=[ 1:1Cqu+ 1,Cqp+ 14Cqpm+ 1csCqpms s 12Cq+ 14Cqpaut 1c5Cqums ,

14C qar ¥ 15 Cgpans » 14C g+ 165 C qroars » 1 65C qroms » 0, 0]

J,s(3) = [0000000]

‘Jvc6

‘]vce(l):[ - llsql' |2Sq12' |4Sq1234' |SSq12345' chSq1234561 - |2Sq12' |ASq1234
- |SSq12345_ lCGSq123456! - |4Sq1234' |SSq12345_ lCGSq1234561 - |4Sq1234
- |SSq12345_ lCGSq123456' - |SSq12345_ lCGSq123456' - lCGSq123456'O]

‘]VCG(Z): [ lqul+ |2Cq12+ |4Cq1234+ |5Cq12345+ chCq1234561 |2Cq12+ I4Cq1234
+ 15C qpass + | 6 C qrasss » 14C quas ¥ 15C quas + |6 C qroass » 14C qrom

+ 15Cqpas+ | 6 Cquass» 15C quas+ 16 Cqumss» + | c6 C quomss, 0]

J,s(3) = [0000000]

Jyer

Joer(D =1 - 1:Sq- 12Sqe- 15Squs- |rSquars - 12Sqe- 13Sque- | c7Squr
- 13Squs- 1c7Squer»0,0,0, - 7S quar |

Juer(@2 = 11Cqu+ 1,Cqn+ 13Cqm+ 1 e7Cquars 12Cq+ 13Cqus+ e7Cquoar »
15C g3+ 1 e7Cqusr» 0, 0, 0, 1 7C qpo57 ]

J,(3) = [0000000]
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2.3.2

qu’ 7 =1 ’ =1
(2. 33)
D(0)
Z
[ON k a)iTlia)i,i:].,...,?
(2. 33)
cos g + sin?gd= 1, cosacosf+ sinasing = cos(a- p)

2 2
m1|c1+ m2(|1 + |c2+ 2|llcchZ)

2 2
|

2
+ma(l7 + 12+ I+ 211,Cq + 21,1 3C g5 + 211153C gp3)

2 2 2

+mg(lT + 15+ 1cs + 2111,C g + 21114 Coas + 212164 C gas)

+ 12+ 15+ 15+ 1%+ 21,1,C g + 2111,C s + 2141 C
ms (I 2 4 c5 1120 g2 1140 g234 11c5C g2345

+ 21514Cqat+ 2151 5Cqaas+ 2141¢5C g5)

2 2 2 2 2
+mg (lp+ 1o+ 1g+ 15+ 156+ 2111,C g+ 21114Cqpas + 21115C gomss

+ 2111 6C qoaase + 2114 Cqaus+ 21,15C gaus + 2151 6 C gause
+ 21415C 4 + 21,1 6Cgs6 + 2151 c6Cge)

2 2 2
| |

2
+my (1T + 13+ 15+ 1+ 211,C 0 + 21115C g5 + 2111 7C o7

+ 21513C g3+ 2151 7 Cgart+ 21517 C )
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+l,+ 1, g+ 1,+ 15+ 15+ 1y

2 2 2
Moy(lea+ 1ileaC)+ma(la+ g+ 111,Cq+ I113C g3+ 21,1¢5C¢3)

2 2
+mg(la+ 1+ 111:C e+ 111aCgaaa + 21514 C gas)

2 2 2
+mg (I2+ T3+ I+ 111,Cq + 111,Cqa + 111c5C a5
+ 21514C g3t 2151 c5C qaas+ 2141 ¢5C gs)
+ 15+ 15+ 12+ 1%+ 1,1,Cp + 141,C + 1,15C
me (I3 4 5 6 1120 g2 114 C g234 1150 2345
+ 1116 Cqoaase + 21214 Cqaast 21515C qaas+ 2151 ¢6C gause
+ 21415Cqs + 2141 6Cgs6 + 2151 c6C ge)
+ 124 15+ 12, + 1,1,Cpp+ 1,13C s + 1,14C
m, (I3 3 7 1120 g2 1130 q23 117 C gas7
+ 2|2|3Cq3+ 2|2|c7cq37+ 2|3|c7cq7)
+|2+|3+|4+|5+|6+|7:D21

2 2
Ma(leg+ 111e3Cqa+ 1513Cq3) + My( s+ 111csCgama+ 151c4Cgas)
2 2
+mg (lyg+ Ics+ 1114Cqas + 111c5C o345 + 21514C gaa
+ 2151 sCqaas+ 21415 Cgs)

2
16+ 1114Cqoaa+ 1115C qoa45 + 1116 C gaas6 + 21514 C gaas

2 2
+mg (I3+ I5+
+ 21,15C qaus+ 21,1 6Cgause + 21415C 5+ 2141 6 C g6+ 21516 Cge)

+ 124 15+ 1%+ 1,1,Cp + 1,153C s + 1,1,C + 1,15C
m, (I3 3 c7 1120 g2 1130 q23 1le7© q237 2130 g3

+ |2|c7Cq37+ 2|3|c7cq7)

tlgt+ lg+t g+t lg+ 1, = Dy

2
Ma(lca+ T1lcaCgoaa+ 151caCgaa)

2 2
+mg( i+ 1+ 1114Cqaa + 1115Cqpaas + 21,14 Cgaa + 21,1 5C gaus

+ 2|4|c5cq5)



2 2 2
+me( I3+ 15+ Ige+ 1114C g+ 1115C goaas + 1116 Cgaase + 21214 C gaus
+ 21,15C qaus+ 21,1 6 Cqause + 21 415C g5+ 2141 6 Cgse + 2151 6Cge)

+1l,+ 15+ 1g = Dy

_ 2
Dis=ms (les+ I11c5Cqzas + 12l 5Cqaas + 14lc5Cys)
2 2
+mg (lIs+ lgg+ T115Cqoaas + 111 6Cqoaase + 1215C gaas + 121 ¢6C gaase

+ lglsCqs+ 14l6Cqs6+ 21516Cq6) + 15+ 15 = Dy
— 2 —
Dis=mg (le+ 111c6Cqoause+ 121c6Caaaset 1alceCase+ 21516Cq6) + 16= Dgy
— 2 —
Dy = my(le + 11l7Cqasr + 1217Cqart 1317Cqr) + 17 = Dy

2.3.3 Christoffel

2

Chrostoffel (2. 42) a, (Centrifug
-al) i+ q; 9, Qriolis
D(q) ai
Chrostoffel
_ 1 4D
Cui = 2 Aql =0
Cpi= - Myl Sq- Ma(l11:Sg+ 111c3Sqa3) - Myl 112Sq + 11l ¢4S g234)

- Mg (11:S g+ 1114S gas + 11l ¢5S g2345)

- Mg (Iol:S g+ T114Sqoaa + 1115S q23a5 + 111 ¢6S g23456)
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- Mo (Fl,Sq+ i3S+ 1117Sqs7) = Cop

Cui= - Mma(llesSqs+ 1olsSqs) - Ma( 14l caSqoza + 121 caSqza)
- Mg (I114Sqas + 111 ¢5S goaas + 1214Sgaa + 12l c5S gass)
- Mg (I114Sq3s + 1115S qa3a5 + 111 c6S qazase + 1214Sqas + 1215S qaus
+ 15l ¢6S g3456)

- Mo (113S g+ Tl 7Sqar+ 1213Sgs+ 121 7Sq37) = Con

Cur= - mMmy( il caSqoza+ 151caSgas)
= Mg (1 114Sgsa + 11l ¢5Sqasas + 1214Sqaa + 121 c5S gaas)

- Mg (I114Sqo3s + 1115S qo3a5 + 111 c6S qazase + 1214Sqas + 1215S qaus

+ 1ol 6S gaas6) = Cun

Cui= - Mg(llsSqoaas + 1ol sSqaas + 14l 5Sgs5)

- Mg (1115Sq23a5 + 1l c6S qasase + 11l 65 qazase + 1215S qaas + 121 c6S qaasse

+ 14l5Sgs + 14l c6Sgs6) = Cosn
Cuw1= - Mg (I11c6Sqoaase + 12l c6Sqaase + lal c6Sqse + sl c6Sqe) = Con
Cuyi= - My (1S qaar* 12l 7Sqar + 131 7Sq7) = Con
2.3.4
7
7

(2. 43)



Euler- Lagrange

Q,=

(Mgl + mogly+ ma+gly,+ mggl,+ megl,+ mygl,)Cqy
+ (Mg Lo+ mgg I+ mygl,+ msgl,+ mggl,+ mogl,)Cqyp
+(Maglgg+ Mmig 17)Cqist (Maglgg+ Msg l4+ meggls+ meg 16)Cg12as

+(Msgls+ Meg 15)Cqi2aas+ MeQ | 6C qiaas6+ M79 |7 Cga037

(Mog I+ mag I+ mygl,+ megl,+ megl,+ mogly)C gy
+(M3glgg+ Mog I 7)C gzt (Mgl + mgg I+ megls+ meg 16)Cg1pas

+ (Msgles+ Mgg 15)Cgipzas+ MeQ | 5C gro3as6+ M 709 | 7 C g1037

(Mmsglg+ msg 1 7)Cql23+ (Mmyglo+ msg I+ megls+ meg 16)Cgioas

+(Msgls+ Meg 15)Cqi2aas+ MeQ |6 C qiaas6+ M79 |7 Cga0a7

(M4glg+ msg lg+ mggls+ Meg 16)Cqrpaat (Msgl s+ Meg 15)Cg1234s

+ Mgg | 6C q123456

(Msgl s+ Meg 15)C gio3a5+ MG | 6C g123456

@s= mgg | c6Cqi23a56

0=

M9 |¢7Cg1037
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2.3.5 Closed-Form

Torque Ty, «--T7
Euler- Lagrange
Ghristoffel Euler- Lagrange
Zjdkj(q) q] + Z}Cijk(Q) Ciicij + O(g) = 7, k=1, ..., 7 (2. 52)
2
q q 1 2
Goriolis
q
7 Euler- Lagrange
D(@)a + C(a, g+ &(q = ¢
, D(q)=R "’ CaqeR™ , O(qeR ™!

2.4
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Pitch

24.1

Fig 2.4

dl y a

Fig 24 Kinematics modd of Ankle joint ( Support leg )
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d3 = a3 + aj - a3 - 2aja,cos B, + 2d,a,cos a,

(2. 53)
= A, + B;cosfp; + C,;d;
A, = a;’+ a,’- a,’ B, = -2asa,;, C; = 2a,cos a,
) a’l
dl . a,,a- aj y aq Nl
(2. 53)
dl Bl . dl
2 1
C,+ [C2+4(A ,+B ,cos 8,)]°°
d, = — - . - (2. 54)
(2. 54) d,
d,=- [Ci+4(A ;+Bcos )] °°B sin 8,8, (2. 55)
d,= - 2[Ci+4(A +B,cos B,)] B isin?8, 43
(2. 56)
- 0.5 ° . .
- [C21+4(A 1+ B jcos 34)] (51005:6)1:821"'513”1 B1B89)
B1 d: , (2. 54) ~ (2. 56)
q: d,
,81: (il: Rlldla Bl: fil= R21d21+R3lal (2. 57)
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Rll

R

(2. 52)

2.4.2

B2

[C?+ 4(A ,+ B,cos 8,)]°°

- 32 -

B ,sin 8,
) cos
2[C+ a(A 4B ycos )] B sin BRY+ Bl
sin A,
[C?+ 4(A + B,cos B)]°°
B ,sin 3,
(2. 57) g d,
Fig 2.5
y o
= A,+ B,cosp,+ C,d,
b32+ b42' bzz, BZ = '2b3 b4, C2 = 2b2COS )
d,,d; ,
ql=q3
(izz R12d2= Bzz -fiz= 'Rzzdg'Raz.az

d,

.

.

58)

59)



puj
N
1

Fig 25 Kinematics modd of Thigh joint ( Support leg )

[C2+ 4(A , + B,cos 8,)]°°

B,sin 8,
_ Ccos
-2 [C2+ 4(A ,+B,cos 8,)] 'B,sin §,R% + .—BzRiz
sin £,
[C3 + 4(A, + B,cos §)]°°
i B,sin 3,
(2. 52)
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2.4.3

Fig 2.6
d3 L
as
Fig 26 Kinematics model of Hip joint ( Support Leg )
d32 = A3+ B3COSB3+ C3 d3 (2 60)
_ 2 2 2 — —
A = ¢+ ¢°- ¢°, By = -2c¢c3c,, C;3 = 2c,cCc05 ay
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as

83: (ia: R3ld3= Baz 63: R32d§+ Ra dj (2. 61)

[C%+ 4(A ;+B,cos B3)]"°

Ry = B ;sin 84
. cos
Ry = -2[C§+4(A3+53005:33)] lB3sin 53R213+ sin BB:RZB
N - . LCi+a(Aq+ Bycos B9)]”
8 = - B ;sin 3,
(2. 61) (2. 52)
, qi
d; Euler- Lagrange
(2. 52) Chrostoffel ,
[ql,...,q7]T [dla"'=d6=q7]T
, q-
2.4.4
r F
T I = 11' 16 1
0, F
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) (01) 71
F, . Fig2.4 4
(X l!Yl)
d,cos(¥;, + N,;) + a,cosfd, = aucosN ;- azcos(f,- N;)= C, (2. 62)
d;sin(¥;+ N, - a,sinfd, = asinN,; + azsin(8,- N,) = D, (2. 63)
, 801= - Ny - (a, + ¥y) , B1= g1 + N,

(2. 62)

C, d{cos¥,cosN - sin¥,;sinN ;}

+ l,{cos(xw- Nj)cos(a,+ &)+ sin(xr- Nj)sin(a,+ 1)}
= d,cos¥,cosN ;- d,;sin ¥ ;sinN ;+ a,cos(r- N ){cosa,cos¥,
- singsin¥ }+ a,sin(xr- N ){sina,cos¥ ,+ cosa,sin ¥}

A 1COSQT1' Bls|nwl (2 64)

Al = Sl+ U1COS¢1+ Vlsin¢l,Bl = T1+ Ulsin¢l' V1COS¢1
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S, = d;cosN; , T, = d;sinN;

U, = a,cos(wr- N;) , V,;=a,sin(z- N,)
(2. 63)

D,= dy{sin¥,cosN ;+ cos¥,sinN ;}
- a,{sin(r- Ncos(a,+ &)+ cos(r- N sin(a, + T}
= d;sin¥,cosN ;+ d,cos ¥ ;sinN ;- a,sin(r- N ){cosa,cos ¥,

- sing;sin¥ }+ l,cos(r- N ;){sina,cos ¥+ cosa,sin ¥}

=B,cos?, + A ;sinl,

(2. 65)
(2. 65) (2. 64)
_ AD,- B,C, _
r, = atan(A 1C1+51D1) , L, = a;xcos¥, (2. 66)
Z-l Fl
r, = F;xL,; = F; xa,cos¥, (2. 67)
Fig 2.5 (X 2,Y2)

dzCOS(QTZ + NZk) + b2C0362 = b4COSN 2k ~ b3COS(Bz' NZk) = CZ (2 68)
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d,sin(T,+ N, ) - bysingd, =

C2:

7,

T2

bySINN 5 + bsin(f,- Ny ) = D,

T - a; - (Ny + &) )

Ny = gq; - N, B, = m- (9

A,cos¥, - B,sin?,

A, B,

d, cosN , I

2+ Ny)

, D,= B,cos?, + A ,sin?,

= d, sinN ,,

b, cos(7- N ) , V,= bysin(z- Ny)

A,D,- B,C,
atan (A ,C,+ B,D,

Fo

),Lzz

F, XL, = F, Xb,cos?,

Fig 2.6
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b, xcos¥,

T2

(X 3 Y3)

(2. 69)

(2. 70)

(2. 71)



dscos (&5 + N g ) + c,co86, =

C,COSN 5, - Cc3c0s8(B5- Ng )= C, (2. 72)
dzsin (F;+ N g ) - c,sinf3 = c¢4SinN g5 + czsin(f83- Ng) = D5y (2. 73)
s = m- a3 - (Ng + T3) ;
, Ngo = (g1 + dz) - Ny B3 = 0s - (m+ Njy)
(2. 72) (2. 73)
Cy;= Ajcos¥,; - Bysin¥, , D;= Bscos¥, + A ;sin?,
w, = atan (o222 B2Co L, = w 2. 74
2 = aan(AZCz"'BzDz)’ 307 CaxCOS¥s (2.74)
T3 Fs
r3 = F3g XLy = FjXcyucos¥, (2. 75)
2.45
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’ qi

d; Euler- Lagrange
(2. 52) Chrostoffel
[ql""q7]T [dl!"=d6=q7]T
(2. 67) (2. 71), (2.
75)
! Ti Fi
7 Euler- Lagrange (2.
52)
' q7
D()g + C(a, ) q + &(q) = ¢
H(d)d+ Q(d,d)d+ &(d)=LF (2. 76)

, b,j = 1,...,6

H(d)ij = D(d)ij Rs(d) Q(dad)ij = C(dad)ij d+ le(d) d.jz
L;= l,cos U,

y : (0,~0s)

a,, by, cy. ..
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Pitch 7

Z.MP (Zero nonent

point)
Fi
45 <q, <9 , 45 <qg <90 ( )
0 <g,<9 , -9 <qgs<0 ( )
- 45 < g, <25 155 < q, <225 ()
- 150 < qg; <150 ( )
, 45-°
- 250 450
C 4 Runge - Kutta

Table 3.1
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Table 3.1 Material properties of the biped walking robot

Length M ass Mass of Inertia

Ind

naex () () (Kg. )

Shank (I, ,15) 350 13718 15130

Shank COM (1o, |s) 176.72

Thigh (1, ,1,) 350 1.2433 13120

Thigh COM (lg , lg) 161.22

Hip (13 ) 250 17118 14658

Hip COM (Il ) 127.23

Pendulum (I ) 107.24 15118 16800

Swing Foot (| ) 30.23 0.7118 4658
TOTAL 108774 107274

C.O.MCenter of nass)

q. = 60 , g = 50 ()

9. = 60 , g5 = -60 ( )

qs =-30 , g, = 210 ()




Rotaion Joint Angle { deg )

Ball Screw Length (mm)

qt |

T ' T ¥ T ¥ T d T d T ¥ T
0.0 01 0z 0.3 3.4 [1-] 06

lime { sec )
Fig 3.1 Rotation joint angle trajectory of q,

0.0 D1 a2 2.3 o4 0.8 06
lime { sec )

Fig 3.2 Ball screw length trajectory of d,




Fig 3.1 ~3.2

(2. 54) ~ (2. 56)

0.15 sec
Fig 3.3~3.4 . Q
, (2. 59)
0.13 sec
Qoriolis

T 80+ f

E ] |

T s d ' 9 |
= | |

™ &1+

‘:E B 4

£ ]

= 4

7 T

s ]

":;E" 65 -

= 4

E El;}—-

L T Ly I N T = 1 . 1 J T " L] L
oo ot 0z 0.3 0.4 0s DE 0.7

lime { sec )

Fig 3.3 Rotation joint angle trajectory of q,
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220

dzl
E 210 =
E 200
= ﬁ
I 190 <
=
T 180~
= 1701
o i
[T
e =10
f:D 150
b i
14
*3!: T T . T " L . T . T . T
0.0 0.1 0.2 0.3 o4 0.5 0.8 0.7
lime { seg )
Fig 34 Ball screw length trgjectory of d,
Fig 3.5~3.6
(2. 61)
0.11 sec
— -q3
o 4
O -30
=
&
]
C 35
<L,
= _
=
]
T .40 4
=
2
o ]
2
o]
A L
1 T L T L T T T T T J T
a.n 21 oz 03 0.4 0.4 0.6 a.r

Time [ sec |

Fig 3.5 Rotation joint angle trajectory of q;
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Ball Screw Length {mm)

Rotation Joint Angle { deg )

170

135-.
160 =
155 =
151}-.
145 4
Hﬂ—.
135 -
!39;

125 =

T
o0 a1 0.2 .4 08 0.6

Time (sec)

[

Fig 3.6 Ball screw length trajectory of dg,

a7

230 4

2210 =

214

200 -

194 <

184 =

o

Fig 3.7 ~3.8

0.0 a1 0.2 0.3 0.4 0.5 0.8
Time ( sec )

Fig 3.7 Rotation joint angle trgectory of q,

(Pendulum
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240 o
= 1
E
F 220 4
‘_‘:’? 200 =
C 4
L
! 1804
_‘:-3 4
--1-?l 1680 o
]
o 1
= 140 4
i}
il :
120 o
Fig 3.9~3.10

0.15 sec

T
0.3

T T
04 0.5 08

Time { sec )

Fig 3.8 Ball screw length trgectory of d,

90 °
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. Fig 3.5~ 3.6

a7

0.2 sec
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o 80 g° |
= 4
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o 75
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B | B -
B
E
0O _gp -
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B35 T T & T & T jd ] L T ] |

0.0 o1 02 [ 0.4 0.6 0.8 o7
Time { sec |
Fig 3.9 Rotation joint angle trgectory of (s

230
e 210 = d5
= 200 .
= 180 =
o |
- g 4
5 180 1
g 170 =
5 |
G 160
[} F
= 150 =
IEI
& 140 -

130 . : - : T T " T T T v T
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Fig 3.11~3.12
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Fig 3.10 Ball screw length trajectory of ds
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Fig 3.11 Rotation joint angle trajectory of qg

] : = | d6

140 -
130 o
120 o

110 <

i 1 T T T T T T T T T T T T
(1] a1 0.z 0.3 04

Time { sec )

=]
o
o
m

Fig 3.12 Ball screw length trajectory of dg
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Fig 3.13 Rotation joint angle trajectory of g
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4.1

4.2

10

Fig 4.1

(Torsional stiffness)
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(Steel ball)



CLLLE

=

Fig 4.1 Construction of ball screw

(Steel Ball)
Ball
Ball
1) 90 %
2) Backlash Zero
Double nut Backlash  Zero
nut 2 (pre- load) Back lash Zero
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.1 nut Back lash

3) (limt notion)
Ball
Back lash Stick slip

(m)

4)
Ball

4.3

(Alumi num Al loy)

, Swing
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Pic 4.1 View of Ankle joint

Pic 43 View of The 10 D.OF
biped walking robot
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Pic 4.1~4.3 10
.2 Fig 2.4~ 2.6

Pic 4.1

Fig 4.2
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Fig 4.2 Kinematics model of balance joint

( Pitch , Rall )
Pitch Roll
10
1023 mm , 1230 mm
255mm , 280mm
50K g

- 56 -
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44

DC . Table 4.1
DC Servo Mtor

T able 4.1 Specification of a DC motor for the biped walking robot

0 1 2 3 4 5 6 7 8 9
Right Left Balance
Foot . Foot . )
(Roll) Ankle| Knee | Pdvis (Rall) Ankle| Knee | Pelvis| Pitch| Roall
Dfﬂ ftjr"o 8OW | 80W | 8OW | 80W | 80W | 8O0W | 80W | 8OW | 8OW | 80W
Encoder
Resolution | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000
(2 )
positive to
negative | 30000 | 269800 251300| 525900| 30000 | 268700, 251000 | 522600 21000| 21000
limit [pulse]
pulse
over lead 4800 | 1920 | 4800 4800 | 1920 | 4800
[pulse mm]
positive to
negative 56.208 | 130.885| 109.562 55.979| 130.729|108.875
limit[mm]
pulse
over angle | 1200 1200 700 | 700
[pulse deg]
positive to
negative 250 250 300 | 300
limit[degree]
PC
10
6
Rol | Mtor 2
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- Motor

- Mt ion (MG PVB)
- Motor Drive
- DC Servo Mtor
- Limt Sensor
MLC(Multi notion controller) Table 4.2

, Menory 1k Byte(DPRAM)

Proportional- Integral-Derivat ive- Feed forward

(PIDF) Loop

Table 4.2 Specification of MMC PV -8

CPU TMS320C31
Sampling
Rate 1 msec
Analog + 10V, 12bit
4 , 12bit
Analog
32u sec conversion rate
32bit
/O TTL Leve 32
Limit
Sensor 32
System 1/ O 16
DOS , WIN3.1 ,
(O] WIN9Y98 , WIN NT ,
LYNX

Fig 4.3

INTERFACE PART

BIPOLAR to
UNIPOLAR
TRANSFORM
PART

PWA
GENERATOR
PART
~ TIME DELAY
PART
LIMIT &
ENCODER
TRANSMISSION
PART

ISOLATOR
PART
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Bipolar to Unipolar Transform Part  Bipolar Unipolar

Fig 4.4
BOPOLAR [ UNIPOLAR |
ANALOG ‘ﬂ‘ﬁ?b‘ém ADDER | ANALOG
VELOCITY CIRCUIT CIRCUIT YELOCITY
COMMAND ] I:Dr-.-'l'-.l-'-‘x?‘éD
COMPARATOR Al = DIRECTION
cipcuT ! CIRCUIT COMMAND
Fig 44 transformation of Bipoar to Unipolar
PAPulse width nodulation) generator part R Anp
Bipolar to Unipolar Transform part Unipolar
bC / /
Tine delay . Tine delay part
Mbnostable Multivibrator
bC
Encoder Limt sensor MC

Limt & BEncoder transmission part

Isolator part

Photo- Goupler
Mtor Drive DC

DC to DC Qonverter

Fig 4.5
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TEREACE PART

BIFCOLAR Lo
LMEPOLAR
TRANEFORM
PAHT

GEMERATOR
PaRT

PAHT

LIMIT &
ENCGODER
TRAMELISSICN
PART

ISOLATOR
PART

KOTOR
DRINE

ROBOT

DG WMOTOR
POAVER
INPUT

ENCODER
AALIELIT

LIMIT
SENSOR
SH3HAL

CIELIT

Fig 45 Block diagram of The total system

oC
Pic 4.4 ~4

T

Pic 4.4 Control System of The biped
walking robot

Pic 45

Interface part




alheim

Pic 46 Motor Drive part Pic 4.7 Signal process of Encoder

Mtor Drive Interface , Fig 4.5
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(zero nonent point)

Pitch

Nbtor Drive

- 62 -

Z.MP



- 63 -

DC Mvtor

Z.MP



[1]

(2]

(3]

[4]

(5]

(6]

[7]

(8]

(9]

[10]

A.Takanishi, M Ishida, Y.Yanazaki, |.Kato, "The Realization of Dynamic
Valking by The Biped Walking Robot W- 10RD." Journal of the Robotics
Society of Japan, Wol.3 No.4, pp.325-336, 1985.

F. Qbina, H. Hemami ., R. B. MChee, "On the Dynamic Stability of Biped
Loconotion", IEEE trans. on Biond. Engineering, Vol, BVE21, pp. 102- 108,
1974

T. T. lee and J. Liao, "Trajectory Planning and Gntrolk of a 3- link Biped
Robot ", 1EEE Robotics and Autormation, pp. 820-823, 1988.

M otsatis and C. Vibet, "Decoupled control for 2D N link Biped VWlking
Systent’, Robotics and Autononous Systens 5 pp. 97- 107, 1989.

J. Furusho, A. Sano, "Sensor-Based Qontrol of a Nine-Link Biped."
Int.J.Robot .Res., vol.9,Nb.2, pp.83-98, 1990

C. Leslie @lliday, Hboshang Hemani, "An Approach to Analyzing Biped Loco
-not ion Dynanics and Designing Robot Loconotion Gntrols." 1BE,

Transact ions on Autonatic Gntrol, vol .AG22, No.6, pp.963-972, 1977.

T. Chang and Y. Hurmuzlu, "Sliding Gontrol without Reaching Phase and its
Application to Bipedal Locomotion", J. of Dynamic Systens, Measurenent,
and Gntrol, vol. 447-455, 1993.

M Vukobratovic and J. Stepanenko, "Mathenatical Mdels of General
Anthroponorphic Systens." Mathematical Biosciences 17, pp.191-242, 1973.
Kenneth J. Waldron, "Realization of Dynamic Biped Walking Stabilized with
Trunk Mbtion Uhder Known External Force." Advanced Robotics, pp.299- 310,
1989.

A. Takanishi, Y. Egusa, M Tochizana, M Takeya, and |. Kato, "Realization
of Dynanic Biped Walking Stabilized with Trunk Mtion" RoManSy 7: Proc.
Seventh CISM IFToMM Synposiumon Theory and Practice of Robots and
Minipulators, A.Mrecki, G.Bianchi and KoJaworek, Eds.Hernes, Paris,
pp.68-79, 1990.

- 64 -



[11] P.H. Channon, S.H. Hopkins, D.T. Pham "Derivation of optinal walking
not ions for a bipedal walking robot," ROBOTICA, pp. 165 171, 1991.

[12] Jinichi YAMMGJUHI, Astuo TAKANISHI, and Ichiro KATO, "Developnent of a
Biped of a Biped Valking Robot Conpensating for Three-axis Mnent by
Trunk Motion.", IEEE/RS] Internal Gonference on Intelligent Robots and
System pp.561 566, 1993.

[13] Y. Fujinoto, A. Kawamura, "Three Dinensional Digital Simulation and
Autononous Walking Gontrol for Eight-Axis Biped Robot", IEEE International
Gnference on Robotics & Autonat ion, pp. 2877-2884, 1995

[14] J. Yamaguchi et al., "Developnent of a Biped Walking Robot Conpensat ing
for Three-axis nonent by Trunk Mbtion.", IBEEH/RSJ Int. onf. on
Intelligent Robots and System pp.561-566, 1993.

[15] J. Yanaguchi et al., "Developnent of a Biped Valking Robot Adapting to a
Forizontal ly Wheven Surface.", Proceedings of the 1994 IEEH RSJ
Internat ional CGonference on Intelligent Robots and Systens (IR35'94),
pp.1156- 1163, 1994.

[16] Sun-Hb Limand Jin-Geol Kim "Biped Loconotion with Mechanical
Gnpliance.", (In Korean) Korea Robotics and Autonat ion VWrkshop
Gnference, pp.21-25, 1992.

[17] Kawamura S. et al. "Realization of Biped Loconotion by Mdtion Pattern
Learning.", (In Japanese) Journal of Robot Society of Japan vol.3, Nb.3,
pp.177- 180, 1985.

[18] G Z. Tan, "Study on Mechanics Laws for Anthroponorphic Biped Robots to
Walk Dynanmical ly on Sloping Surface", Proceedings of the 1996 IEEE
Internat ional CGonference on Robotics & Automation, pp. 252-257, 1996

[9] M Filipe M J.A. Silva, T. Machado, "Towards Efficient Biped Robots".
Proceedings of the 1998 IEEE/RSJ Intl. Gonference on Intelligent Robots
and Systens", pp. 39%4-399, 1998

[20] Keon Young Yi, "Walking of a Biped Robot with Gonpliant Ankle Joints",
KACC, pp.245-250, 1998.

[21] Qhing-Long Shin, "Analysis of the Dynamics of a Biped Robot with Seven

- 65 -



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Degrees of Freedom", IEEE International (onference on Robotics and
Autonation, pp.3008-3013, 1996.

Seiichi Myakoshi, Gentaro Taga, Yasuo Kuniyoshi, Akihiko Nagakubo, "Three
Dinensional Bipedal Stepping Mdtion using Neural Gscillators - Towards
Hinanoid Mbtion in the Real World". Proceedings of the 1998 IEEH/RSJ Intl.
nference on Intelligent Robots and Systens, pp. 84-89, 1998

C. Cheval lereau, A. Fornal 'sky, B.Perrin, "Low Energy Qost Reference
Trajectory for a Biped Robot", Proceedings of the 1998 IEEE

Internat ional CGonference on Robotics & Automation, pp. 1398- 1404, 1998
Jong H. Park, Young K. Rhee, "ZMP Trajectory Generation for Reduced Trunk
Mt ions of Biped Robots", Proceedings of the 1998 IEEH/RSJ Intl.
nference on Intelligent Robots and Systens, pp. 90-95, 1998

Yuan F. Zheng, "Acceleration (onpensation for Biped Robots to Reject
External Disturbance.”, IEEE Trans. Sys. Man. and Gyber. pp.74-84, 1989.
M Yanada, J. Furusho, A. Sano, "Dynamics Gntrol of Walking Robot with
Kick-Action.", ICAR, pp.405-412, 1985.

Eric R. Dunn, Robert D. Howe, "Toward Shooth Bipedal Vélking.", IEEE,
pp.2489- 2494, 1994 .

S. Kajita and K. Tani, "Experinental Study of Biped Dynamic Walking", IEEE
@ntrol SystemMagazine, Vol .16, No.1, pp.13 19, 1996.

Toshio Fukuda, Youichiron Komata, Takenasa Arakawa, "Recurrent Neural
network with Self-adaptive Gas for Biped Loconotion Robot.", IEEE,
pp.1710 1714, 1997.

Jianjuen Hu, Jerry Pratt, G Il Pratt, "Adaptive Dynamic ontrol of a
Bipedal Walking Robot with Radial Basis Function Neural Networks.",
Proceedings of the 1998 IEEE/RSJ Intl. Gonference on Intelligent Robots
and Systens, pp. 400-405, 1998

K. Ghnishi, M Shibata & T. Mirakam , "Mtion Gontrol for Adavanced
Mechatronics.", |EEE/ASME Trans. on Mechatronics, Vol.1, No.1, pp.56 67,
1996.

K. Chishi and M Chishi, "Robust and Easy Realization of Hybrid Control

- 66 -



[33]

[34]

[35]

[36]

[37]

[38]

Based on Ho \elocity Qontroller.", Proc. of 26" International Synposium
on Industrial Robots, Vol.1, pp.197 202, 1995.
Qinghua Li, Astuo Takanishi, and Ichiro Kato, "Learning Gontrol for a
Biped WAlking Robot with a Trunk.", IEEE/RS] Internal nference on
Intelligent Robots and System pp.1771 1777, 1993.

5 3 (1998 3 ), pp. 157- 167, 1998
Jin'ichi Yamaguchi, Daisuke Nishino, Atsuo Takanishi, " Realization of
Dynamic Biped Walking Varying Joint Stiffness Using Antagonistic Driven
Joints.", International Gonference on Robotics & Automation Proc. of IEEE,
pp.2022 2029, 1998.

Kazuo Hirai, Masato Hirose, Yuji Haidawa, Toru Takenaka, "The Developnent
of Honda Humanoid Robot . ", International Gonference on Robotics &
Autonation Proc. of IEEE, pp.1321 1326, 1998.

, 1999

, Pp.583 ~585, 2000

- 67 -






	Abstract
	사용기호
	목차
	표목차
	그림목차
	Ⅰ.서론
	1.1 연구배경 
	1.2 연구내용

	Ⅱ.이족보행로봇의 동역학 모델링
	2.1 수학적 모델의 유도
	2.2 로봇 매니퓰레이터의 Lagrangian
	2.3 회전관절공간의 동역학 모델링
	2.3.1 쟈코비안의 유도
	2.3.2 관성행렬의 유도
	2.3.3 Cristoffel항의 유도
	2.3.4 위치에너지
	2.3.5 Closed-Form 동역학 방정식

	2.4 미끄럼 관절공간의 동역학 모델링
	2.4.1 사절링크를 이용한 발목의 운동방정식
	2.4.2 사절링크를 이용한 무릎의 운동방정식
	2.4.3 사절링크를 이용한 힙의 운동방정식
	2.4.4 미끄럼 관절공간의 제어입력
	2.4.5 미끄럼 관절공간의 동역학 방정식


	Ⅲ.동역학 모델링에 대한 시뮬레이션
	Ⅳ. 10 자유도 이족보행로봇 시험기기의 구성
	4.1 동력전달 체계
	4.2 볼나사 구동기의 특징 및 구조
	4.3 이족보행로봇의 기구구조
	4.4 제어기의 구조

	Ⅴ.결론 및 향후 연구 방향
	Ⅵ.참고문헌

