et EUI3s3|X| M40 # X 11 = pp. 855-866

November 2023/ 855

J. Korean Soc. Precis. Eng., Vol. 40, No. 11, pp. 855-866
’i) Check for updates

slojE2|E 0|F 2R
3

o| Ci2| Ellu} AH|0|E

http://doi.org/10.7736/JKSPE.023.067
ISSN 1225-9071 (Print) / 2287-8769 (Online)

Fag 9I5t A7IRsto)

[ =

Analysis of Inverse Kinematics for Legged Walking and Skated Driving

with Hybrid Mobile Robot
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Hybrid mobile robot is the system that will practically combine legged walking and skated driving in the same system.
Therefore, this robot has own problems of inverse kinematics that are not considered in typical walking robots. In this
paper, | fully categorized the inverse kinematics problems for hybrid mobile robot with general motion by walking and
driving on an inclined plane, including switching end-effectors between foots and blades. | also solved the inverse
kinematics for each case of problems. | here actively adopted the coordinate transformation derived from the inclined plane
to cope with the random motion of foots and blades on the plane. | then presented several examples of the inverse
kinematics problems with specific situations, and verified the validity of the analysis method from the results.
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(a) Isometric

(b) Front
Fig. 1 Inline skating robot (SkaBot)
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Fig. 2 Switching end-effectors between foot and blade
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(b) Front

(a) Isometric

Fig. 3 Hybrid mobile robot (HymBot)

Fig. 4 Robot and inclined plane
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Table 1 Homogeneous transformation matrix of inverse kinematics
for legged walking and skated driving

Matrix Euler angles Frame
Right plane A, XYXY (yy = 00) 0, - X1V 7,
Left plane Ay XYXY (3, = 180°) 0, -XoYoZ,
Foot/blade 4; XYXYZ 0;—X;Y.Z
Right foot ¥ XYXYZXT 0] -X1Y{Z;
Left foot 7, XYXYZX~ 0,-X,Y,7Z;
Right blade ¥ XYXYZY~ 0] -X1Y{Z;
Left blade 7, XYXYZY* 0,-X,Y,7Z;
C

Fig. 5 Contact of blade and plane
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Fig. 6 Coordinate systems of robot
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Table 2 Solution of inverse kinematics for common walking and
skating with known location of end-effector

Case 0, 6, 6, 6, 0, 6

(a) 1 pair of solution
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2 P6

A7 A PyCy + P8, 2 £l P} 5 0] opfolof &
o}, B3] 23280 AFshe A3 Lol W] 9% AR
38t Py, Ps, Pg WHEA] ARGfoF @e). 2|3 B, & 517
1A A(5)9] (1, 1) AET} (1, 3) BEE C,, 8, of Hhe o
Y WAl gejshe oheal 2t

i Cﬂy+ VZSﬁY =Py (26a)
ViCp +VySp, = Py (26b)
Vi = (PgCy +PySy)Cp+ P1Sy,

Vy = (P1Co+P13Sp)Co + P35Sy,
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V3= (P5Cy +PsSg)Co + P78,

Vi=(P3Cy +P1oSg)Co + PyySo,

o7|14 Py = R11C9+R21S9= Py = R21C9+R|159’ PlO

R;l’ Py = Rllce +R21S9, Py = *R21C9 +R11S9, Py =R},
= Cf) L, Pis = R13Ca +R23Sf)= P = R23CHZ+R13S@=

P = Ry, Pig = R13C9 +Rz3S(9’ Py = R23C01+RT336; Py

23t o] 73

3 Py = 8g = 0otk A1(26)°14 fy+=

P, V=PV, P, Vi—=P, V.
Cp = 2172147y = 20701075 (g7
! ViVi=V,Vs V=YL

By = arctanZ(Sﬁy, Cﬂy) (27b)

o7|1A REQL Vi V=V, V3 7k o] ofyolof gt e
0 = 0° Q1 Z3--oll 21(24), 21(25), 427N 6, 0, fy= 1%
o a7} ZAt.

SO 6, 0, 6% Tk skt Uriq BEe 22
Ao Y& 7EHor Fdstnz 229 Hauskd wigt
th. 53] A16)A Q5 = =Py Cp +(PyCo +Py3S5)Sp —1s
*15C93+94+953 Qs = *P23C9,+P2259f15593+94+95= Py = Py—
l6(P\sCp,+ P1gSp), Po3 = Ps—1g(P\sCp + P19Sp ), Pry = Ps—
l(P17Cp + PySp) 5% Aol FoIapAf. 2B ARt o]
0,<0°0]2}iL S}, Table 33} o] g = 0°21 B9l 6, 6,
By, Oy 6, Os= JAH SR 19 a7} sfj4 2oz ZA5H
ok 2E]a3 7P ARkl 92l £180°9] H el A Al4kst
A (23)001 4 2%, A(22)0l14 24, A(17)ell A 2oz HA1H
o2 | a7t EAsk=t, AL B4 HES A=
St o e ¢ v FeE EolsHl s 4= Sl

2.3.27|X 2= 2IX], O]X]|
a2

0, #0°% A%l 6, 0, ByE T317] S04 A(5)E Akt
gttt 0, 6,5 F517] AEiA, AlG)elA By E EISHA] Y=
(1, 2) &3} (1, 4) ZES Hohd 22 2)(6)= 41(28)x 2t

(P4Cp +PsSy)Co +PeSy, = Py (28)

LTHRMIC] =H0M 66 + 0, P3 = 02

oA7|A Py~Pe2 2(22)¢ A2 Za1, Py=1] Sa #00|c}. 4=
i ZHoA 6, = 0,=0.= 0°¢1 BEog Eulg AH 21(2)
A Ry =1, Ry =Ry =-1, R, = R13 =Ry = Ry = Ry
=Ry, = 00|22 2)(6), 4|(28)°|A Py =P;=P,=Ps=0,
Py#0, Pg#0 0| Ty, o]AL X3 HHSH ASlo| g o
71734 o] WIEA] FHsaok Stk SHANE Py = P4
P = 00]H 4](6), 4](28)°] (P,C9]+P2S91)C@2 =0, PGSQ2 =
of EolAl Cy. Sp0l B3t Ay WAL AurHel ’SHH*OE
6, = arctan2(S,, Cy, V& 18 4 Qi wekA &5 AR
R R P e

Table 33} Zo] 6,#0°¢] ALES =
9} Gy#0°, Py%0%] A= LEa= Ho| elgsital 7
o}, 7bets] st Py = 091 7ol 2(6), A28y A3
A 6 T 5 “X]UP #0% Aol 6= & 4 U
Gs#0°, Py=0¢l 01] HA 6, 6,5 F3st7] AsiA A
5y AlikRl é1(5)«1 (1, 2) &2 2l6)°] dd3st7] fIsiA
Cy#0, P\Cy+P,S, =0& WE3oF 3HER, 7Hg W7t
+90° Q1 6,2 oh3} o] &k = 9l

A Gg#0°, Py =029

F_Yl oﬁ
Lyt

0, = arctan(Tgl) = —arctan(l;—,;) (29)

o174 £A<) PSk #7221 Py} 3 o] opfolof @tk 6,5 T
sk7] ffeiAl, A(5)2 (1, 4) &= *Elé}fﬂ o 2k

U Cy,t U8y = Us (30)

4714 Uy = P,Cy +PsS, , Uy = Pg, Uy = P; 0
2 A28 A= Lk A (300l 6, = T Zol 4+& o= ik

U1U3—’\j UZZ(UI +U2 U3)

Cgﬁ
Ui Uy
g = U22U3$ Uy Uzz( U|2+ Uzz—Usz)
" Un(U U3
0, = arctan2(S,, Cp) (31

°17]A1 U, 20, Ul UZ U2 0 ololof sit}. T2jmz g, 20,

= 031 Z%0) 21(29), A1B1ONA 6, 6,= 22<] a7} ZA3lct.

o8 Py, 65, 0, 05 FofoF Sh=tl, WA A
23,131 Wgat 7EHo s FUstug 23183 arstd vt
) J2jus ARt o] 6,<0° 0|2kl 31, Table 33} 7o)
0s#0°, Py =02 0l 6, 6y, By, 6, 65, 0= AHHO=
2o st SRR EASPA ek 1o 4 Qe 7
$-21 £180°2] W 9jellA] AXISHH 41291 P, Cy +P,S, = 0]
A 2%, AGDOA 2%, Al(17)elA 2o g AR o 4o
a7k Efshes], TAH S B ksl St oke
g ¢ thale] ALw LoldlA e <= Ut

2.3.3 7|X| Zct 9X|, O|K| Tk XIM2] UM 6, # 0,
P; + 0% AL
0s#0°, Py=0%1 9ol WA 6, 0,5 ;Lom S5 A] 2]

(5)2 AL A(5)9] (1, 2) AET} (1, 4) AR A=A
Cy, So& T3P T3}
P,P.—P.,P.)S, —P,P
(PyPg—P3P5)Sp —P,Py (328)

C =
% (P1Ps—=PyP,)Cy,

5, - _(P1P67P3P4)S927P1P7 (32b)
! (P\Ps—=P,P,)Cy,
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71 Py~Py 2 2)(6), A(28)¥ A= AL, #RQl (PPs—
PyPy)Cy, 7} oJo] ojojoF s}, -1<Cy <1, 18, <1 o]
olof Ftck. 6,5 Fa] faiAl, (329 Cp. S, CptS,
= Lol tidaiA MEA Sooll HisiA elshd o5 2ol
S0l BRF 22} A Alo] Fr}

UsSg+ UgSy, + Uy = 0 33)

A7 U, = (PIPS_P2P4)Za U, = _P32(P42+P52)_P6(P1(P1P6
—2P;P,)+ Py (PyPg—2P5Ps)), Uy = 2P,(P,(P,Ps— P3P,) + P,
(PyPs—P3P5)), Uy = *P72(P12+P22), Us=U-U, Us =-Us,
Uy = -U - Ugolth. 7Hs W9I7F 6, = £90° o] B2, 2](33)°]
A 60,k thgat ol g 4 ik

0, = arcsin(ng) (34)

o714 ~1<S, <10lojo} It} 2323l Adar AT ol
P, = Ps = 00] A5 YRR, 6,8 F317] YA 2(5)]
(1, 2) &2 Aok ok 2tk

UgCy +UsSy = Uy (35)

A7IM Ug = P\Cy,, Ug = P,Cp , Upy = —P3S, €It} 4(35)
ol & 71EAHoZ 4(30), AGNHT T Fez 13 4
Qtl, oI71A Uy#0, UgtUs—Uyy>0olojof glct, B3
Py = Ps=00]H, A1(32)0fA] Hmr} o] wolA 6,8 73t
S gloma g.& whEa] 235yl Eafok sk, Altkr} 2.3.2
ol gt AT} o] 2(6), 41(28)9] A WAz 4,2
A2 F8lA] ok "ok 2822 g=0°, P3=03] 735
21(34), A1(35)1A1 6, 6, 2T 4] 37k ERhgct.
HSOR By, 6, 6, 6,2 Fajof s, Lheix] S 2311
o] W3t 7R oz Bostng 231908 Aush uleitt. 1
Bug ARt 2ol 6,<0°0leki 31, Table 37} o] 6,#0°,
Py#021 790l 6,, 6,, By, 6,, 6;, 6= A H o= ) 4]
7t sidHon ZAEHA "ok deln sF Qykdel Hool
+180° 9] QoA AXksh A(3AwlA o 44, 235114 24,
A7)0l 2oz AHHo R He 1689 szt Exjshed),
A B4 TS AeFer| = gk okgd 9 thele] H9w &
ola1A) B3t 4= olek. 23] tiat Alayzke2 AFsIAPE, A1(7)
o TN A WAL HeR Eux) YA e 2
oz B2 73k 4 QUL M) Wik 6, 6, B2 T
Holl =] sA1HIQ) W o & Z ) PRt S a5 elglck

2.4 0IK| 2HRIX|, O] ZHTHRM2] Z401| Chet 7| 7rsie ot

Fig. 29} o] 7149 By = fy oA A9 HEE Avhd &
2o uz|e] By = By 2 71A9] Gpoll A s W2 wsol
ElE7tE a4she A, o] BAlL Foi 6,8 WEe}] ¢
ok SAPIES] 9fA], AAPIEL] AAIRL By, IR 6, 6,
b, 0, 055 F5h= o] HaL, wAe= oot 53] °F

Mo n

N

27| E9] 912 Table 19] 4, ¥ 2 dehfe], w24l
By, S o] flsiA w2 Zejsof dith. Table 1 9 4,914
X721 W] 9] AEE 247 uy, uy ugoleh b,
Fig. 59} Zo] B, = 0°¢l 7]X|9] C, = Ey3} Pure Rolling 7]
FL2 By, C, E7} 71X By, C, EONA A By, C,,
E = WA ==dl, C,, G, E,, Ey= th32 2t

C, = CO_rwﬂYauxi (36a)

u

C, = Cﬂ_rwﬁYqu]' (36b)

E, = EO*’”W((ﬂY”*Sﬁya)”X; -(1- Cﬂya)uzi) (36c¢)
Ey = g r((By,=Sp, gy ~(1=Cpy Juz)  (36d)
8C = 1, (By,~ By Juy, (36¢)

OE = —rw((ﬂyh - SﬁYb)uX{ + Cﬁybuzi
(361)
~(By, —Sp, )qu' —Cp, Uy

o}7]4 r, = Fig. 59} Zo| 2Al0|E #e| uAFo|1, 6C =
C,~C,, OE = E,~E, = C, E2] FHolt}. 53] 2A0|=9]
AL 1A Eo NN wlAel E, = E,+SEE vHd],
OF = (8vy, vy 02;) 2 1590 By, 2 Urehfiwl ohga) 2k

oxp = En(ﬁy,fspyb) +E12Cﬂyb +E; (37a)
g = E21(ﬁyb*5ﬁyb) +E22Cﬂ,,b +Ey (37b)
&y = Ex(By,~Sp, )+ ECp, + By (37¢)

7NN Ey = Ay, By =ondn Ep =By =Sp)
4 *Cﬁyaﬁm), Ey = 1Ay, Eyy = 1Ay, Epy = ”w((ﬁyaa_
Sp, )4y + Cy, Ay3), By = =1 Ay, Eyy = =1, Ayy, By = ”w((ﬁ}'”
~ S5, )43+ Cp Ayp)oleh. BT 23 A3} Fo] 0.2 2Ao]E
o] A= Table 19] 4,, ¥ Uehfi], nx42l g, S
st7] QA whz EelshoR gt whbA ARA] FES A (21)e]
A AR By E By, = BRE 3 M2 Dt o] A= Table
40} o] A 2492 s 4= Sl=dl, 4o 9ol tisliA
7|58k sfAsr| = St

2.4.1 OIX] L £Ix, OIX| LEF KIO] TR P, = 091 2
0. 6. BB T3] A A(G)E AT A(G)IA
2 EUHA SR (1 2) AR Aelsh Ae 2
23293 2339004 AWk 213t o] A(6)] that A %
ME T Py - 09l A9k 209l A9E TR Aol
ebgsicha wegct.
Py =021 9. A 6, 0, f, & F517] SIS A(5)S
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Table 4 Solutions of inverse kinematics for comfortable skating
with unknown location of end-effector

Case Conditions 0,, 6,, 65, 9,, 0s, ﬂyb
(a) P;=0 1 pair of solution
(b) P;#0 1 pair of solution

Akt 2459 (1, 2) AR 6] A A
Cy,#0, P,Cy +P,S, = 02 QIE3|oF LR, 6,2 4](29)0} 2
ol 7+ = Sl ﬂY = J517] HSH A 2159 (1, 1) &3} (1, 3)
JEE Cy L Sp ol tiFE A™ WA o= At theat

ViCp, +V2Sp, = Piy (38a)

ViCp, +ViSp, = P (38b)

AZIA Vi ~Vy, Py~Py
@7 22>

Qe Az ek AE)IA A
FHZ Cp, S, & ToHA ohe T} 2o

_ 7P21V2—P14V4 _ Py Vi —Puls (39)
Py, ViVa=VoVy Py ViV, -V,

o714 BEL 1V~ ¥, 7k o] ohofol itk ulery
B By, = 0% o] 6,0 Folth. 6,5 73] SIaIA,

AGRIA By S ZRBHE (1, 4) BES By, Cp . S, o T3
A Aelshe cheat 2k o

VSﬂY+V6Cﬂ +V7Sﬁ +Vg =Py, (40)
Vs = (PyCy +Py385)Cp + PouSy,
Ve = (PysCy + PysSp)Cp + PyrSy,
Vy = (stcal +P29S91)C92+P30S92

Vs = (P3Cy +P3,85)Co, + P35S,

7I1M Py = ECo T Ey Sy, Py =—EyCoy tE Sy, Py
= Ej), Pys = EpCy +EpSy, Py =—EpnCo+EpRSy, Py =
By Py = —£,1Cp,=EySp, Py = £y Cy, Ense s Py =

—E31, Py = (xg, +E13 boG)Ce + (g, +Ezs bo )Sq,~ ng, Py
= *()’E + Eyy—byg )Co, T (xg, +E;3—bg S0, +bG s Py=zp+

bo bG 1y, Py = 1S 0tk 2(40)0 4395 st
‘:'4 J,] FTHOR 0,9 Tt HER, A@0)A 6= A
Aoz 3 4= glek 3 WL g, = £90°0| B, 2|(39)°]
A By T 2ol 7 4 3l

Py Vi—Py Vs
'BYh = arctan(T ﬂyb) = —arctan(———————————) 41)

P21V27P14V4

A7 ZARRY Py V=P, V3o 2l Py V- P V7t go]
ofyojof gtrt auE Py =031 Z-9-of 2](29), 41(40), 2]

@nelA 6,, 0,, By = 1789 7k ARt

ChEOR 6;, 6, 055 Foliof Shatll, WA IS 2.2789 o
| 7|2H o FYsteg 224 st wigit) £3] 4
(16214 Q3 = = P3;,Cy +(P35Cy, + P36Sg)S0,~ 1= 15sCo 1 g+ 05
Qg = —P3sCy t P3sSp =158+ g,+ 0, P3s = Pfy, +stCﬁ +
stsﬂyb+P31 *le(PlscﬂberPlsSﬁYb), Psyg = Py fy, +P26Cﬂ +
PyoSp, +P32—16(P16Cﬁ +P 9513 ) Py = Pypfy, +P27Cﬁ +
PSOSﬂ +P33 (P17C/3 +P20Sﬁ ) SolaL, A(37)0lA bo
Xg, *xE +oxg, bo y = VE, +5J’Ea bo =z, = zp +0zp%)
Zle| TI’"] SiA} JHUE *PE}J—} ol 6,<0% ]E}J— S,
Table 49} 20| Py = 091 A%l 6, 6y, By, 6, Oy, 6= A
AF o= 1789 a7t Al A o= EASHA et el 7}
A Adubz el 792l +180°9] HLjolA] AkslE 4](29)004 2
A, A(DeA 8o m AAA oz 480 szt EAfst=tl,
AZ Rl sfjA] g2 Agerelr| &= it ofe e ¢ theld] A9
golstA siAe 4= it

2.4.2 O|X| LT 2R, OIX| LTE XM =OIM P # 021 E
P;#0%] Z%-of, AA 6, 6, ﬁYE:TLO}ﬂT]Hi/%()E
Atk 6,2 3171 A, AGRIA B, S ZHTHE (1,

2) HE-e AN T, 2 Tohe cheat 2k

+
7, = P1C91P3P2S9] 42)

Wb 0,5 6, = f(6) 2o| 6,9 Witk f, & ]

A AG (1 1) AR (1 3) AR L Sy ol DT

oqa tll—Z—lAlOﬁ Z—]g]o]_l:l:] /\1(38)_‘_]. 71—1:]_ A](}g)oﬂ/\—] C,B ,
5, & TR 2GS 2ok wet f & By = A6 2

°l Bye) Tk 0,2 T2 SIIAL AP 5 E

SR (1 4) BRE By, €y Sy, ol el Hlska 20

2tk 440 A(39)E st HEHOR 6,9 A7t

B2, A@0elA 6 SRR T3 4 ek, 5

S 6, = £90°0] 82, A(@2)l4 O,k cheat Zol JE 4

et
P,Cy +P,S,
6, = arctan(T,) = farctan(f) (43)
3
o714 RESQl Py7h o] obolof et S Wt By, =
£90°0] R, £, A@h® Zo| T3 4 Qrf. I

Py#031 750 £](40), 4(43),
) afj7F EAgtet.

SOR 6, 0, 055 F3oF sh=dl, U] gL 2.4.1
o] Ygyt 7|EHog Fdsng 24182 Fushy viet
oh e Al go] 6,<0°0]akal 3h, Table 49} 7ol
Py#0%1 Aol 6, 6, By, O, 6, 6= AAHoR 149
a7k 4 oH*WOE EAHA "ok e 7 ARkl
7A9-¢1 +180°9] ¥SlofA] AISIHE A]43)Q1 (P,Cy +PySy)

H@DRIA 6, 6, e 1
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Table 5 Location of inclined planes for inverse kinematics examples

Case Matrix  Position Euler angles for orientation
(a) 4 ’ Ay = 0° Ay = 15°, Yx T 0°
(0,0,0)
by 4, Ay =15% 2y = 15% p, = 0°
Co, T P3Sy, = AAH ez 44

004 2%, A(1T)eNA] 20
o] a7k EAfskzs, A A T
el 9 tele) AP golsb I 4
AR 2 ol FsiAH, A7) itk
Ao E DAY S 5 cgonE s 79 4 gleln
1?:'1 o

74l vl

oz
Ayeral7] 2 s of
2}1\

01 %—Eroﬂ/ﬂ% o7]tst FARES oY) el Fig. 39] =
o] Al FFFCE of7]A ] Abelo] 7H
7401 220[mm] 230 Zol7} 1, = 193[mm], I, = 115[mm],
I, = 175[mm], 7, = 165[mm], /5 = 60[mm], /, = 150[mm] 5
o[t} Z12]al Table 59F 2ol of|A|9] HAF AW 0,-X,Y,Z, &}
#A19] f1x1ef AM 2 Uetl o=t Fig. 81} o] 250 4%
ol A Table 5(ay= SAF LR E)S] X|Ho]1L, Table 5(b)y=
QAR LR E)QF ALEA (W) xHeld, Fig. 71t
Fig. 82 Uk Al oA 2 Zlo]t}.

Fig. 72 o7]9ekZ sjAgt o|A|Qld], Fig. 83t Zro] End-
effectore} FAPHo|| FE514 H]-EH:]- Fig. 7(a)= Table 5(a)2]
ZAArHO A Table 2(a)9] By = 0% Hafs AARE ofAlo]aL,
Fig. 7(b)y= Table 5(a)<] 75‘*]—‘5‘1;01]/\1 Table 2(2)9] B, = 0°¢l
F& AkRE oAlolt}. Fig. 7(cl= Table 5(a)2] ZHAFH A
Table 3(b)2] A4t A|A|]aL, Fig. 7(d)= Table 5(b)9] ZAH
A Table 3(c)e] AL AAIQIH], 6, = 20°0]c}. 1] Fig.
7(e)(fy= Table 5(a)9] ZZAFHONA Table 4(a)9] A4t of|Ao]az,
Fig. 7(g)(h)i= Table 5(b)2] ZAAFHIA Table 4(b)2] AAL oA
A, A LES A WA == ol HFWHITR)] A
o]il, g, = 0°0|t}. ob& ] WE A= J7|etn} A7]tete]
ALt ATE A= HIE’SHH AR Table 60 Fig. 79| A3}
2 o7t ()R] A2 2ee) A, g Al kel
wE7ks ojmjgict

J

4. 4=
sfolHels o) Zie| the] Haw AAlolE 2B g3t
A7) 7et gAS WA 717 BAE A4 AwelA

cte] 2y} A7 o|E F3io] ofgh UnkA<l o), whujctyt

(b)

(d)
(e) 6]
(2 (h)

Fig. 7 Examples of inverse kinematics problems
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(LN

Fig. 7(b)

35

Fig. 7(d)

Fig. 7(e) Fig. 7(H)
Fig. 7(g) Fig. 7(h)

Fig. 8 Partial details of end-effectors and inclined planes

Table 6 Results of inverse kinematics examples

Fig. 7 Joint angles of ¢4[°], ¢2[°]

() q; = (0,4.34,5.63-11.60,5.97—-19.34)
q, = (0,-4.90,33.56,-69.45, 35.89, 19.90)

q, = (0,4.28,2.43-5.00,2.57,-19.28)

®), @ 4, = (0,-4.84,33.16,-68.61, 35.45, 19.84)
© q, = (0,-4.43,6.07,-12.50, 6.43,20)

q, = (0,-4.87,33.12,-68.54, 35.42, 20)

@ q, = (-1.21,-4.51,-2.83,-12.53,30.41, 20)
q, = (—1.34,-4.98,22.85,-69.40,61.61, 20)
o g, = (0,0.01,11.58,-23.87,12.29,0)

q, = (0,-0.01,35.16,~72.81, 37.65,0)
® q, = (1.19,4.42,-6.36,-5.00,26.41,—19.58)
£ q, = (~1.35,-5.03,22.82,-69.32, 61.56,20.21)
® q, = (0.00,0.01, 1.80,-22.98,36.18,0)

g4, = (~0.00,—-0.01,23.89,-73.13, 64.24, 0)

2F0|E o] WA 5 EHSAM AAH R R, 22t
o Aol tisiA 719tk A UTE 53] AR oA &
dpetat 270)E el AAfRe 25 EHe] daii AN
W& 710 ke A wghs @%@Qi AP?L%L oHM
| vy} =2]E4l A 0] HIHES T8

ol djelAl o718t oS AN, AT
o) i< SRIFT)

[*]

REFERENCES

10.

11.

12.

13.

14.

17.
18.

19.

Endo, G, Hirose, S., (2012), Study on
improvement of locomotive efficiency of quadruped robots by
passive wheels, Advanced Robotics, 26(8-9), 969-988.

roller-walker—

Roller-walker. https://www.youtube.com/watch?v=P5ay5VC9ba4

Bjelonic, M., Grandia, R., Harley, O., Galliard, C., Zimmermann,
S., Hutter, M., (2021), Whole-body MPC and online gait
sequence generation for wheeled-legged robots, Proceedings of
the 2021 IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS), 8388-8395.

The future of robotic mobility. https:/www.youtube.com/
watch?v=RJyhZUqj3hM

Nenchev, D. N., Konno, A., Tsuyjita, T., (2018), Humanoid
robots: Modeling and control, Butterworth-Heinemann.

Goswami, A., Vadakkepat, P., (2019), Humanoid robotics: A
reference, Springer.

Kaul, L. S., (2019), Human-inspired balancing and recovery
stepping for humanoid robots, KIT Scientific Publishing.

ASIMO robot demo 2/9: Walking over an uneven surface. https:/
/www.youtube.com/watch?v=nVScax9uviM

ASIMO robot running fast. https://www.youtube.com/watch?v=
D6VGYEO6LyI

Atlas, The next generation. https://www.youtube.com/watch?v=
rVIhMGQgDkY

Getting some air, Atlas?. https:/www.youtube.com/watch?v=
vjSohj-Iclc

‘Cassie’ sets world record for fastest 100 meters by a bipedal
robot. https://www.youtube.com/watch?v=64hKiuJ31a4

Hwang, C.-S,,

constraints on skating motion, Journal of the Korean Society for

(2009), Dynamic consideration of athletic

Precision Engineering, 26(3), 55-67.

Hwang, C.-S., (2009), Gaits control for skating motion with
nonholonomic constraint, Journal of the Korean Society for
Precision Engineering, 26(6), 59-67.

. SkaBot 1 (part 1). https://www.youtube.com/watch?v=Sr23tFqCvkg
. Inoue, K., Shiina, K. 1., Takano, M., Sasaki, K., (1996), Study on

total computer-aided design system for robot manipulators,
Journal of the Robotics Society of Japan, 14(5), 710-719.

UpTown spot. https://www.youtube.com/watch?v=kHBcVIqpvZ8

Bledt, G, Powell, M. J., Katz, B., Di Carlo, J., Wensing, P. M.,
Kim, S., (2018), MIT cheetah 3: Design and control of a robust,
dynamic quadruped robot, Proceedings of the 2018 IEEE/RSJ
International Conference on Intelligent Robots and Systems
(IROS), 2245-2252.

Craig, J. J., (1989), Introduction to robotics: Mechanics and
control 2nd edition, Addison-Wesley.



866 / November 2023

Chang-Soon Hwang

He joined Kyungpook National University
in 2005, where he is currently a Professor
with the School of Mechanical Engineering.
His current research interests include robotic
systems for hybrid moving and object
manipulating.

E-mail: robot@knu.ac.kr

Ho Lee

He joined Kyungpook National University
in 2006, where he is currently a Professor
with the School of Convergence. His current
research interests include smart manufactur-
ing and measurement, robot gripper.

E-mail: holee@knu.ac.kr

Bo-Yeong Kang

She joined Kyungpook National University
in 2009, where she is currently a Professor
with the School of Convergence. Her current
research interests include artificial intelli-
gence implementation for intelligent devices.
E-mail: kby09@knu.ac.kr



	Analysis of Inverse Kinematics for Legged Walking and Skated Driving with Hybrid Mobile Robot
	1. 서론
	2. 보행, 주행에 대한 역기구학의 해석
	3. 보행, 주행에 대한 역기구학의 해석 예제
	4. 결론
	REFERENCES


