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Human-like Whole-body Motion Control for Humanoid Robot With
Integrated Virtual Waist Joints

LIU Yu-Cheng' TIAN Yu-Feng' YANG Yue® SU Xiao-Jie'

Abstract The stability of complex motion and the adaptability to social environments are core capabilities for hu-
manoid robots to achieve natural interaction and task execution, where high-quality and highly coordinated human-
like motion serves as the foundation for their efficient and stable operation. As the key hub for upper-lower limb co-
ordination control, the waist degrees of freedom (DOFs) play a critical role in maintaining overall dynamic stability
and motion fluency. However, limited attention to waist DOF modeling and control in existing studies often leads
to posture distortion or instability during human-like walking. To address this issue, this paper proposes a human-
like whole-body motion control framework for humanoid robot with integrated virtual waist joints. The framework
first employs a motion capture system to acquire multi-dimensional human joint data, which are mapped into the
humanoid robot’s joint space to achieve high-fidelity transfer of motion style. Then, considering the DOF discrep-
ancy between the human waist and the robot structure, a coupled upper-lower limb dynamic model incorporating
virtual pitch and roll waist joints is constructed, and a multi-joint active compensation mechanism is developed to
realize coordinated compensation for the virtual waist DOFs. Furthermore, the virtual joints are incorporated into
the privileged observation space, and a variable fusion strategy combining adversarial motion prior style rewards
and task rewards is designed to achieve whole-body coordinated human-like motion control. Experiments conducted
in the Isaac Gym training platform and MuJoCo simulation environment demonstrate that the proposed method
significantly improves the naturalness and generalization of humanoid robots’ human-like motion under various
walking speeds (0.2 ~ 1.6 m/s).
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Tj = Ttask + Tcomp (22)
ﬁ\:l:':‘y Ttask yﬂifmﬁ‘ﬁ\ ?%ﬁf%ig{i%%}%%uiﬁ
N, Teomp N T REFEL R AH A AN B NI, Sy 1
FES) )35 SRR, AME IR B 2 a0 R SR A

JJTTC(,mp ~ J;FTU (23)

Forb J; N R IR HERT BUAERE. RO AR
SCHUAE NLAE B B8 2 8] #2520 R 0LFE 98 e 7 14 4.
. RE BISERR ORI IR, i S i AR BT R
Sre, I IENfE o — R
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S 52 &

min [|J5 Teomp = Jy Toll* + AllTeomp |

Teomp

(24)

Horb A > 0 I A R 8, TSP AR DG RS
L HEETHAE. Toomp MRHTAE 5N

T =

comp (25)

B2, AR R S 2 T ) HL A
oA, REAMEHIE I

Tct)mp = [Tlgp (26)

HH ) Thipy Tineer Tankle 70 0 N T HHAE L R RS
HAE . BRI HIAE; Baiy € RV M43 i 56 B
FLIOER WA [R) S50 i O VR % 55 ARFAC LA (1)
Wl . fE SIS S ARG REE. — R &, WS 7R
BAMEPEESIEH, EE AR 5%
o ORIt B IR Y, DALl S
PR RS, R O ) 3 A BT A v AL R 1 A T Al
A e .

CRAATE S S AME T 5, RIRIIE RS H
FIYEE ] SEEME K 22 A, 7 BN A 2 LR g
ATAATIAI R, 152

safe

T = Projr(Tiask + Toomp) (27)

Hd, proj () BB HIE P AT 7=
{7 T < T < o} P, PAARAIE B 535 HLAE AN B T
PATERAE S .

2.3 WMz 8 KR spfEz 8%t

N HBUE 55 AT S AMEN LR IR & 7oK, B T
BE AR AL IR S5 B — I
sl 1PN N £+ 4 e o£ 2 3 RSN D ES R
3 18], IR 3 A 2 8] R i 75 S B Al 28 58 353 B A
FEUIZREY BL, ML [ Xl 70 w288 3t 368 X0 00 A4
S REBOILIN R . 3 WL s B s N AE SEbris
A7 AT BRSO AR S

. cmd .
Oobs = [qja qdj, Tj, T, db, qb}

Kb, q5, g5, 7, T IR FIRCERTIE A
EE A Jeam S HN: qv, @y AIH IMU S fE R 3
JE L 5 AR AR S R b O AE U 2R B

AT, F T B8R 5 2] (R oR e 7
Opriv = [vb7 ¢>v, Q.sv; Tv] (29)

Ho, vy AL LR ¢y, by, 7 20510 HE TR
PRI MR AR S AR

ENAEAS TR A B HLAS N4 B 7% 9571 1 A L i
A, HESMEEES B b B2 B A s = (a], HAE
i A MEAL ] R AR

(J;J] + M)~ T T

T T 1T _
Tknee 7-ankle} - BdistTv

(28)

gi b, RIS T R R 5 B
HIBE R e s 2k PRl 1 A R, 87 1 RE UL
5O Z R BER G O R, JF e H @ I 0
B R S AR R A A . RSO I 2 1]
BT R GAE 2 2] S 1 s g 2 500
WRTE R, )5 s TR AL 3] i 4 5 il
RS 13 kil B R S

3 ET AMP HREEILEFS]

FET AR 1 PRI BN &8 NS5 78 1) 2 4
BB SR 2 71 PO A RE L O LB, A
TN NTENLES AT NS B ) B, # g — it
FAE S LIRS KRG Ja g (R B iRk 22 STHE B 1% AME
AR I U SRS AR AL (proximal policy optimization,
PPO) HyEMFERE I, 51N AMP A58, Lscglxt
BLAE AAT 9 Xk 54555 B AR BC & DL A, i it
1 55— IRUHS 22 Jal PT AR i S WL, A R0 22 b 22 Dl
T2 18] AR LA, 3R T 2 2] 3 sh 4 i) S 1Y)
IRIE SR ENE.

RE SRS SIIERIE SR R AR S5 R AT

NIEHLES N (38 4 i) 1) 8 m] % 4k — A5
IRBFR SR FE (Markov decision process,
MDP)™, A2 (S, A, f, ri, po, 7). FH, S Bk
AN, AL N ST AT A B
L5 GOH B & A SN Bh R E], R R
RSN HAAE U EE ST IR L s f(s, a) Bom REAF)
JF R R, WRIRE LR, s IREZ A,
a NENVEZEE]; po AVIMEIRE 43405 v € (0, 1) FHT
T, TP S R e

R 5 AL 5 21 H AR 2 T s A0 SR IE 7
S — A, AEHIE YT R R B KAk

3.1

T-1

J(0) = Ex, lz Vre(se, ar, 5t+1)] (30)
t=0
FEAMER SRS LA T PPO Sk, T 3R
gk BE T 51 AT B, DA ORAIE SR s BEH (OB e 1,
ELAL BT H e bk £

L(6) = E, {min (r?hp/lt, TtAt):| (31)

HoA vy = mg(as|ss)/ma,, (at]ss) RIS HEZE L T,
NG P = clip(ry, 1—€, 14¢) AW
MR, A, AIRA BT, e BRI, %3t
JE A S I AR g N 2R L DA PR A1) SRR A A
M2, AT E DR IE AL Ak A e A ) [ B S vy R 1) 556
W& ik, 1EH T NENLEE A N8 shis il 55
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B S0 s — BURE SR B SO B
S 60, . by, p FHETHLE S FREZ I3
EWRARE, SUEAIE @y = 60,1, by, )" HBLF
AR RIS SN BUE. N R A — B
Jily R £

rh = exp( (0~ ) W9y~ 1)) (32)

HAr w, = diag{w’r, w'»} NEZREMBGERE, 4
SR R e 5 AR T 1) bR ZE R L % 2 I
T B R M MBS s M 22, 5] S RIS AES)
JIFERE LR T 5 ) B U B S AMEAT A, LS
NAEATE G ISR 26 A T ORFRP 5 B AR 4 5
RIZF) . AHRBAT 55 22 5 ] B 3 BUS SN E ) /1%
JETH EAS B AR, a0 I S R 37 B A A 2
AR]85 N RS 29 R LA H B A 70 A7

3.2 AMP #5725 %it

DA 7 3] B B4 ) SRS A S BAT 55 AR (19 [R] IS
B &5 NS5l — iz sh ks, A1 5] A2k
TIPS S B RS IR AL 1% 5 %8 5 ) 5l % A
2% 2 2 TS NSRRI 0 AR AE, I DAL SR & 5%
AT G NSNS B S A8 X 5T AR
STHEZR 22530 R 55 AT 55 70 2 55 UM 2 R A o

e = wirg, +w'ry (33)

Ferb vy, AR D; rg AR w9 5 we SRt
LA 2R 8. PRI ES Dy M EL ¢ o, HIT I
WEHHE (50, se1) KA SIHEIRE D. FIHIEH)
YIZk H b & E0N:

8p

. w
m(;n »Cdisc - Ercal + »Cfakc + 7£gp (34)

H Lrea = E¢, s)~p [(D¢(S’ s') — 1)2] e
TEFLSHIE (s, o) BRI R, HT8ihH 280t
HSREAE B 1 B Like = E(s, 51y (Do (s,
s') +1)?] RN AE NG AR BEHE B R 22, AE
750 501 1 05k A BSARE A Bi S 3 — 1 B weP DR RE
AT E REL Ly = B, o) [[VoDy(s, 8|17
AR FE ARG, T4 ) ) s AR H SR BRI B
IAEFTRE L, AT T Brill 2R RS E 14
TE SN SEORTBY B, 0 2% i A AR XU 22 il
FR AR A
rg; =max [0, 1—0.25(Dg(ss, s141) — 1)2] (35)

IR Dy, oy RIS A, XK 22 Jal 1 BR
H7E [0, 1] LN, EHAEAFALSH B A
ST IR v R A S s D T N Rah R
e 2R GE B R P R A . e, SRENE 5 )

gl s BIAEAG H AR 23 5 8 e KA B [l dee /M
iRZE, SEBLA ORI 5 HSRIE s oA i — B

3.3 RS- NiRH P LR S HLHIRIT

1155 220 5 AR R AE A 5 _E BAT AN R Ak
J7 T B RIE SRS R AR S5 IL R, J5 3 SRTE
VR AR 1 MRS — B, A BRI B NP, W]
AE 3 B ) 1 7% A A R 2l T 2 1] ) 5 S 308, 32
1113 51 RS SO ARE BRI IR AL Dy ik, AT it —
b3 T SRS R R AL Fh A L, ARAE 24 BT SR A2
1555 WU 7 T R L Eh 25 R B AL B 8 L
FERE a; € [0, 1], ML 25 R K n] RKom N
ra = (1= ag)rfy + oury (36)

FEYIZRFH, 50 i R SR I A B B 4 M I
BEEBUMY o, HRISIUSEIRAAE ST W ATIE; BEE
YIRAESE, BB K ap, IN5E KUK 203K AR T3 1
EAREE. RS RN ER A5 PPO A 50 1k Be
FebRgt &, SEOE & B

AJ,
ayy1 = clip <04t + UTta 0, 1) (37)

max

Horb, o NEFOP K AJ, SR 0 8 [l 4R
WO Jonax AP BRI AR %R DR 22 i 72
ANFEIUIZRBT B 251, A6 SR e 9 AL 55 3K 30
BT I I BN IS, AITEAT 55 58 U A BI1E B
SR TR AT B A

FESE PRI ZRad R, IR E o A0 27 5] e o Y O
BRI ML ¢, T AR EAR R B, SEhriiT
AR b 245 9T (9 B — el P il a2, D

7 = Ky(q}" — q;) — Kag, (38)

Kb K, 5 Kq 2008 e 5o 8 s d6 . O 14
21y 775 J2 T S8 D RE UL B 55 22 9% 4 2 [h) 1 £ Bl 41
5, REMBEESHAE =, tha (20) THEAS R, JREd
FMEE G BCHERE Baige € R BRARS B SEFR G 2% [7):

Tcomp = Bdist Tv (39>

LREAE S SAMET, PD £ & HO I8 5 A
JEHHTN:

q;'Cf = q;?ftask + Kumap Teomp (40)

Horb Koy ARSI 20 0%, T LE I 25
FH K R FOUREE P R o LR 2 AL D S5 2 R A BB
ISR BUREATS TR I N £ DN S A S P e AT
B2l A (32) BORBET, I8 PD #1570
HiFF By FIME RS B ALK SR, L
BRE Bz
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BHN0.2m/s & 1.6 m/s Y5l NI ZA B EUE, LA
TEFTI R HIAE SR E A RIZ 35 T M sh St e k.
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2 3 T 05
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Fig.4
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3) e TVEAN . BTN e B A0 ) i 14 L
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&R St fe B FH 207 1 L.

4.2 FEXLWERSHRT

4.2.1 BEES TEEHEMENR

NTEHL 2R NTEAREJE$8 2 N IR Fr 4 5l fE
P R ER R AR, RV U NI shish kA
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A EL B R ER G R T RE. A5 ~ T
RIS W 7E 0.5 m/s T 2 5 4T3 2 m
i,y I RAE N 0.27 m; EEH A 1.0 m/s IATHE 4 m,
W42 0.12 m; 1.5 m/s B ATHE 6 m, WBIH
0.10 m, AH% 1.0 m/s BEH 46/, & 8 R 9 45 i
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Spatial trajectories of the robot’s center of mass, hip joints, and ankle joints under discrete velocity commands
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Fig.5 Performance under 0.5 m/s velocity command
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cmd = 1.5 m/s
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Fig.8 Keyframe slices of humanoid robot walking at a 1.5 m/s velocity command

cmd = 0.5 m/s

ff)l'%{}ﬁ%
ii)Lk)l‘{FM%’z

Ko e

0.5 m/s N NFEHLE NAT R REMTD) A

Fig.9 Keyframe slices of humanoid robot walking at a 0.5 m/s velocity command

#1  AMPM™ 5 VW-MAC 7E NTENER AT REBNE B B 2E A RERT R MR ZER T (rad)

Table 1~ Comparison of left-right leg symmetry error between AMP™ and VW-MAC during humanoid robot walking (rad)
AHARRAEHE  ISB)EEIES AT WEORATOEAT)  WERTIRAEL  WORWRAT,  MSCTIIREEL  BOCWIAN]  BOGTIIREE
AMP 0.029943 0.038185 0.038442 0.167267 0.049829 0.064 260
cmd = 0.5 m/s
VW-MAC 0.008 752 0.025621 0.025128 0.028924 0.016 321 0.019843
AMP 0.006 264 0.015836 0.024013 0.232104 0.248 462 0.052555
AARRAENE omd = 1.0m/s
VW-MAC 0.005491 0.014215 0.011845 0.119843 0.135621 0.048 926
AMP 0.021222 0.029997 0.034 885 0.241722 0.186 154 0.067 396
cmd = 1.5 m/s
VW-MAC 0.019843 0.027621 0.032128 0.128924 0.175321 0.062843
AMP 0.013942 0.045621 0.048166 0.188946 0.065191 0.072661
cmd = 0.5 m/s
VW-MAC 0.011667 0.041237 0.042 465 0.178993 0.058221 0.068 186
B AMP 0.009331 0.022136 0.034272 0.262222 0.279343 0.074722
T AERANS  omd = 1.0 m/s
VW-MAC 0.008 541 0.026 443 0.031635 0.249911 0.266 621 0.068837
AMP 0.029 396 0.039741 0.052112 0.263 180 0.211401 0.092015
cmd = 1.5 m/s
VW-MAC 0.026 962 0.035516 0.047535 0.257881 0.203 851 0.082095

e EETTIREAE: 1) MR & 1)
2 RATENAMENLS], R T R ER ) Hh
BRAR G I BT B8 3 K

2) £ AMP HEZE TR 5]

)\Fﬂ?‘%*ﬁE‘Jﬁﬁiﬁﬂf’ﬁ%%ﬂ%%@ﬁbﬁﬁxﬁﬁb
AR A AL, SRTHOT NI B B AR SRR e k.

S

SERRW], Prig ik A 2 AR TR A

TREF
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