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Abstract: Humanoid robots operating in human environments must safely respond to physical human-
robot interactions while maintaining stable locomotion. Conventional reinforcement learning-based
locomotion policies primarily focus on velocity tracking and typically treat external forces as
disturbances, which can lead to motor oscillations and unstable behaviors under continuous physical
contact. This study proposes a force-compliant locomotion framework for humanoid robot without
dedicated force/torque sensors using body-wrench information and reinforcement learning based on
the PPO algorithm. During training, external forces are estimated from privileged body-wrench infor-
mation provided by physics-engine in IsaacLab simulation environment and a ground-reaction-force
removal algorithm is applied to improve estimation robustness. To reduce the Sim-to-Real Gap
caused by force dispersion during human-robot interaction, an effective force model and a
compliance velocity generation method are introduced. The proposed reward structure prioritizes
force compliance over velocity tracking when external forces are detected. Simulation results in
IsaacLab and real-world experiments on a Unitree G1 humanoid robot indicate that the proposed
policy can generate force-compliant locomotion without dedicated force sensors.

Keywords: Humanoid, Reinforcement Learning, Simulation, Locomotion, Force Estimation, Physical
Human-Robot Interaction (pHRI)
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[Fig. 1] Asymmetric Actor-Critic structure for training and
Sim-to-Real deployment



[Table 1] Observation terms

Components Dimension Critic Actor
Base_ang_vel 3 v v
Projected_gravity 3 v v
Joint_pos 29 v v
Joint_vel 29 v v
Actions 29 v v
Velocity commands 3 v v
Base lin_vel 3 v
Force commands 3 v
Body incoming_wrench 18 v
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[Fig. 2] Force estimation and target velocity generation process
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[Table 2] Overall statistics of external force estimation performance
under static and dynamic walking conditions (simulation). (Values
are represented as mean + standard deviation)

Metric Static Walking Dynamic Walking
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[Table 3] Motion generation rewards

[Table 4] Stability and regularization rewards

Reward Expression Weight Reward Expression Weight
emd __ 1 |12 . . ro\2 _
Track_lin vel xy exp(— (4 : OUI A ) 10 Flat_orientation (d,,) 5.0
i Lin vel z ()? 0.2
”wzmd 7w74”2 s
Track ang vel z expl— 15— 1.0 Ang_vel xy (ur,,) -0.05
) Base_height (Rrbese —0.78)2 -100.0
Foot_clearance _ Vo —018F 0.5 N
- eXp 0.05 ) Undesired_contact max (/") -1.0
v Feet_slid 22] ol o |FF) 2.0
Double_support G000y JexD| — o5 0.5 eet_slide ) 2.
i (v.— v ) Contact_force (F/**'—0.01) -5.0e-6
Force compliance exp]— — 2"~ 3.5
025 Joint_deviation e j = Goir, | -0.5
Dof_torque 2]: (7,)? -1.0e-8
vel = 2RO ZH&T o) o] A& B wi"'E FEINEE ;
. o _ Dof acc E(“wj) -1.0e-8
Sjo] 230 ol 24 FHL Uit HYHES f
- - - 29
ofuff QFg A Q1 B3 52 e5ot7| Al U Sl Dof pos_limit Y maxllim; —q| -1.0
HA4F k<l Foot_clearance= A 2ISHATE. = BRE T =
. o o Action_rate la, —a, _,I? -0.05
e polg oletn, M BRE SR BEA Qe Mt O
ermination_pena erminated_hu f fer -
R AAFEICE e e S0 ) Al A1517] 919 penally
Y S W3l ¢34 o] BE %) 2AYY,

= AHo] £0]al A= AAIE THE+= Double_support=
7| 9153t} Double supportof| A B3 £ Wy} £~ &
T o] BE A 21 Y w2/ 8kE] 7] fIs Aol E %]r—r

GE AME3I9ITt. B B £ 37] v, < 0.1/ m/so] 1,
23 o) 4;@&591 A7) v, < 101/ m/sQ] B9 GE 12

7HA AL 11 Q]ofl=
RS 22;(—10"/\1 Htﬂo]-li_ﬁ._

0 7HITt. Q) o] QI7bE|= Aol Al
s&EE T, qu‘—‘i Q8 £ HAF
9] Force_compliance2 AAISITE 9]8 £ HARS 2HLo] &
5 V9 BE £ S5 1, Alo] oA Haokotng 4
Alsto] 252 Q]| —,—O%E]Eﬂ 92 WHF0 B o] Eoks 42
52 S5 Hrt. 53], AA| 229w {A] W pHRI 2
7oA 9] RFAAL A7 7] YA 8 &2 HAMO] 7=
Ao B Y 2% BAge] RN 3.5 A AP

332 P94 R AT

2322 SR5oluA] T A skt el e BAL A
B84 5J0] 42 il 48 /15T §AE o)
915} [Table 4]19] QFFA LU FAI} BAF S 31 AF_-5}]
23.0] 2o} B2 el AJetate] 9ol <8k TgolA]

T 78491 b AS QA== A A5HITT. Flat_orientationS
%2 o] T A o), & OlAlelo] B5 718old
A8}, Lin vel z9} Ang vel xy+= Z}ZF 259] 9 Z] HIGF A

S o xyBH ST v, F AASt] B AAAY &

22 A3}, 3t Base heightS S3 B3l & 25 o]
] $z0] A 7L 712 1£01R1 0.78001A] ZA] HlolUA] Ghe
Sto] FAI AU e sHA| WotbAl= &4k HAISH.
T AST B B A HPn E0 a3 HS
< JAI517] Y8l 2-85F9 T} Undesired contact= 4t 0] 2] 9]
) 9jo QlEaA ke 1 £ o] MR A 3
B, Feet_slidel= 20| Wi W &= o9} o] H&g
F/" O] Y& o]-g-oko] 2|t 39 &5t Adejofl 4] o] w] 112
A& B2 AT} Contact force= Hrof] T3t 2 0]
AR AL Ageto] 2ol hg ot T gt B A 2
@ 4 Sl BUAY FAS BpIE WA
Joint_deviations 53| ZF A} ZHA| ¢, ; 7FZ7] 715 Al
i, O TH=SHA] ;\01"}% & Al ol j= =%
9] 297}19] 4 QIEAE ofm|itt.

AA| 25.9] -5 9 Alo] QM4 defsto] ¥Eof| gt
TAIF = A-8-5F3AT. Dof torque®} Dof acc= 22 HE B
72 W 7T ace;?] 2715 246 gt FE I =
A% WA 252 AR Dof_pos_limit 7 913] ¢,71 518
H 7Fs ] lim o LAY o] & Hlojuhs 2 ARt

sigs0] ol ol A ot H o] u]AHS PES TSl
WA] Q5% Action_rateol| A FA} 2|0l A o] 2231 3
& a3 o] Agjof| A HHo] S PF q, H

B 515701 Al0] Yie] FATH BSHE oo B9 05

S >

_I

o T

A
1
~

Kol

=

\=]

1 =

.



2 A5}l =E A A5 Termination_penalty+= Of| T A= 7}
%2710 SR 5= 495 terminated buffer® TEs}o] H)ZAS

oz sho| FRHUS W 2 HEE S Fofoto], HFo| ¢

WA 4 Qi TRt A W), B e s B, B vhe
3 3745 Alo] A WstE oAshe @ige Gt of
98] 48 57} 7124 e oPg 9 w2

3.4 =9l SF s}
ZFetets 718k Alof A2 AlE o] EAollA eh5E7
wfEo]| AA| ZEof Wi g F wdg QX upEk EA Zjo],

9o B 07 9 757] 54 Aol Al o] Aot 4
AT}, o] gt Sim-to-Real Gap2 53] 9|8 45 E 33} Zo]

e 7t0) o280 S a3t A4 B& AA e
o 2 Ao AR 7 Halo] tiet e FHES
F/FA1713L AA| Unitree G1 374 2 & 9] o] & -&o|5}1A s}
7] 13l Z=HRl HEst 71H2 285k [Table 51011419
operation 35 21739] Ee) nhebv) el S M ASH A
SHA1S oJulstel ZPAHOMSen, M (Seale), 3 BeH(Direct
Assignment) O 2 LR T 7P 7]k 919]9] k2 5}
At #l=4]o] 12, vl a2 7] 24koll ¥ 219 &2 Hok= R
Alojm, 217 -2 A H 2 wEtv| o 1= A-85h=
140t}

[Table 5]°1 Q= RAAE 74 2] E2]2 E4 #3tE HARSH
7] 5l f ol u]asnid 250] 57 §4 H 27 JHE
WA AT 34 PD AJQI(Pd_gains-stiffness, damping), 7] H|
o]A Q)X|(Reset_base-xy, yaw), 2E| & Q IAl(Motor zero
offset), ¥4 t A4=(Joint_param-friction, viscous friction),
4 1A Joint_param-xyyE H| UlollA T & HATC
X FUR 27| 20 gt A A5t

oflm At AJZF Al A A vl Al4x(Static friction), 52
A vz AlS(Dynamic friction), 3 3 A &H(Link_mass), H|©]
2 ZZH(Base_mass), A5F 54 Y% (Base_com)E F-&-92 H
SIS, ol A4 E3ol] L 4 gl ShESo] A 0
217 Wisjo] oo 3o Tyl 2 A5} Aol

U7 1Mttt 84 EAS WS Interval 8
2ol 3278004 et 212] 2ol Weg AWK O B8

I
717]

o

x4y
30,
fr

Tl ¥ 4 A9ie.

Q)8 &2 B3 — Sim-to-Real 98] AL KA 263

[Table 5] Domain randomization

Components Range Unit | Operation
Reset Every episode
Pd_gains(stiffness) 0.8,1.2) - scale
Pd_gains(damping) (0.5, 1.5) - scale
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. - direct
Joint_param (friction) (0.01, 1.0) I assignment
Joint_param (viscous friction)| (0.3,1.5) w asscil;i:ent
Joint_param (xy) (-0.5,0.5) m offset
Startup
Static_friction 0.2,2.0) w asscil;i:ent
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[Table 6] PPO parameter
Parameter Value
Learning Rate 1.0e-3
Discount Factor 0.99
GAE Parameter 0.95
Clip Parameter 0.2
Entropy Coefficient 0.008
Value Loss Coefficient 1.0
Number of Learning Epochs 5
Number of Mini-batches 4
Desired KL Divergence 0.01
Max Gradient Norm 1.0
Learning Rate Schedule Adaptive
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[Fig. 3] Reward learning curve during the policy training
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[Fig. 4] Representative velocity tracking results under external
force (Simulation)
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[Table 7] Average tracking RMSE and compliance RMSE under
various velocity and force conditions in simulation. (Values are
represented as mean =+ standard deviation)

Model Tracking RMSE
0.2686 +0.1514
0.3022 +0.1581

Compliance RMSE
0.7886 + 0.4232
0.3445+0.1163

Baseline

Force Compliance
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RMSE= 0.3445+0.1163 0.2 vt Eﬁg

RMSE?] 0.7886+0.4232 thH] 2F 56.3 % 74
2 399] Compliance RMSEZ] :E-ﬁ—?i } A
PR Y AN Hr} A 8 5= L}E}‘ﬂ% gelst
Tk o] ATH= AR 919 -5 o] B Y FF 5=
A5 A5HE 51-8-ohk= Al & &8 5= A FIA

2R 9] Comphance

A ol £8

s
o

4438 5 E9 8|0

[Fig. 5]= ¥&¥ RMS EIE H| w3t 27S Lehd) 4.3

A AN Qebel A5 Bo1E 919 Awe 4 243
UG 2A0R AR SASGT 28 4 ot 2
of RMS K217} U3t 5 ARhe shset melo] k]3] g
Foick. ol Akt 1 -8 o] 9j2he ARsHe Al
£ WEL Ao A To] A7HE 75 EAS )

202 P ZEE AvIeit. [Fig 519 Hlo[EE 7[Hte=
LRt =Y A5 o -3 A F| 2] A 1 B RMS B
£ vl st

Joint RMS Torque Comparison
T T T T T

T
[ Boseline
I Force Compliance,

20

RMS Torque [Nm]

[Fig. 5] Joint torque RMS Comparison with Baseline and Force
compliance policy (Simulation)

[Table 8] Average joint torque RMS (Simulation)

Model Mean RMS Reduction
Baseline 9.0288 -
Force Compliance 6.1734 31.63%

[Table 8]011 4] Q18 &= Q150] HA| T4 i RMS ET &=
Qut B8 Ao A= 9.0288 NmE 7HA] 1 9|8 &8 Hdo]
A& 6.1734 NmZ Zr4510] 9F31.63 %2] 71412 Bt
4.5 Al&d|o]d 4 Sim-to-Real
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(a) Backward external force under forward walking
command in simulation

(b) Backward external force under forward walking
command in real

(c) Rightside external force under leftside walking
command in simulation

(d) Rightside external force under leftside walking command in real

[Fig. 6] Simulation result and real robot result. Red arrow means
external force, blue arrow means velocity of robot, and green
arrow means commanded velocity
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