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Abstract: This paper analyzes the effect of thermal feedback reward design on reinforcement learning-based quadruped locomotion stability
and proposes a torque-thermal feedback reward structure that also considers actuator torque load. Three policies, Baseline, Thermal
Feedback, and Thermal-Torque Feedback, were compared in a Unitree Go2/MuJoCo environment under a 1.5 m/s command. The Thermal
Feedback policy increased the average speed, but it also produced large lateral and yaw drift in the 10 m straight-walking task, resulting in
degraded directional stability. In contrast, the Thermal-Torque Feedback policy achieved the most stable straight walking, with a final lateral
drift of 0.065 m and a final yaw drift of 0.49 deg. These results show that thermal-aware quadruped locomotion requires reward design that
reflects not only the temperature state but also the torque/load that causes motor heating.
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Table 2 Comparison of reinforcement learning policies
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Table 5 Evaluation metrics for straight walking stability

Metric Description Purpose

10m =2 A #5

10 m lateral drift ol et Z]

10 m =9 2] heading

10 m yaw drift o 3} Wk g
28 A i .
Final lateral abs | © | lateral drift A% 92 o4

A9k

g8 S JeEl = thermal-risk 2 AR5 @22
ol el AT}
Table 4 Experimental conditions
ltem Setting

8 A yaw drift
ER R

Final yaw abs

Robot / Simulator Unitree Go2 / MudoCo

Energy per meter || 789 +& 55

Command speed vx = 1.5 m/s

Tmax rise AW RE & A5 9 et

Baseline, Thermal Feedback, Thermal-Torque

Compared policies Feedback

Long walking task 20 min walking

Straight walking

task 10 m straight command

Supplementary

thermalrisk task 480 s MudoCo evaluation

20% 5.3 *‘F‘OM% ZF 7 A o] 5
duht by A o' FAZF YL F3 o}%zl
goletgth. Pt ARZE o5, WF S=, H
RE X%, energy per meterg A3t T, ol 5 A 2
A £re WY S5 FF A5S UEH, Hd =Y
e By = J1F 2o d kS W2 actuator)
el 2 YeElITE, Energy per meters @9 ol EA S
493 7% Pr%% oujstE R, B F&S Hlwste
Td] WA ol Fshe P o] T
st7] 98 AFEg Zlo] efyt). 3
AR ALEF, BEH =T AR
M Fden, B AFds
gl dyr 2S¢

5
5
N

P 2 rlo

l-ﬂ roﬂ

Z
trade-off TA ]
Sxo} 3 43

SEE TS
4.3 NT A X E
10m 47 3% APo|NE FHo] BE WFg Anh}

A fAskeA Brretdnh ol 2 A8 10 m B2 AR
lateral drift®} yaw drift, =& A% 2] final lateral abs$}

final yaw absE AF&3}91 T}, Lateral drifte Z3°] 53X

X ARoA FH$2 "ot s YEMY | yaw
drift= heading *}3Fc] drlt ol =X E vebAT

B 7o) A AAALE thermal feedbacko] H.3Y

'% A oA d FEE FY F UeA
Holt}, webA Thermal Feedback 3 #o] =& £S5
A3t 22 lateral drifty} yaw drift7} S 7Fetobd |
ol et AR B sfjdoz HY| o), ¥z
Thermal-Torque Feedback % 3 o] &%=} torque/loadE
A nE st drifts EUATHH, o= B A7
locomotion stability 9} © 2 3 H = 55 9] g},

o_.>i_

[ A LA

4.4 240 ALY Ex K=
T o]ZF F7} EA oA E 480 s MudoCo H 72 E
2 d9d Bz AR Foadrnt. Y A B 208
¥ 2 10 m AZA AdI H7 2ol 2 metric
et tzug, & dgdA s F At 43
HaUA @3 BEx ZAE Bty A5ttt

HZ A X ZE corrected thermal dose per meter, peak
reported-temperature rise per meter, hotspot dose per
meterS AF23}9TF. Corrected thermal dose per
meter= | FAYUY T4 € FHS eI, peak
reported-temperature rise per meter= U B &%
Aes ol gAY 7o Z Felet gholth. Hotspot
dose per meter+ 5% actuatore] € FHo| IFH=
A5 Vel o] A EE-L2 Thermal-Torque
Feedbacke] @< Hit =¥ ofyd} w47l &
AZS ZolE o 7|8t #elstr] g 2oz

A3

5.1 202 28 Z1}
Baseline 8 # 2 1542 mE ©|&3}% 1, T S=e
1.285 m/s, U ZE &% 71 deg C, energy per
meter= 48 W/m= YEF T Thermal Feedback
A 1656 m= 713 21 o] 5 A9t 1.379 m/s9]
P S5 B o, o BE 2% 95 deg C,
energy per metert= 63 W/m=z 57}tk Hhd
Thermal-Torque Feedback & A< 1612 mE ©] &5}
Baseline® .t} 71 o] 5 A8 & B¥ 1, Hd £E% 1.343
m/sZ FAEHAT. FAl Hd ‘jﬂ LXE 67 deg C,
energy per meter= 45 W/m= Al 2 Z 717 v
R0 e=

A2 A3= Table 69 38 stdth.




B

ne
=)
[t
=z
f
o
2
=)
il
oft
ro
o
ot
1%
oy
N
o3

AERY PP G

&

Table 6 Twenty-minute walking metrics at command speed 1.5 m/s

Table 7 Straight-walking stability check under a 10 m command

Policy Metric Value Policy Metric Value
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Baseline Mean speed [m/s) 1.285 Baseline Yaw drift (deg) +2.73
Baseline Max motor temp. (deg C) 71 Baseline Final lateral abs (m) 0.515
Baseline Energy/m [W/m) 48 Baseline Final yaw abs [deg) 2.92

Thermal Feedback Distance (m]) 1656 Baseline Energy/m (W/m) 46.50
Thermal Feedback Mean speed [m/s) 1.379 Baseline Tmax rise (deg C) 3.50
Thermal Feedback | Max motor temp. (deg C) 95 Thermal Feedback Lateral drift (m) -1.255
Thermal Feedback Energy/m [W/m) 63 Thermal Feedback Yaw drift (deg) -18.22
Thermal-Torque Distance (m) 1612 Thermal Feedback Final lateral abs (m) 1.311
Feedback
Thermal Feedback Final yaw abs [deg) 18.21
Thermal-Torque
Feedback Mean speed (m/s) 1.343 Thermal Feedback Energy/m (W/m) 68.56
_ Thermal Feedback Tmax rise (deg C) 11.09
Thermal-Torque Max motor temp. (deg C) 67
Feedback Th LT,
erma s orque Lateral drift (m) -0.065
Thermal-Torque Feedback
Energy/m (W/m) 45
Feedback
Thermal-Torque Yaw drift (deg) 0.34
9 AT FLF AL B FT SEI wEA F Feedback o arhees -
. e J] D] —5]'7(] %—%q—‘—‘:‘ 7;10] ‘q— Thermal Thermal-Torque Final lateral abs (m) 0.065
Feedback g 32 71 w27 o] 3|5k, & & Feedback :
A A£Gl DA FANL N £ BFEE | it | s o | o
B o] x33t= W2 o] actuator loadE T3 Al Feedback :
EAATNA BE e BoETh Thermal-Torque . ' (Wim) 49,62
Feedback nerey’m m ’
5.210m 7—(! Zl é‘,' z —T'-l' Thermal-Torque .
) Feodback Tmax rise (deg C) 3.90
Baseline % 22 lateral drift +0.502 m, yaw drift eedbac
A Adde B AT 3 283 & HolFrh. Thermal

+2.73 degE X% 1, final lateral abs®} final yaw abse
Z+7F 0.515 m, 2.92 degAt}. Thermal Feedback

% A2 lateral drift -1.255 m, yaw drift -18.22 deg®
Wk QP o] AA A3tE 12, final lateral abs®}t
final yaw abs®= ZtZ} 1.311 m, 18.21 deg®
Z7}8tA . WA Thermal-Torque Feedback 7 2 &
lateral drift -0.065 m, yaw drift -0.34 degE E A3
final lateral abs®} final yaw abst Z}Z 0.065 m,
0.49 deg® 7174 2Fort}.

A2 A3t Table 79 A 2l3tich.

Feedback2 2% JHE WYyl g0l
Wako] AA B o, oUR] ALE-#F
S 7VeFitt. WA Thermal-Torque Feedback
A torque/load F-H-&
HATH oeba] €4 kgAds
2Eegte AAgE ok g

=
gz

a7 Aolg|oF 3L gHolat 5= g},
10
aw

A7t Aol A Fig.
el A7) 28

w

v

Tokal B

M%E

(o]

aH o zH T 75}—0‘ drlft‘—g‘
DT B3 H A=
2] ¢1919l torque/loadZ

1

el

Fig. 2& L3 A% 2 27 A rear-foot

trajectory$} body heading®] 2te]& ¥ o] F#t}. Thermal
Feedbackell A= & A4 & W3Fe] vithA/de] A
Thermal-Torque Feedbackel A= ¢

G W,

24 & A A A2 heading WI3HE &1

At




A3 6

Baseline Thermal Feedback Thermol-rorque Feedback 5 4 MDP -TI—I‘I-I 9—' 6[" A

yow ot 10, m: 4217 deg you ot 10, m: - 18.2,deg vt fom 03 e 7(}—;:].1}1 7] 2} Jocomotion pOhCy = MDP .f] oﬂ /v] T
>

rewardE HUSSIEF SFATh 12} B Ao A
AFE-3F policyt LSTM3} Zo] #7] W memoryS
A8 7271 oFY ™, control stepntth & A
observation¥} #| g+ h1storyt'} © 2 actions A7 3},
o] A% A71H o2 T = actuator temperature,
5% motore] A&EAQ Hal I3, A E X
732 A2 observation W1ndow°ﬂ Zw9 =8 yA
oS

% sk,

Temperature-aware reward?t 3715 & 22 A A
actuatore] @ F315 #¥ YA WFE W] ofyg},
Baseline reward function®] ¥1E5& o] &3 574 leg £

| actuator®l| torque demand& HFAl7]= A g5
= A o] 7% asymmetric torque allocation®]

WA 3L, gait symmetry’} FUAIH, yaw drift<};
lateral drift7} 57F3tth. & Aol A Thermal Feedback
Aol w229 g g o] ostE AL ol
failure mode<} & %] te},

Fig. 1 Straight-walking yaw comparison at 10 m for Baseline, Thermal
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