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(S39o13k (9o alg policy b o5l ) ceal chis il zolaw jo Slig s (2b3,:Y-0 Jsoo

x (N) Mean force (N) Max force (N) Violations Ceiling breach Image quality

3.0 1.13 1.67 0 no 0.11
4.0 2.50 2.66 0 no 0.26
5.0 3.61 3.78 0 no 0.48
6.0 4.53 4.70 0 no 0.58
8.0 5.98 6.26 0 no 0.73
10.0 7.13 7.47 0 no 0.76
12.0 7.97 8.45 0 no 0.66

Force range: k = 3 — 12: +6.84 N; Total violations: 0

gl (V-0 JK& pizman a2 oo HLis K plyp jo |y CodlS g g0 Ol s (@WHY-0 IS
2ol 4l (e 4 = F = V) (Sl o o lad o T s 4 aslg policy S5 o0k

S oo Joo 1) Ol s cain 1 jaue ey gy ] jo a5 0iS e

Zero-Shot Safety Across Operator Ceiling (single policy)

124 --- ceiling F=k el
—e— Max force A
—#- Mean force 0.7
Mid-Scan Operator Dial: Zero-Shot Force Adaptation 0
Z s
B po
4 5
2 8
4
2
4 6 8 10 12
. o e .- . Operator ceiling k (N)
(Fe V) Ko chb plp ;0 oS g gy Ol s ()

ools Guulas £ b 1y wled (69,0 (559013b ygu policy .axlg policy wilisg ) ceal ,LS, :Y-0 JSi
S o Hgee Jlad i I 550

P SR 2 (6 gy H1 A bl s ¥-0

GQQ)‘JjA 9 LQ‘LQJéA u." ng.g JL:B I 5& )0 J».\A «State )L)).g )d ngi’g}“"" LgLQ‘LOJéA )." @L’)J 6‘)"
=0 Jga2) 23,5 b5l 650, slbas 5 b ools (bjgal (Bolai ;3 ¥ (59, o L L]
A 9 (°/°;\ 4 °/°/\\° )|) S 40 YA \) YRN[SE LS)-.S“”) LsUa:} ‘Lg).f.‘u.w.) L;L(bd..é.l% )9..4’::-

=B L sk JUE 3N bl yo sl ool mals (0048 4 o AYY D) ao o YA 5o |y Bl il slas

Root Mean Square Error"

YA



Con g @bl (058 (b))l ey Jual

g.é‘).?v.;‘ + u.‘.ial.*.«o) ‘5‘.:L> Lg).:i:b) sla> » 6)i’u*~‘-’ 6L®¢6J§.o ).a‘ | u.....JJ J.J;u Y-0 Jgd-?-
();‘-3 Al S99 )L-‘“

Look-ahead RMS lateral error Max lateral error

On (ours) 0.061 + 0.060 0.099 + 0.092
Off 0.084 £ 0.048 0.137 £ 0.068

Lateral tracking error reduction: 28% across both metrics
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Mode Eval violations Image quality train viol std Astd

dual (PPO-Lagrangian) 0.0+ 0.0 0.576 £ 0.138  16.66 £ 10.24  0.29 £ 0.10
exp3_raw (online bandit) 0.0+ 0.0 0.4924+0.142 1351 +12.76  1.43+£0.50
sbl (ours) 0.0+£0.0 0.603 +0.150 11.99+1244 0.42+4+0.02
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Multiplier stability: raw bandit thrashes, SBL smooths it (seed 0)

Penalty multiplier A over training Per-epoch constraint violations
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Window Koy, knigh] ((N) Mean force Min force Max force In-window Image quality

2.5, 4.0] 3.26 3.23 3.33 100% 0.67
3.0, 5.0] 4.04 4.01 4.08 100% 0.77
4.0, 6.0] 5.02 4.99 5.09 100% 0.88
(5.0, 8.0] 6.50 6.41 7.17 100% 0.99
[7.0, 10.0] 8.36 8.35 8.38 100% 0.94
[9.0, 12.0] 10.22 9.90 10.26 100% 0.74
Two-Sided Operator Window: force tracks the band (single policy)
12 4 Operator window [low, high]
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dual (PPO-Lagrangian) 0.0+ 0.0 0.677+£0.086  21.07+£6.49  0.26 £0.09
exp3_raw (online bandit) 0.0+0.0 0.594 £0.018 21.76 £7.23 1.53£0.15
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Abstract

Robot-assisted ultrasound (US) imaging offers substantial clinical benefits by standardizing
diagnostic examinations and mitigating work-related musculoskeletal disorders (WRMSDs)
among sonographers. However, any assistive robotic system physically interacting with a pa-
tient must strictly adhere to clinician-supervised force safety constraints that vary according
to tissue characteristics, patient condition, and clinical preferences. Prior safe reinforcement
learning (RL) methods for robotic US train a policy against a single fixed force threshold,
meaning that any clinical adjustment to the tolerated force requires retraining from scratch;
recent bandit-based safe-RL multiplier techniques, in turn, were developed exclusively for
offline settings and inject destabilizing non-stationarity when deployed directly into an online
policy-gradient loop. We present HAS-RL, an assistive clinical framework with four coupled
contributions. (i) Operator-conditioned zero-shot safety: instead of a fixed maximum force,
the clinician’s runtime safety threshold is incorporated directly into the observation space,
and a single policy is trained across a randomized curriculum. The resulting policy com-
pliantly adapts its contact force to the clinician’s chosen threshold at deployment with zero
retraining, seamlessly tracking online adjustments to the force limit during scanning with-
out breaching safety bounds. (ii) The Smoothed Bandit-Lagrangian (SBL), which drives an
EXP3 multiplier bandit while applying an exponential-moving-average (EMA) of the multi-
plier expectation to the policy update. Across three random seeds, SBL achieves the highest
mean image quality (0.603) and superior training stability (lowest per-epoch violation vari-
ance and a tightly bounded multiplier trajectory, A\s;g = 0.42 £ 0.02) while maintaining the
zero-violation safety of standard dual ascent. (iii) Anticipatory tracking via a short look-
ahead of future anatomical curvature errors (e, 5, €115), which reduces root-mean-square lat-
eral tracking error by 28% (0.084 — 0.061). (iv) Two-sided acoustic-window safety: ultra-
sound force safety is formulated not merely as a one-sided ceiling, but as a clinician-specified
diagnostic window [Kiow, Knign] ensuring sufficient acoustic contact while preventing exces-

sive pressure. We provide a lightweight, fully reproducible simulation environment running



entirely on standard CPUs to facilitate clinical research verification.

Key Words:

Safe Reinforcement Learning, Robotic Ultrasound, Constrained Markov Decision Process,
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