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Abstract

Robot-assistedultrasonographycanreduceoperatordependenceandphysicalwork-

load,butsafe imagingrequiresprecisecontact-forceregulationduringthetransi-

tionfromfreespacetotissue.Weproposeapredictiveadmittancearchitecturethat

combinessurfaceandcontactestimation,onlinetissue-stiffnessadaptation,force-

consistenttarget-depthprediction,andcompliantnormal-axiscontrol. Experiments

onaUR5eplatformreachedastable10.0N target,adaptedtostiffnessvariationsof

3000--5000N/m,andachieved0.44NRMSE.Theprobealsoexecutedacontinuous3D

square-spiralscanwithhighplanarrepeatability.

Main Contribution

Thisworkproposesatissue-stiffnesspredictiveadmittancecontroller forautonomous

roboticultrasoundscanning. Thecontrollerregulatesthesurface-normal interaction

whilepreservingplanarscanexecution.

•Online instantaneoustissue-stiffnessestimationfrommeasuredcontactforce.

• Force-consistenttarget-depthpredictionbefore largeforceerroraccumulates.

•Discrete-timeadmittancecontrolwithvelocity-limitedtargetupdates.

• ExperimentalvalidationonaUR5eroboticultrasoundplatform.

Control Architecture

Thecontrollerseparatesperception,contactrecognition,stiffnessadaptation,target-

depthprediction,andadmittancecontrol.

Designprinciple:predicttheforce-consistenttargetdepthandletadmittancedynamics

movetheprobesmoothlytowardit.

Predictive Stiffness and Target Estimation

Duringactivecontact, instantaneoustissuestiffness isupdatedfromthesensed-to-

targetforceratio:

k̂e,inst = k̂e,prev

(
fc,sensed,z

ftarget,z

)
.

Sensornoiseandabruptnumericalchangesaresuppressedusinganexponentialmov-

ingaverage:

k̂e = (1− αk)k̂e,prev + αkk̂e,inst

where, αk = 0.001.

Theforce-consistenttargetdepthispredictedas

x̂t,z,raw = xn,z −
ftarget,z

k̂e,z
.

Thetargetupdate∆xt,z isvelocity-limitedbeforeapplication,preventingdiscontinuous
depthjumpsduringcontacttransition.

Admittance Control Law

Thenormal-axiserror isdefinedrelativetothepredictedtarget:

ex,z = xc,z − x̂t,z.

Thecompliantaccelerationfollows

ẍc,z = M−1
(
−Bẋc,z −Kt,zex,z

)
where, M = 1, B = 200, Kt = 200.

With∆t = 0.002s, semi-implicitEuler integrationgives

ẋ+c,z = ẋc,z + ẍc,z∆t.

Theupdatednormalvelocity iscombinedwiththeplannedplanarvelocityvxy,t, then

mappedtotherobot joints:

q̇ = J+c vcmd

q+
cmd

= qcmd + q̇∆t

Surface Contact and Tissue Model

Thesurfaceestimatorextractsa localanatomicalprofile. Thenearestsurfacepoint isde-

noted{N},andnormalpenetrationisevaluatedby

δn = xc,z − xn,z.

Anactivecontactstate isdeclaredwhen,δn ≤ 0.

Interpretation: thetargetestimatorreplacesadirect integral forcetermbymovingthe

referencecoordinate x̂t towardaforce-consistent interactiondepth.

Key Results

• Smoothtransitionfromfreespacetothe10.0N targetforceacrossfivetrials.

•Onlinestiffnessadaptationcapturedtissueresistancechangesfrom3000N/m to

5000N/m.

•Afterthe15sstabilizationphase, forcetrackingreached0.44NRMSE.

• Theprobecompletedacontinuous3Dsquare-spiral trajectorywithactive

normal-axisdepthregulation.

Conclusion and Future Work

Conclusion: Theproposedpredictiveadmittancecontrollerachievedstablecontact

transition,maintaineda10.0Ntargetforcewith0.44NRMSE,adaptedtostiffness

variation,andexecutedrepeatable3Dscanning.

Futurework: extendnormal-axiscompliancetomulti-axistranslational/rotational

compliance, integratesoft-bodycontactmechanicsandpressuredistribution,andim-

provereal-timedynamicsurfaceestimationfromdepth-camerapointclouds.
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