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Abstract— Safe robot-assisted ultrasound imaging requires a
reliable controller able to detect and localize probe-tissue
interaction. In this paper, we present a B-mode ultrasound
image-based contact perception method and a contact-aware
impedance controller for robotic ultrasound imaging. The
proposed method detects acoustic contact independently of force
measurements, enabling contact-conditioned force/torque taring
to reduce residual wrench bias. During contact, the method
continuously estimates the effective contact location along the
curved probe surface and uses it to update the controller
interaction frame, enabling visual servoing of the physical
probe-tissue contact point during imaging. Experiments on an
agar phantom demonstrated a contact-localization RMSE of
1.46 +0.14 mm over probe roll angles from —15° to 15°. During
static rolling, the proposed controller maintained task-space
tracking accuracy comparable to a conventional fixed-frame
impedance controller while reducing the maximum compressive
interaction force from 31.56 N to 20.09 N, corresponding to
a 36.3% reduction. These results demonstrate the potential
of ultrasound images as direct contact feedback for safe and
accurate robot-assisted ultrasound imaging.

I. INTRODUCTION

Ultrasound (US) is widely used for diagnostic and interven-
tional imaging because it provides real-time, non-ionizing,
and comparatively low-cost visualization of internal anatomy
[1]. Despite these advantages, conventional US examination
remains highly dependent on the operator. Image quality
is affected not only by the selected imaging location, but
also by probe orientation, contact force, and the resulting
acoustic coupling with the tissue [2], [3]. Consequently,
experienced sonographers continuously adjust both probe
pose and applied pressure while interpreting the acquired
images. This dependence on manual manipulation introduces
inter- and intra-operator variability and makes prolonged
examinations physically demanding [4], [S]. Robot-assisted
ultrasound (RUS) systems offer a means to standardize
probe motion and contact conditions, improve acquisition
repeatability, enable accurately localized volumetric scans,
and reduce the physical burden on clinicians [6], [7]. Re-
cent demonstrations in thyroid, lung, vascular, and breast
imaging further illustrate the progression toward increasingly
autonomous US acquisition [8], [9], [10], [11]. Achieving
such autonomy requires reliable perception of probe-tissue
interaction. For curved probes, the effective contact location
can shift during reorientation, making B-mode ultrasound a
useful feedback modality for contact-aware visual servoing.
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Fig. 1: The experimental setup for RUS system.

A. Related Work

Recent studies on autonomous RUS focus on integrating
perception, planning, and compliant control [12], [13]. A
central control problem is maintaining reliable acoustic cou-
pling while limiting tissue loading. Accordingly, admittance
[14], [15], impedance [16], and explicit force-control [17]
strategies have been developed to regulate probe—tissue
interaction. These approaches can maintain a prescribed
contact force and improve robustness to uncertain or moving
surfaces. However, force regulation alone does not determine
where the resultant interaction acts on a curved transducer,
which becomes relevant when probe reorientation causes
the effective interaction region to migrate along the probe
surface.

The spatial relationship between the probe and tissue has
therefore been addressed using geometric and mechanical
sensing. Active optical and RGB-D sensing have been used
to estimate the local tissue surface and surface normal
for probe approach and orientation control [7], [18], [10].
Other approaches infer interaction geometry from force
measurements. Jiang et al. estimated the local surface normal
from the force response during controlled probe rotations
[19], while Cao et al. analytically recovered the mechan-
ical contact location from force/torque measurements and



Fig. 2: Contact Point Geometry. A) The probe radius and
fixed control frame. The contact frame during B) the non-
contact phase and C) the in-contact phase. The red curve is
the US probe contact region.

instrument geometry and incorporated this estimate into RUS
control [20]. Xiao et al. further combined force and position
measurements with ultrasound-confidence information to es-
timate the environmental contact location and stiffness [21].
These methods provide valuable geometric or mechanical
information about the probe-tissue interface, but their spa-
tial contact estimate depends on external geometric sensing
and/or force measurements.

Ultrasound images provide a complementary feedback
modality directly related to acoustic coupling. Intensity- and
confidence-based visual servoing have been used to regulate
probe pose and optimize image quality [3], [22], [23]. In
particular, Chatelain et al. combined confidence-based orien-
tation control with force regulation in a probe contact frame,
whose relative transformation was experimentally calibrated
[2]. Welleweerd et al. used the mean and barycenter of
an ultrasound confidence map to identify incomplete probe
contact and command axial and in-plane corrections during
robotic breast scanning [6]. Akbari et al. further derived
image-based contact information by comparing the B-mode
image with a no-contact reference and used image-quality
features to adjust the applied force [24]. Jiang et al. used
an ultrasound confidence map and its weighted barycenter
to detect incomplete contact and correct probe orientation
after repositioning [25]. Similarly, Huang et al. showed
that constant force does not guarantee complete probe—skin
contact and used B-mode grayscale asymmetry and anatom-
ical features to guide probe orientation and autonomous
carotid scanning [26]. These studies establish that B-mode
ultrasound can provide useful information about acoustic
coupling; however, the image feedback is primarily converted
into image-quality, pose, or force-control objectives rather
than a continuous spatial estimate of the effective acoustic
contact location on the probe surface.

This distinction becomes important for curved probes during
rolling. As the probe rotates, the effective probe—tissue inter-
action region can migrate along the curved face, such that the
kinematics of the interaction location no longer coincide with
those of a fixed end-effector or pre-calibrated contact point.
Consequently, regulating interaction about a fixed control

frame can produce unintended motion or force at the effective
contact location during probe reorientation. To the best of
our knowledge, prior RUS work has not jointly used B-
mode ultrasound to detect acoustic contact independently of
the force/torque signal, continuously localize the effective
acoustic contact location along a curved probe, and update
the task-space interaction frame according to this moving
image-derived estimate. This gap motivates the contact-aware
formulation developed in this work.

B. Contribution

We propose a B-mode US-based contact perception frame-
work and a contact-aware impedance controller for robot-
assisted US imaging, evaluated using the experimental RUS
system shown in Fig. 1. The framework detects acoustic
contact independently of force sensing and estimates the
effective contact location along the curved probe surface.
The controller uses this estimate to regulate contact-point
position and end-effector orientation as contact moves during
probe rolling. In this way, the proposed framework imple-
ments US image-based visual servoing, where B-mode image
information provides online spatial feedback for robot-tissue
interaction control. A geometry-based potential contact point
provides the control reference before contact.

The main contributions are:

« US-based contact perception: A B-mode intensity-
based method for detecting probe-tissue contact and
continuously localizing the effective contact point, with-
out relying on force measurements.

« Contact-aware interaction control: An impedance
controller that updates its controlled position and
wrench application point using the estimated contact
location, enabling compliant interaction during probe
rolling.

II. CONTACT DETECTION AND LOCALIZATION

During acoustic contact, the probe couples with tissue over
a finite contact region. We refer to the mechanical center of
pressure of this region as the instantaneous contact point,
where the resultant normal contact force acts. Friction can
complicate its localization from joint-torque-based wrench
estimates. We therefore hypothesize that we can localize this
contact point from B-mode US images.

A. Contact Point Geometry

As the curved probe rolls over the tissue, the contact location
moves along the probe surface. We represent this location by
a contact frame whose position and orientation are updated
from the estimated contact geometry (Fig. 2).

We denote the robot base, end-effector, and instantaneous
contact frames by O, E, and C, respectively. Left superscripts
indicate the frame in which a quantity is expressed. The end-
effector position and orientation in the base frame are “pg €
R3 and °Rg € SO(3). As the probe rolls over the tissue, the
contact point moves along its curved surface in the YZ plane
of E. The angle O¢ specifies this point’s location on the arc,



measured from the end-effector’s positive z-axis about its x-
axis. We orient the contact frame so that its z-axis points
radially toward the contact point:

Re = °ReR,(60), (1)

where R,(60¢) denotes rotation about the local x-axis. The
contact and end-effector axes are aligned at 6c = 0.

We define the probe’s center of curvature in the end-effector
frame as £¢, and its radius of curvature as r,. The contact-
point position in the base frame is

OpC:OPE+ORE (Ecp+rpr(9C)e3) ) 2)

where €3 = [0,0,1]7. Thus, knowing the contact angle 8¢
allows us to estimate the contact-point position.

B. Contact State Detection

We defined the raw B-mode ultrasound image as a 2D matrix
I € R™*N where M = 512 is the number of rows along
the vertical image direction and N = 128 is the number of
columns along the horizontal image direction. The intensity
of the pixel at axial row m and lateral column j is denoted
by I, j, with m € {0,...,M —1} and j € {0,...,N—1}. The
two-dimensional image is projected to a 1D column-intensity
profile by summing the pixel intensities along the image
TOWS:

M—1
()= Inj, 3)
m=0

Acoustic coupling between the probe and tissue produces a
substantial increase in the received B-mode echo intensity.
We exploit this change to detect the transition between
the non-contact and in-contact states independently of the
force/torque measurements. The peak intensity of the column
profile is defined as A. = max;/.(j) and the contact state is

determined as
1, Ac> U,

S. = . )
0, otherwise,

where . is an experimentally selected contact-detection
threshold. In the experiments, y. = 2000 was used for the
acquired B-mode images. An example of the image corre-
sponding to the transition into contact is shown in Fig. 3C.

C. Contact Localization

To provide a unified controller across contact states, we
estimate a potential contact point before contact and use
image-based localization during contact.

During the non-contact phase (S, = 0) (Fig. 2B), we estimate
the tissue plane near the probe. The probe’s center of
curvature in the base frame is ¢, = pg +Rgfc,. We fit
a local plane to the k surface points nearest to Oc,, (k=10),
with all points expressed in Q. The plane passes through their
centroid 5, and its unit normal “n; is obtained by principal
component analysis as the direction of least spatial variance.
Its sign is selected to point toward the probe center.
Projecting the probe center onto this plane gives

OpH = Ocp - Ons (Ons)T (Ocp - 05) ) (5
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Fig. 3: US-based Contact Detection and Localization. A) The
RUS probe and agar gel. Example US image B) during the
non-contact phase. C) when contact is detected, and D) the
in-contact phase. E) The contact detection method. The gray
shaded area shows the US imaging region.

where pry lies on the estimated tissue plane. The direction
from the probe center toward this plane is

Oz OPH_OCP
L o — P
[9Pm — %, ||

(6)

We express this direction in the end-effector frame as
E¢p = (°Rg)T O#p, then apply the cylindrical projection and
normalization described in the Sec. II-A to select a point
on the probe surface facing the tissue. This potential contact
point defines the control point during approach; it does not
indicate that physical contact has occurred. Once S. = 1, the
controller instead uses the contact location estimated from
the B-mode image.

During the in-contact phase (S, = 1) (Fig. 2C), the effective
contact location is estimated from the lateral distribution
of B-mode intensity. As the probe rolls over the tissue,
the acoustically coupled region migrates along the curved
probe surface, producing a corresponding displacement of
the column-intensity distribution.

For localization, the raw profile in (3) is normalized by its



peak value as I.(j) = I.(j) /A, for j €0,...,N—1. Thus,
I.(j) €[0,1]. The center of the intensity distribution is esti-
mated by fitting a constrained downward-opening parabola.
Using u as the continuous lateral image coordinate, the model

1S )
folwa,b) =a [1 _ (u;}b) ] | %

where a > 0 is the fitted peak amplitude, b is the contin-
uous lateral coordinate of the parabola vertex, and W is
a fixed width parameter expressed in image-column units.
The parabola reaches zero at u = b+ W. In this work,
W = N/1.25 was selected empirically and kept constant for
all experiments, where N is the number of lateral image
columns.

To reduce the influence of low-intensity background regions,
only columns whose normalized intensity exceeds 20% of the
profile maximum are included in the fit. The corresponding
set of valid column indices is

¥ ={je{0,....N=1} | I.(j) >0.2}. (8)
The parabola parameters are estimated by solving

(a*,b*) = argmin Z [I_c(j) _fp(j;a,b)]z. ©)
a>0,0<b<N—1 jev

The fitted vertex b* provides a continuous estimate of the
center of the acoustic contact distribution and therefore
enables sub-column localization. The estimated lateral co-
ordinate is subsequently mapped to the angular coordinate
of the curved probe. For a symmetric probe arc angle ¥,
the contact angle is

(10)

where ¥, denotes the angular span of the curved probe
surface represented in the B-mode image (¥, = 48° for the
probe used in this study). The estimated angle O¢ is then
substituted into the probe geometry in Egs. (1) and (2) to
update the contact-frame orientation °R¢ and contact-point
position “p¢, respectively.

III. CONTROLLER DESIGN
A. Impedance Controller

We formulate an impedance controller that regulates the
instantaneous contact-point position and the end-effector ori-
entation. Updating the controlled position as contact moves
along the curved probe allows the robot to roll while main-
taining the desired contact location. Rotational feedback acts
directly on the end-effector orientation.

We define the desired contact-point position and end-effector
orientation in the base frame as °p; € R and °R, € SO(3),
respectively. The translational and rotational errors are

o

(1)
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Fig. 4: Closed-loop architecture of the contact-aware
impedance controller

where log(+) is the matrix logarithm and (-)" maps a skew-
symmetric matrix to its corresponding vector. The complete
task-space pose error is
0..,
Og — [O’fp] € RS. (13)
XR

We define the joint positions and velocities as q,q € R”,
where n is the number of robot joints. The geometric
Jacobian ©Jr € R®" maps joint velocities to the end-effector
linear and angular velocities, stacked in that order and
expressed in O.
To apply the commanded wrench at the instantaneous contact
point, we shift this Jacobian from the end-effector origin
to the contact point. We define the corresponding offset as

Orec = %pc — Opg. The shifted Jacobian is
I —[9r
OJC: |:0 3 [ IEC]X:| OJE; (14)
33 3

where [-] denotes the skew-symmetric cross-product matrix.
This Jacobian describes the rigid-body velocity at the current
contact location; its angular component is the end-effector
angular velocity .

The estimated contact point also moves relative to the probe
as Oc changes. Using the probe geometry defined previously,
its additional translational velocity in the base frame is

Ovg = °Rpg [(6cer) x (rpRe(6c)e3)]
where ¢ is the estimated contact-angle rate, e; = [1,0,0]7,
and e; = [0,0,1]7. The velocity vector associated with the
controlled position and orientation is therefore

(o (0]
. v
OVtask = {ogi} = OJC(]+ [ 039} .

5)

(16)

Contact migration contributes only to the translational com-
ponent because the controlled orientation is that of the end-
effector.

We define the desired contact-point velocity and end-effector
angular velocity in the base frame as %v, and Yw,, respec-
tively. The velocity error used for damping is

0
\/
OeV:[ d

0oy (17)
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The external wrench at the end-effector is estimated from
the robot’s joint-torque measurements. We express its force
and moment components in the base frame as Ofr and mg.
Shifting the moment reference to the instantaneous contact
point gives

OfE

0
Fext = |0 o o :
rgc x “fg

my (18)

The commanded task-space wrench, expressed in the base
frame and referenced to the contact point, is

Ochd = OKd O% + ODd Oev + OFexty (19)

where OKd,ODd € RO%6 are the task-space stiffness and
damping matrices. The task-space stiffness matrix was se-
lected as K, = diag(1500, 1500, 1500, 100, 100, 100) where
the first three entries correspond to translational stiffness in
N/m and the last three to rotational stiffness in Nm/rad.
The damping matrix was selected according to the critical-
damping condition D; = 2{ /K ;M. The %F, term applies
feedback of the estimated external wrench.

The task wrench is mapped to joint torques and combined
with the robot’s gravity and dynamics compensation. We
denote these compensation torques collectively by Tcomp €
R”". The resulting joint-torque command is

T
Temd = (OJC) Ochd + Tcomp- (20)

B. Adaptive Force Taring

Force/torque taring is required to remove residual sensor
offsets caused by sensor bias, payload-model mismatch, and
slow drift, which would otherwise appear as a false interac-
tion wrench and degrade force regulation. In the proposed
framework, taring is conditioned on the US-based contact
state. During the non-contact phase (S. = 0), the raw six-
axis wrench measurements are continuously stored in a fixed-
length buffer. Upon a transition from non-contact to contact
(S¢ : 0 — 1), the most recent samples are discarded to avoid
measurements potentially affected by the onset of contact,
and the tare offset is computed as the mean of the remaining
pre-contact measurements. A maximum of 1000 samples is
stored which is collected at 1000 Hz, with the most recent
400 samples after contact is discarded, leaving up to 600
samples for tare estimation. After contact is lost, wrench
samples are collected again following a short settling interval
to prepare the tare estimate for the next contact event.

IV. RESULTS
A. Experimental Setup

The experimental platform is shown in Fig. 1. A Franka
Research 3 (Franka Robotics GmbH, Munich, Germany)
robotic manipulator was equipped with a convex US probe
(Konted C10RL Pro, Beijing Konted Medical Technology
Co., Ltd., Beijing, China) and used for the contact and scan-
ning experiments. The probe has a curved imaging surface
with a radius of curvature of 50 mm and an angular span
of approximately 48°. B-mode US images were streamed
over Wi-Fi at a resolution of 128 x 512 pixels and an

I

2.5
€ 2.0}
E
= 1.51
e °
& 1.0-é :
C
s |
= 0.5F
1]
(o]
< 0.0} !
-15 -10 -5 10 15

0 5
Roll Angle (deg)

Fig. 5: Contact-point Y -position estimation error across probe
roll angles.

acquisition rate of approximately 9 Hz. The images were
processed online for contact-state detection and estimation
of the instantaneous probe—phantom contact location.

All experiments were conducted on a flat agar phantom
prepared with a 4% (w/v) agar—agar concentration in water.
Under static conditions, a probe indentation of 3 mm be-
low the undeformed phantom surface produced a measured
normal force of approximately 15 N. We therefore used a
nominal indentation depth of 3 mm in all experiments, with
15 N as the reference normal force. A six-axis force/torque
sensor (Robotiq FT 300, Robotiq Inc., Quebec, Canada),
operating at 100 Hz, was placed beneath the agar phantom to
provide an independent measurement of the probe—phantom
interaction force. All quantitative values were presented as
means * SD.

B. Contact Point Estimation Performance

We evaluated the contact-point assumption by holding the
desired translational position constant while commanding
sinusoidal probe rolling between —15° and +15°. We com-
pared the image-derived contact location with the probe’s
downward-facing point, which is expected to coincide with
the mechanical center of pressure for the uniform, planar
agar phantom under approximately symmetric loading. This
comparison assesses whether the US-based estimate captures
the expected mechanical contact location as it moves along
the curved probe surface.

Across five trials, the contact-point Y-position error rela-
tive to this geometric reference had an RMSE of 1.464 +
0.143 mm and a mean signed error of 1.03640.130 mm,
where the variation denotes the standard deviation across
trials. The positive mean error indicates a systematic offset.
Figure 5 shows the orientation-dependent error after aver-
aging within 1° roll-angle intervals. These results support
the contact-point assumption under the tested conditions,
with millimeter-level agreement between the image-derived
estimate and the geometric reference.
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C. Static Controller Performance

We compared the proposed controller with the baseline
impedance controller using the rolling protocol described
in Sec. IV-B. The baseline impedance controller regulated
the fixed end-effector tip point without adaptive force taring.
Rolling about this point introduces additional penetration
of the curved probe into the phantom, illustrated by the
red curves in Fig. 6A. The proposed controller instead
updated the controlled contact point along the probe’s natural
curvature, illustrated by the green curve in Fig. 6B.

The overall position error (RMSE + raw-error SD) was
1.115+£0.457 mm for the proposed controller and 1.210 &
0.512 mm for the baseline, while the roll error was 0.360 =
0.360° and 0.369 +0.368°, respectively. The position differ-
ence was statistically significant, whereas the roll difference
was not (position: p < 0.001; roll: p = 0.121). The roll
trajectories are shown in Fig. 6C.

The measured interaction forces differed substantially
(Fig. 6D). For the baseline impedance controller, com-
pression increased with the magnitude of the roll angle
and returned toward the nominal level near 0°, reaching
a maximum of 31.56 N. The proposed controller reduced
this orientation dependence and limited peak compression to
20.09 N, a 36.3% reduction. Relative to the nominal 15 N
magnitude, peak excess compression decreased from 16.56
to 5.09 N (69.2%). These results demonstrate reduced roll-
induced loading with comparable tracking accuracy for the
proposed framework.

D. Scanning Controller Performance

We designed the scanning experiment to evaluate contact-
point tracking during continuous scanning at different probe

orientations and during roll transitions that shift the contact
location along the curved probe surface. The probe first
established contact with the phantom at a roll angle of
—15° and performed a 50 mm linear sweep at approximately
2.75 mm/s while maintaining a constant nominal penetration
depth. After each 50 mm segment, the probe paused trans-
lation to change its roll angle, first to 0° and then to +15°,
before continuing along the same scanning direction at the
same speed. This sequence was performed separately along
the X- and Y-axes. During roll transitions, the translational
reference was held constant.

Our controller maintained millimeter-level contact-point
tracking during both scanning directions, as shown in Fig. 7.
Across the five repeated trials, the RMSE along the com-
manded scanning direction was 0.93 +0.08 mm for the Y-
sweep and 1.60 +£0.15mm for the X-sweep. During the Y-
sweep, the orthogonal X-axis error was larger, with an RMSE
of 1.76 £0.12mm, whereas the corresponding Y-axis error
during the X-sweep was 0.25£0.01 mm. The surface-normal
Z-axis RMSE remained below 0.5mm for both experiments,
reaching 0.404+0.05mm and 0.47 +0.08 mm for the Y- and
X-sweeps, respectively.

As illustrated in Fig. 7B and E, the estimated contact point
closely followed the commanded scanning trajectory at each
probe orientation. Larger transient errors were primarily
observed during the intervening roll transitions, highlighted
by the shaded regions in Fig. 7C and F, when the effective
contact location migrated along the curved transducer sur-
face while the translational reference remained fixed. The
maximum coordinate-wise contact-point excursions during
these transitions were (3.12,2.43,2.03)mm along (X,Y,Z)
for the Y-sweep and (2.95,2.63,0.87) mm for the X-sweep.
Following each reorientation, the tracking errors returned
toward their scanning levels as the subsequent linear sweep
was initiated.

These results demonstrate that the contact-aware controller
can regulate the image-derived contact point during continu-
ous scanning at different probe roll orientations, while limit-
ing out-of-plane tracking error and accommodating contact-
location migration during probe reorientation.

V. DISCUSSION

This work uses B-mode ultrasound to provide both contact-
state feedback and a spatial reference for robot-tissue inter-
action. The estimated contact location updates the position
regulated by the impedance controller, while end-effector
orientation is controlled independently. This enables the con-
troller to accommodate contact migration along the curved
probe during commanded reorientation. Contact detection
also provides an image-based event for adaptive force taring,
independently of the wrench estimate.

The rolling experiments illustrate why the choice of control
point matters: accurate tracking of a fixed end-effector point
alone does not prevent additional tissue loading when contact
moves along the probe surface. The proposed framework
maintained comparable tracking accuracy while reducing
peak compressive force by 36.3%. This improvement is
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Fig. 7: Contact-point tracking during linear scanning at different probe roll orientations. (A) Y-directed scanning configuration.
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the translational reference was held constant.

consistent with compensation for roll-induced geometric
displacement, although the comparison evaluates contact
point updating and adaptive taring together. The scanning
experiments further demonstrated millimeter-level tracking
of the image-derived contact point during translation at dif-
ferent probe orientations, with larger transient errors during
roll transitions. Together, these findings support the use of
ultrasound images as spatial feedback for interaction control.

The current validation has several limitations. Performance in
heterogeneous tissue remains unverified: variations in tissue
contrast, acoustic shadowing, deformation, and imaging pa-
rameters may affect both the contact-detection threshold and
the estimated contact location. Furthermore, the non-contact
phase relies on a stationary surface with known geometry,
limiting applicability when the surface is initially unknown
or changes during scanning. Curved surfaces also introduce
changes in the local surface normal and contact geometry
that require further evaluation.

Future work will address these limitations through richer
US image features and updated surface perception. Deep
learning-based image representations could improve contact
detection and localization across varying tissue appearances,
building on deep-feature-based ultrasound visual servoing
[27]. Depth-camera-based surface perception could contin-
uously update the potential contact point during approach
to curved or moving surfaces [18]. Ultrasound elastography
offers a complementary direction for incorporating tissue
deformation and mechanical information into contact local-
ization [28]. Combining this information with the acoustic
contact estimate may improve prediction of the mechani-
cal center of pressure under heterogeneous or asymmetric
contact. These extensions will be evaluated on curved and
heterogeneous phantoms and, subsequently, biological tissue.
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