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Abstract— This paper presents an intraoperatively iterative
Hough transform (IHT) based in-plane hybrid control of
extracorporeal ultrasound (US) guided magnetic catheterization
for arterial intervention. One uniqueness lies in that both control
and tracking of the arterial robotic ultrasound end-effector
have been implemented to improve performance. Firstly, the
magnetic catheter model and hybrid visual/force servoing control
scheme of the extracorporeal ultrasound-integrated tracking
arm (EUTA) are derived based on the interaction Jacobian
matrix and impedance modeling. Meanwhile, we implement
a tracking method of in-plane ultrasound catheter’s tip and
detection of vascular boundaries utilizing intensity-level iterative
Hough-transform with Iterative End-Ponit Fitting (IEPF). The
effectiveness of the proposed control and tracking method has
been verified by conducting in vitro experimental studies for
catheter steering of a soft tissue-imitating phantom. Results
show that an average steering error of 0.56 mm and signal-
to-noise-ratio (SNR) of 12.2 are obtained for the ultrasound
imaging at high synchronization along with a low target lost
rate (15.8%) and constant-force tracking (2.50±1.02 N).

I. INTRODUCTION

Robotic-assisted ultrasound (RUS) is a promising tech-
nology that can be utilized to conduct diagnostic imaging
and surgical tracking [1]. For cardiovascular surgery, X-ray
imaging-based digital subtraction angiography (DSA) is the
dominant imaging modality to detect the region of interest
(ROI) [2]. However, long-term radiation exposure would
cause damage to both the patient and the surgeon [3]. RUS is
a radiation-free solution that could detect the arterial region
of interest [4], and also provide visual feedback to close the
control loop of surgical robots [5].

Magnetic catheterization (MC) [6]–[9] is an autonomous
robotic surgical solution, which exhibits great potential
for minimally invasive surgery (MIS) applications, such
as arterial intervention [10], cardiac ablation [11], and
atherectomy [12]. Autonomous magnetic catheterization relies
on the visual feedback information provided by intraoperative
medical imaging [13]. Recently, Sikorski et al. [14] have
proposed a template-based magnetic catheter shape recon-
struction method using out-of-plane repetitive ultrasound
scanning. However, the above work did not utilize the visual
feature information to drive the robotic ultrasound motion.
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Fig. 1. Illustration of the in-plane ultrasound-guided intervention of a
magnetic catheter. (a) The multi-vessel arterial intervention scenario using
the magnetic catheter 1©. (b) The EUTA 2© is conducting the intraoperative
ultrasound scanning with a hybrid visual/force controller with impedance
modeling.

To realize visual servoing control of the RUS intra-
operatively, some previous work has been conducted via
instrument tracking and localization using RUS in the
literature [1]. Nevertheless, unlike flexible needle steering
[15], the synchronization of the robotic ultrasound probe and
magnetic catheter’s tip is crucial for autonomous endovascular
intervention guided by RUS. The ultrasound probe should
keep moving to track both the arterial routes and the catheter’s
tip, while maintaining contact with the patient’s body. To
realize a stable scanning performance, a hybrid visual/force
controller is required to implement the robotic-assisted arterial
magnetic catheterization with ultrasound guidance.

To acquire feature information and provide the velocity
of the instrument movement, the catheter’s motion should
be detected inside the US image plane [16]. General model-
fitting methods include random sample consensus (RANSAC),
Hough transform (HT) [17], and parallel integral projection
(PIP) [18]. Recently, Yang et al. [19] proposed a RANSAC-
based tracking method to track a magnetic guidewire’s
tip. However, regarding the tubular scenario inside the
endovascular environment, there are many line shapes within
the image domain (e.g., vascular boundaries, tip magnet, and
catheter’s tube body), where RANSAC is not suitable for
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Fig. 2. The control diagram of the proposed hybrid visual/force controller. (a) The modeling of the magnetic catheter actuated by the external magnetic
field. A cylinder permanent magnet is integrated into the end-effector of a 6-DOF manipulator. (b) The hybrid visual/force controller for EUTA. (c) The
detection algorithm using the IHT and IEPF to detect the catheter’s tip.

individual line detection. Alternatively, Hough-transform (HT)
is a feasible method for the line-detection with multiple line
existence and has been applied to the arterial US detection
[20]. However, few work on control and tracking of the
arterial robotic ultrasound end-effector has been conducted
in the literature.

The main contributions of this work are listed below.
Firstly, we propose a hybrid visual/force feedback controller
for an arterial robotic ultrasound system. Secondly, we
propose a novel intensity-level iterative Hough transform-
based in-plane magnetic catheter motion detection method
for arterial intervention. Its effectiveness has been verified
by conducting extensive in vitro experimental tests. In the
following sections, the magnetic catheter modeling and hybrid
visual/force controller are introduced in Section II. Section
III shows an interactive Hough transform and IEPF-based
magnetic catheter’s tip during the intraoperative ultrasound
tracking. We validate the proposed control and tracking
method and present the results in Section IV. Section V
summarizes the paper.

II. HYBRID VISUAL/FORCE-BASED CONTROLLER FOR
ARTERIAL ROBOTIC ULTRASOUND

A. Modeling of Magnetic Catheterization

The targeted surgical scenario for a robotic-assisted
catheterization is shown in Fig. 1. The magnetic catheter
1© is steered inside the multi-vessel environment driven

by an external magnetic field B (p). The extracorporeal
ultrasound system with an ultrasound probe is integrated
into a six-degree-of-freedom (DOF) robotic arm 2© (model:
UR3 e-Series, from Universal Robots, Odense, Denmark).
The mobile robotic ultrasound is deployed over the patient’s
body with the ultrasound probe contacting the skin surface.
The surgeons could receive the ultrasound imaging sequences
on the main computer streaming from the ultrasound scanning
to localize the catheter’s tip. The cathter’s kinematic motion is
modeled using the piecewise constant curvature (PCC) theory
[21]. Concerning a magnetic catheter, the main deflection

of the catheter’s tip is induced by an external permanent
magnet, which is integrated to the end-effector of a robotic
arm, as shown in Fig. 2(a). If the magnetic component is
represented by its dipole moment mE ∈ R3, the exerted
magnetic wrench Wm ∈ R6 by the external magnetic field
can be derived below.

Wm =

[
Fm

Tm

]
=

[
∇(mE

TB(p))
S(mE)B(p)

]
(1)

where Fm and Tm are the magnetic forces and torques. The
matrix operator S represents its skew-symmetric form, and
B (p) is the magnetic field, which can be defined as:

B (DM ) =

(
µ0

4π‖p‖3
(

3D̂M D̂
T
M − I3

))
mE (2)

where p = DM is the distance from the measurement position
to the centerline of the permanent magnet, I3 is the identity
matrix, and µ0 denotes the permeability of free space. The
tip velocity Ṗc ∈ R3 and desired trajectory Pc ∈ R3 could be
used as reference input of the hybrid visual/force controller
for the EUTA.

B. Hybrid Visual/Force Servoing Control of the Robotic
Ultrasound

The overall hybrid visual/force control scheme is shown in
Fig. 2(b). We set the intensity of the US image frame as s =
(I1,1, . . . , Iu,v, . . . , IM,N ), where u and v are the coordinates
in the image frame, and M and N are the maximum voxel
number of a single image. The relationship between the
intensity inside the image plane and the ultrasound probe
could be defined as follows.

Pu = −kd
_

J
+

s (s (t+ ∆t)− s∗) (3)

where Pu is the velocity of the US probe.
_

J
+

s is the pseudo-
inverse of the US interactive Jacobian matrix [22], and kd
is the velocity control gain. Meanwhile, to modulate the
contact force between the ultrasound probe and the patient,
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Fig. 3. (a) Illustration of the in-plane ultrasound-guided intervention of a
magnetic catheter. (b) Gauss filter of initial raw US image. (c) Image after
thresholding operation. (d) Catheter’s tip detection.

we implement an impedance controller for the EUTA as
follows.

τu = JT
u [Kuf

(
desPu −Pu

)
+ Fu] + Ĥ (qu, q̇u, q̈u) (4)

where τu ∈ R6×1 is the target torque for all joints of EUTA,
Kuf is the stiffness gain, Fu is the desired contact force,
and Ĥ (qu, q̇u, q̈u) is the Coriolis force and centrifugal term
of the EUTA.

C. Transformation of Mobile Ultrasound System
To utilize the US image frame to control the EUTA (see

Fig. 2(a)), we can calculate the homogenous transform from
the image plane to EUTA base BUTUS as follows.

BUTUS = BUTEef · EefTPro · ProTUS (5)

where BUTEef denotes the transformation from the end-
effector to EUTA base, and EefTPro describes the transfor-
mation from the end-effector to the ultrasound probe. The
transformation from the US image frame to ultrasound probe
frame ProTUS can be derived below.

ProTUS =


0 0 −1 0

− Lp

Wus
0 0

Lp

2

0 D
Hus

0 ε0
0 0 0 1

 (6)

where Lp, Wus, Hus, and ε0 are geometric parameters of the
ultrasound probe. The kinematic model of the end-effector of
permanent magnet and EUTA can be expressed in the base
coordinate frame as BUTEef = BTEef (di, θi, Li, αi)PB ,
where di, Li, θi, and αi are Denavit-Hartenberg (DH)
parameters [23].

III. ITERATIVE HOUGH TRANSFORM BASED IN-PLANE
CATHETER DETECTION UNDER TUBULAR ENVIRONMENT

The detection of the catheter’s motion inside the US
imaging plane could provide clear feedback to the surgeon
regarding the surgical ROI and instrument localization. The
general workflow of the detection algorithm is shown in
Fig. 2(c).

Algorithm 1 Iterative Hough-Transform and IEPF Algorithm
Require: Input US image frames Uj , j ∈ s; Minimum vote

count nmin;
Ensure: Tracked real catheter tip positions Pt

c ∈ R3;
Tracked vascular boundaries line Pt

v ∈ R3;
1: UGau

j ← Gauss F ilter (Uj); . Image Pre-process:
Denoising

2: UThr
j ← Threshold (Uj); . Image Pre-process:

Thresholding;
3: while U (u, v) ∈ U (M,N) do . Initial Tracking
4: vote count n = get vote count(u, v);
5: if vote count > threshold then
6: Search for the maximum of H at position; .

Iterative Hough Transform
7: if Lines[i].length > threshold then
8: Find curve fitting polygon ;
9: end if

10: end if
11: end while
12: for Lines(i) < Line(max) do . IEPF
13: if Lines[i].length > threshold then
14: Calculate Euclidean Dist ;
15: else
16: Lines[i]← DetectedCatheter; . Catheter’s

tip detected
17: end if
18: end for

A. Denoising and Thresholding Operation

The in-plane sequential US tracking of the magnetic
catheter inside the tubular environment is shown in Fig. 3(a).
The intensity Iu,v (t) of j-th frame Uj in the B-mode image
(acquired by the US probe at the time t) corresponds to j-th
catheter’s tip location points Cj ∈ Cn (n = 1, 2, . . .). Gauss
filtering is utilized to denoise the raw US data set. Then, a
set of voxels with coordinates and intensities I (X) is split
by thresholding into two disjoint sets: Ic (x) (tip’s voxels)
and Ib (x) (background voxels) as follows.

Ic (x) = {Ic (xi) ∈ I (X) : I (x) > ITh} (7)
Ib (x) = I (X) \Ic (x) (8)

where ITh is the intensity of thresholding. The image pre-
processing results are shown in Fig. 3(b)–(c).

B. Iterative Hough Transform

The iterative Hough transform discretizes the parameter
space of line and randomly samples the pairs of voxels after
certain thresholding, increasing the appropriate accumulator
bin [17]. Let Cj ∈ Cn (n = 1, 2, . . .) be the set of points of
interest in the US image space, forming the set of curve line
L by adjacent points. The corresponding Hough transform
ΓC (L) of the US images is defined as:

ΓC (L) : M(Cx −N)
3 −A (Cx −N)−B − C2

y = 0 (9)

where M and N are the width and depth of the ROI in the
2D ultrasound domain. A and B are unset parameters. The
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accumulator matrix Hn is given below.

Hn = Hn1,n2,··· ,nt
:= #

{
Cj |ΓCj

(L) ∩Cn 6= ∅
}

(10)

which is computed by the means of iterative process as
follows.

Hj
n =

{
H

(j−1)
n + 1 if ΓCj (L) ∩Cn 6= ∅

H
(j−1)
n if ΓCj

(L) ∩Cn = ∅
(11)

The iteration continues until the line set L best approximates
the set of points Cj in the US image.

At the same time, the Iterative End-Point Fit (IEPF) algo-
rithm uses a distance threshold to generate the segmentation
[24]. Let the distance Dist (i) be the distance of the i-
th estimated point and the original pixel point around the
catheter’s tip. Then, the simultaneous Euclidean distance
DistE could be expressed as:

Dist (i) =

√
(ui − u′i)2 + (vi − v′i)2 (12)

DistE =
1

n

n∑
i=1

Dist (i) . (13)

The similarity between the sequential US images is
evaluated using the normalized cross correlation (NCC)
criterion. The best estimation means that the NCC value
V is maximal, which could be expressed below [25].

V =

M∑
u=0

N∑
v=0

(
Iu,v (x)− Ī

) (
Tu,v (x)− T̄

)
√

M∑
u=0

N∑
v=0

(
Iu,v (x)− Ī

)2√ M∑
u=0

N∑
v=0

(
Tu,v (x)− T̄

)2
(14)

where Tu,v is the previous image as the template. Ī and T̄
represent the mean value of the US image intensity. The
detailed process of the catheter’s tip detection is listed in
Algorithm 1. The detected catheter is shown in Fig. 3(d).

IV. EXPERIMENTAL VALIDATION AND RESULTS

In this section, the in vitro experiments have been carried
out to assess the pivotal performance of the proposed
method on a soft gelatinous phantom, including magnetic
catheter’s intervention precision, hybrid visual/force control
performance, and ultrasound tracking accuracy.

A. Experimental Setup

The experimental setup is shown in Fig. 4. The robotic
ultrasound system was set up on a test platform to simulate the
setting of an operating room. An external permanent mobile
magnet (∅30 mm × 30 mm) is mounted on the end-effector
of a 6-DOF robotic arm (model: UR5 e-Series, from Universal
Robots, Odense, Denmark). A stereo camera (model: ZED
2i, from Stereolabs, CA, USA) is harnessed to calibrate the
local frames of each robotic arm to the global frame by
ArUco markers. The effectiveness of the proposed controller
is evaluated by a custom-made soft and transparent gelatin-
agar phantom (with 1:1 AB pattern) molding. It is obtained
from an anthropomorphic thoracoabdominal training model
with a multi-vessel phantom model embedded imitating the

Fig. 4. The experimental setup for the magnetic catheterization with
ultrasound guidance.

superior mesenteric artery (SMA) and external iliac artery
(EIA), as shown in Fig. 4(b) (size: 450 × 350 × 50 mm3,
with branch inner diameter ranging from 0.5 to 16 mm). The
blood fluid is also imitated via an external water pump with
a fluid velocity of 35 mL/min. The control frequency of the
inner control is set as 125 Hz.

The EUTA is mounted with an ultrasound probe (model:
16HL7, frequency: 7–16 MHz) connected to an ultrasound
scanner (model: uSmart 3300, Terason, MA, USA) with a
depth setting of 7.0 cm. The contact forces are measured by
the joint current provided by Universal Robots. The catheter’s
tip is intraoperatively tracked using a detection algorithm
during the robotic US scanning with a probe frequency (15
MHz) and dynamic range (45 dB). The ultrasound tracking
sequences are streaming to the host computer to run the
imaging processing algorithm (see Fig. 4(c)). In addition, an
off-the-shelf Intel NUC is powered by an Intel Core i7-11700
@2.60 GHz and 32 GB of RAM.

B. Ultrasound-Guided Intervention on an Anthropomorphic
Phantom

To show the performance of the proposed method, we
conducted an experiment to steer the magnetic catheter
through a narrow channel within a human arterial-like
phantom. The whole experimental process and detection
performance are shown in Fig. 5.

As shown in Fig. 5(a), once the initial tracking is
accomplished as the intensity of the vascular boundaries,
and the catheter’s tip ITh reaches the threshold value, the
catheter’s tip and the arterial boundaries are segmented and
labeled into different colors relative to the background. When
the US images are stable, the magnetic catheter starts to
steer forward. The iterative Hough-transform and the IEPF
algorithm are applied during the procedure. Meanwhile, the
hybrid visual/force servoing control method is utilized to
drive the EUTA motion during the scanning. The US imaging
frame should move at the same velocity as the catheter’s
tip with an average scanner velocity 10.20±0.65 mm/s.
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Fig. 5. Hybrid visual/force-controlled ultrasound tracking results of the multi-arm robotic system with in vitro soft anthropomorphic phantom. (a) The
real-time tip tracking (red rectangle) and arterial boundaries (purple line) provided by the ultrasound scanner at different time instants of 14.55 s, 15.35 s,
16.35 s, and 18.05 s under ultrasound parameters of thermal index score (TIS) < 0.4, mechanical index (MI) of 0.4, gain settings (Gn) of 50, frequency of
7–16 MHz, and depth of 2 cm. (b) Performance test result of the hybrid visual/force control applied to the multi-arm robotic system.

Simultaneously, the US probe should ensure the trajectory
following of the arterial route when the magnetic catheter
arrives at a branch selection (see Fig. 4(b)). The movement
snapshots of the multi-arm and tracking system are shown
in Fig. 5(b). The experimental results show that, with the
hybrid visual/force controller, the proposed system could
autonomously navigate the magnetic catheter to reach the
target ROI under a magnetic field generated by the permanent
magnet, while simultaneously tracking the catheter’s tip with
EUTA to form a closed-loop control. The tracking errors in
the Cartesian space for the EUTA are [0.68 mm, 0.57 rad]
[see Fig. 6(a)]. The root-mean-square error (RMSE) of the
catheter’s tip is calculated as 0.56 mm. The impedance control
method (as proposed in Section II) is validated using the
ultrasound scanner contacting the anthropomorphic tissue
phantom with a constant force. The stiffness matrix is set as
Kuf = diag [3000, 1000, 300, 20, 20, 20]. The corresponding
force tracking results are shown in Fig. 6(c). We can see
that the contact forces are stabilized around 2.50 N with an
average error of 1.02 N relative to the ground truth in z-axis
direction.

The SNR compares the desired signal to the noisy signal.
A higher value of the ratio indicates less prominent of the
noise. It is expressed in decibels (dB) as follows.

MSE =
1

NV 2

NV−1∑
i,j=1

(Xi,j − Yi,j)2 (15)

SNR = 10log10
σ2

σ2
e

(16)

where σ2 and σ2
e are the variance of the original image and

variance of the error, respectively. The computed MSE and
SNR are shown in Table I.

The steering results indicate that the proposed multi-arm
robotic system could successfully navigate and track the

Fig. 6. The performance test results of the hybrid visual/force controller
to navigate the magnetic catheter.

catheter’s tip toward the target position. The validity of the
proposed detection technique is investigated by comparing
the area corresponding to the autonomously defined catheter’s
tip and vascular boundaries. The sensitivity (SE), specificity
(SP), and accuracy (AC) are calculated as follows.

SE = TP/ (TP + FN) (17)
SP = TN/ (TN + FP ) (18)
AC = (TP + TN) /NV (19)

where NV is the total number of voxels in the US images
and the corresponding results are shown in Table I. The rate
of target loss of the catheter’s tip during the scanning is
around 15.8% (see Fig. 6(b)).
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TABLE I
PERFORMANCE OF THE HYBRID VISUAL/FORCE CONTROLLER

Specification Value Unit
Tracking Performance Sensitivity (SE) 0.89±0.18 -

Specificity (SP) 0.99±0.26 -
Accuracy (AC) 0.97±0.22 -

Signal-to-Noise Ratio (SNR) 12.2±0.24 -
Mean-Square-Error (MSE) 51.2±1.22 -

Control Performance Steering Error 0.56±0.16 mm
Force Error 2.50±1.02 N

V. CONCLUSION

In this paper, we propose an intraoperatively iterative
Hough-transform based hybrid control method for magnetic
catheterization under in-plane ultrasound guidance for the
first time. The magnetic catheter modeling is conducted,
while a hybrid visual/force control scheme is proposed for
achieving the steering of magnetic catheter by controlling the
permanent magnet and EUTA at the same time. Meanwhile,
an iterative Hough transform-based tracking for the region
of interest is proposed. The detection algorithm adopts a
Gauss filter for denoising and a thresholding method for the
image pre-processing. An iterative end-point fitting method
is utilized to create a polygon along with the catheter’s
tip motion. Moreover, in vitro magnetic catheter steering
experiments are performed on an arterial-like soft tissue-
imitating phantom. The success validation of the proposed
magnetic robot catheterization system is performed on a
silica-made anthropomorphic phantom under ultrasound
tracking (mean error of 0.56 mm) and constant force tracking
(2.50±1.02 N). The catheter’s tip and vascular boundaries are
successfully detected inside the US image domain. In future
work, we will further enhance the method by applying shape
sensing technology to detect the real-time shape configuration
in the endovascular steering.
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