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Abstract—This paper presents a closed-loop magnetic manipu-
lation framework for robotic transesophageal echocardiography
(TEE) acquisitions. Different from previous work on intracor-
poreal robotic ultrasound acquisitions that focus on continuum
robot control, we first investigate the use of magnetic control
methods for more direct, intuitive, and accurate manipulation of
the distal tip of the probe. We modify a standard TEE probe by
attaching a permanent magnet and an inertial measurement unit
sensor to the probe tip and replacing the flexible gastroscope with
a soft tether containing only wires for transmitting ultrasound
and IMU data, and show that 6-DOF localization and 5-DOF
closed-loop control of the probe can be achieved with an external
permanent magnet based on the fusion of internal inertial
measurement and external magnetic field sensing data. The
proposed method does not require complex structures or motions
of the actuator and the probe compared with existing magnetic
manipulation methods. We have conducted extensive experiments
to validate the effectiveness of the framework in terms of
localization accuracy, update rate, workspace size, and tracking
accuracy. In addition, our results obtained on a realistic cardiac
tissue-mimicking phantom show that the proposed framework
is applicable in real conditions and can generally meet the
requirements for tele-operated TEE acquisitions.

Index Terms—Medical robots, robotic ultrasound, magnetic
manipulation, sensor fusion, transesophageal echocardiography.

I. INTRODUCTION

ULTRASOUND imaging is widely used for diagnosis
and treatment in many medical disciplines, providing

major advantages of safety, portability, low cost, and real-time
capabilities compared with other medical imaging modalities
such as CT and MRI [1]. Transesophageal echocardiography
(TEE) is a test that uses a specialized ultrasound probe
placed inside the esophagus to assess heart structures [2].
As shown in Fig. 1(a), in conventional TEE examinations,
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Fig. 1. (a) illustrates the procedure of conventional TEE acquisitions, where
the echocardiographer manually grips the flexible shaft and adjusts the knobs
on the probe handle to advance and steer the probe in the esophagus. (b) shows
the proposed application scenario of the MA-TEE system, where the probe
tip attached to a permanent magnet and an IMU sensor is manipulated by an
external permanent magnet held by a robotic manipulator for tele-operated
TEE acquisitions.

an experienced echocardiographer manually grips the flexible
shaft and adjusts the knobs on the probe handle to advance
and steer the distal tip of the probe in the esophagus [3].
Since the operator can only manipulate the proximal end of the
semi-rigid tube, TEE operation usually requires a long learning
curve and extensive training, and the imaging quality is highly
dependent on the operator [4]. Moreover, poor image quality
and repeated insertion are associated with an increased risk of
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complications [5]. In addition, the close contact between the
echocardiographer and the patient would increase the risk of
infection under epidemic situations [6].

Recently, a large number of robotic systems have been
developed for tele-operated or autonomous ultrasound acqui-
sitions [7]. However, existing studies have mainly focused
on extracorporeal applications [8]–[13], which typically use
a robotic manipulator to directly maneuver the probe on
the skin surface to scan the region of interest. Only a few
studies have investigated the robotic ultrasound acquisitions
in intracorporeal applications [14]–[17]. Wang et al. [16], [17]
developed the first robotic systems to automatically hold the
TEE probe handle to manipulate a standard TEE probe with 4
DOFs. The probe tip was tracked based on the registration
between intraoperative ultrasound images and preoperative
MRI data of the patient [16]. However, since the system still
used a standard TEE probe with a flexible gastroscope, it
cannot overcome the inherent limitations such as the lack of
intuitiveness, indirect and complex control of the probe tip,
and the risk of patient injury due to tissue stretching as the
semi-rigid endoscope is pushed through the esophagus. Also,
the image registration-based method for probe localization was
reported to have a limited computational speed and reliability
[16]. In addition, there is no mechanism to adjust the contact
force between the ultrasound transducer and tissue due to the
use of a standard TEE probe.

Magnetic locomotion has become a promising technology
to wirelessly manipulate a medical device in the human body
without requiring mechanical linkage between the actuator
and the device, which has shown great promise to overcome
the limitations of standard endoscopic devices [18]–[21]. In
[14], Norton et al. presented the first demonstration of US
acquisitions in the bowel using a magnetically manipulated
capsule, in which a magnet, the miniature US transducers,
and several magnetic field sensors were embedded.

In this work, we are committed to presenting a more
straightforward approach to robotic TEE manipulation based
on magnetic methods to allow for more direct, intuitive and
accurate control of the TEE probe tip, thereby improving ease
of use and patient safety for the targeted application. The
proposed application scenario of the magnetically actuated
TEE (MA-TEE) system is shown in Fig. 1(c), where the
internal probe is manipulated by an external permanent magnet
held by a robotic manipulator. By attaching a single permanent
magnet and an inertial measurement unit (IMU) sensor to the
probe tip and replacing the flexible gastroscope with a soft
tether that contains only wires for transmitting ultrasound and
IMU data, the modified TEE probe can be viewed as a tethered
capsule, and we show that 6-DOF localization and 5-DOF
control of the probe can be achieved using an external and
internal sensor fusion based approach. The proposed system
can allow the user to focus on the ultrasound images on the
screen and directly instruct the desired movement of the probe
tip, and the actuator magnet will be automatically adjusted to
realize the desired motion of the probe.

To our knowledge, this is the first robotic TEE system based
on magnetic control methods. Compared with previous studies
on intracorporeal robotic ultrasound acquisitions [15]–[17],

the method proposed in this paper does not require complex
modelling of the continuum robot kinematics and can directly
control the distal end of the probe, which provides a simpler
and more intuitive method for robotic TEE manipulation.
Moreover, instead of tracking the probe based on image
registration, our method can estimate the 6-DOF pose of the
probe tip in real time based on the fusion of internal inertial
sensing data and external magnetic field sensing data, which
can realize more accurate and efficient localization of the
probe tip and provide additional diagnostic information for the
echocardiographer. In addition, the modified TEE probe with a
string-like soft tether instead of a standard flexible endoscope
may help improve patient safety during the manipulation [19].
Compared with existing magnetic control methods (e.g. [14],
[22], [23]), our method can greatly simplify the structures of
the actuator and the probe, and can achieve 6-DOF localization
and 5-DOF control without requiring the magnets to perform
specific motions.

This paper is organized as follows. We first introduce the
related work in Section II. Nomenclature in this paper is
presented in Section III. The details of the proposed closed-
loop manipulation framework are introduced in Section IV.
Then, our experimental results are presented in Section V,
before conclusions are drawn in Section VI.

II. RELATED WORK

In recent years, various magnetic actuation systems have
been proposed for remote control and steering of catheters
and guidewires for vascular interventions [24]–[27], which
have demonstrated potential benefits of reduced procedural
time and improved access to hard-to-reach regions. While our
work shares some similarities with these systems, the major
difference is that the localization of the magnetic catheters
and guidewires is usually performed by observation using an
external 3D imaging system (e.g., fluoroscopy), which is not
available in intracorporeal ultrasound imaging applications.

Several groups have explored the simultaneous magnetic ac-
tuation and localization for magnetic capsule endoscopy using
electromagnet coils [28]–[30] and permanent magnets [20]–
[23] as the magnetic field sources. Compared with the systems
that use electromagnetic coils to actuate the capsule, the
permanent-magnet-based systems are generally more compact,
cost-effective and energy-efficient, and often provide a larger
workspace. Therefore, in this work, we use a single permanent
magnet as the external actuator, which is maneuvered by a
robotic manipulator, similar to [21], [23].

Localization is essential to achieve closed-loop magnetic
control of the internal capsule robot. Some researchers pro-
posed to use magnetic field sensors placed inside the cap-
sule to measure the magnetic field of the external magnet
for capsule localization [31]–[33]. However, these methods
require up to six sensors to be embedded in the capsule
with a specific structure to prevent saturation of the sensors,
which is challenging in practice and would increase the size
of the internal device. Moreover, to address the localization
singularity of the internal-sensor-based methods, these systems
either use an additional coil in the actuator [33] or require
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the magnets to make specific motions during the capsule
localization [32], which further increase the complexity of the
overall approach. As an alternative, some researchers proposed
to locate the capsule using a magnetic field sensor array placed
external to the capsule, so that the capsule can be simplified
to contain only a permanent magnet [23], [34]–[36]. However,
these methods can only solve 5-DOF pose of a static capsule
and have a limited workspace size. Recently, we presented
a localization method that combines the use of an external
magnetic field sensor array and an internal IMU sensor inside
the capsule to estimate the full 6-DOF pose of a magnetic
capsule robot [37]. The hybrid approach does not require
complex structures of the actuator and the capsule, and can
avoid the need for the magnets to make specific motions.

In this paper, we move one step further to develop a closed-
loop magnetic manipulation framework that can allow 5-DOF
control of a capsule robot (TEE probe tip) based on external
and internal sensor fusion. Compared with the aforementioned
methods, our method only use a single permanent magnet in
the actuator, and the internal control only include a magnet
and an IMU, which can greatly simplify the structures of
the actuator and the capsule for easier application in clinical
use. Moreover, the proposed method can achieve full 6-DOF
localization and 5-DOF control of the internal robot without
requiring the magnets to perform specific motions during the
localization. Finally, we present the first demonstration of
magnetically actuated robotic TEE acquisitions in a tissue-
mimicking phantom to validate the feasibility of the frame-
work.

III. NOMENCLATURE

Throughout this paper, scalars are denoted by normal fonts
(e.g., µ0), vectors are denoted by bold lowercase fonts (e.g.,
pc), and matrices are denoted by bold uppercase fonts (e.g.
K). Rx(α) denotes the rotation matrix that rotates a vector by
an angle α about the x-axis in three dimensions. A hat over
a symbol (e.g., m̂c) indicates the unit vector of the original
vector (e.g., mc). A tilde over a symbol (e.g., b̃i) represents
the measurement of that variable. A bar over a symbol (e.g.,
γ̄) denotes the a priori prediction.

We follow the convention of previous works to use “cap-
sule” to refer to the magnet inside the body to be controlled,
and “actuator” to refer to the magnet outside the body to
provide the actuating magnetic fields. The subscripts c and
a are used to represent the “capsule” and the “actuator”,
respectively, and the subscript d means“desired”. R denotes
the real number set. x ∼ N (µ,Σ) means a random vector
x follows a normal distribution with mean vector µ and
covariance matrix Σ. Ik indicates a k × k identity matrix.

IV. METHODOLOGY

A. Problem Formulation

The commonly used DOFs of the TEE probe in clinical
settings are illustrated in Fig. 2. For simplicity of discussion,
we define the probe coordinate frame as follows. The x-axis is
along the probe’s heading direction, the z-axis is perpendicular
to the transducer array, and the y-axis can be obtained by the

Advance / 

Withdraw

Turn left / 

Turn right

Retroflex /

Anteflex 

Flex to the left /

Flex to the right

Electronic 

rotation

y

Fig. 2. The commonly used DOFs of the probe in clinical TEE acquisitions.

right-hand rule. Then, the traditional TEE probe manipulation
can be described as follows:

1) “Advance / Withdraw”: translation along the x-axis;
2) “Turn left / Turn right”: rotation around the x-axis;
3) “Retroflex / Anteflex”: rotation around the y-axis;
4) “Flex to the left / Flex to the right”: rotation around the

z-axis; and
5) “Electronic rotation”: rotation of the imaging plane

around the z-axis from 0◦ to 180◦

Since the rotation around the z-axis can be adjusted by
means of electronic buttons, the system actually only needs
to realize 3-DOF control of the probe, i.e., translation along
z, and rotation around x, y axes of the probe coordinate
frame. However, since the position and shape of the patient’s
esophagus relative to the global world coordinate frame is
unknown, the translation of the probe along the z-axis can
only be achieved if the system can realize 3-DOF position
control in a given fixed world coordinate frame. By aligning
the embedded magnet’s axis of magnetization with the z-axis
of the transducer, we can achieve 2-DOF orientation control
in the probe coordinate frame and 3-DOF position control in
a fixed world coordinate frame, which ensures the feasibility
to provide the required 3 DOFs defined in the probe-centric
frame for TEE acquisitions.

B. System Overview

As illustrated in Fig. 3, the MA-TEE probe contains the
capsule magnet, an IMU sensor, and an ultrasound transducer
with a soft tether, which can be viewed as a tethered capsule
robot. We attach a coordinate frame {C} to the capsule
magnet, and frame {A} to the external actuator magnet. We
assume that the origins of {C} and {A} coincide with the
center of the magnets, and their positions are pc,pa ∈ R3,
and the z-axes of the frames are aligned with the magnetic
dipole moments mc,ma ∈ R3, respectively. Note that we
assume the capsule magnet frame {C} is coincident with the
probe coordinate frame as defined in Section IV-A given that
the overall size of the probe is small. The world coordinate
frame {W} is attached to the external magnetic sensor array,
which has a known and fixed relationship with the robot base.
The orientations of the capsule and the actuator w.r.t. the
world frame can be represented by matrices Rc,Ra ∈ SO(3),
respectively. Assume that the external magnetic sensor array
contains N three-axis magnetic field sensors, whose positions
w.r.t. {W} are pi, i = 1, · · · , N .
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Fig. 3. Schematic of the MA-TEE system. Combining the measurements
from the IMU internal to the probe and the magnetic field sensors external
to the probe, the 6-DOF pose of the probe can be estimated in real time and
5-DOF control of the probe can be achieved through interactions between the
magnets in the actuator and the capsule.

The closed-loop control workflow of our proposed MA-TEE
system is illustrated in Fig. 4. After an initial localization of the
probe, the actuator is automatically controlled to move above
the probe. Then, the 6-DOF pose of the probe is estimated
in real time as shown in the localization pipeline, and 5-DOF
magnetic control of the probe is performed to reach the user-
specified desired pose for tele-operated TEE acquisitions.

In the following, we first describe the localization algorithm
based on external and internal sensor fusion, and then intro-
duce the closed-loop actuation algorithm.

C. Sensor Fusion based Localization

1) Localization Model: By attaching the capsule magnet
and the IMU with the structure as shown in Fig. 3, we can
estimate the 6D pose of the probe based on the localization
model described in [37]. We briefly summarize the mathe-
matics here. As shown in Fig. 3, the orientation of the probe
can be represented by the roll, pitch and yaw angles α, β, γ
as Rc = Rz(γ)Ry(β)Rx(α), where α, β are assumed to be
accurately measured by the IMU sensor as α̃, β̃. The unknown
parameters in the 6D pose of the probe are pc and γ.

Previous work has shown that for an axially magnetized
cylindrical magnet with a diameter-to-length ratio of about
1, the percent error of dipole approximation can be reduced
to 1% when the distance is about twice the radius of the
minimum bounding sphere of the magnet [38]. Since the scale
of the probe and the actuator is much smaller than the working
distance of the system, we can use the magnetic point-dipole
model to estimate the theoretical magnetic field of the probe
at the i-th sensor’s location:

bi,c =
µ0∥mc∥
4π∥ri∥5

(
3rir

T
i − ∥ri∥2I3

)
m̂c, (1)

where µ0 is the permeability of free space. ri = pi − pc is
the vector pointing from the probe to the i-th sensor. m̂c =
Rz(γ)Ry(β̃)Rx(α̃)[0, 0, 1]

T is a function of γ.
The actual magnetic field measurement of the probe at the

i-th sensor b̃i,c can be extracted from the original sensor
measurement b̃i as b̃i,c = b̃i − bi,a − b̃i,e, where b̃i,e is
the environmental magnetic field measurement, and bi,a is the
theoretical value of the actuator’s magnetic field approximated
using the generalized complete elliptic integral model [39]:

C(kc, p, c, s) =

∫ π
2

0

(c cos2 φ+ s sin2 φ)

(cos2 φ+ p sin2 φ)
√

cos2 φ+ k2
c sin

2 φ
dφ.

(2)
For a longitudinally magnetized cylinder with length 2L and

radius R with total magnetization M , the closed-form mag-
netic field components expressed in cylindrical coordinates can
be obtained as

bρ =
µ0MR

π
[α+P1(k+)− α−P1(k−)] , (3)

bz =
µ0MR

π(ρ+R)
[β+P2(k+)− β−P2(k−)] , (4)

bφ = 0, (5)

where

α± =
√
(ξ2± + (ρ+R)2)−1, (6)

β± = ξ±α±, (7)

k± =

√
ξ2± + (ρ−R)2

ξ2± + (ρ+R)2
, (8)

ξ± = z ± L, (9)

η =
ρ−R

ρ+R
, (10)

P1(k±) = C(k±, 1, 1,−1), (11)

P2(k±) = C(k±, η
2, 1, η). (12)

Besides, we estimate the environmental magnetic field b̃i,e

before introducing the magnets in the workspace and directly
use the estimated value during the operation. This is mainly
because we assume no ferromagnetic materials are used in
the workspace and the main component of the environmental
magnetic field is the Earth’s magnetic field, which does not
change much in a short period of time (e.g., duration of the
TEE procedure).

2) Initial Localization with Least-Squares Optimization:
[37] uses a non-linear least-squares (LS) optimization

method to recover pc, γ by minimizing the squared dis-
tances between the theoretical and measured magnetic fields
of the probe from N magnetic sensors ∥bc − b̃c∥2, where
bc = [bT

1,c, · · · ,bT
N,c]

T and b̃c = [b̃T
1,c, · · · , b̃T

N,c]
T . The

method can achieve an average position accuracy of 2.06 mm,
2.86 mm, and 2.81 mm in x, y, z axes, and an orientation
accuracy of 0.19°, 1.02°, and 1.01° in x, y, z axes, in a
0.5 × 0.5 × 0.2m3 workspace [37]. In this paper, we use this
method for initial localization as it does not rely on previous
pose estimation results.
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Fig. 4. The magnetic control workflow of our proposed MA-TEE system. After initialization, closed-loop control of the probe is performed by continuously
updating the actuator’s pose based on the user-specified desired probe pose and the real-time localization results.

3) Real-time Tracking with Extended Kalman Filter: In
order to better deal with the noisy sensor readings and take
advantage of the historical information, in this work, we
improve upon our previous work [37] by applying an Extended
Kalman Filter (EKF) to combine IMU-based motion prediction
with the magnetic field measurements for real-time tracking

of the probe. Let xt =

[
p
(t)
c

γ(t)

]
∈ R4 denote the state and

zt = b̃
(t)
c ∈ R3N denote the magnetic field measurements at

time step t. Consider the following system model:

xt = f(xt−1,ut−1) +wt, (13)
zt = h(xt) + nt, (14)

where f(·) is the motion model, ut−1 =

[
a(t−1)

ω(t−1)

]
∈ R6 is

the acceleration and rotational velocity of the probe measured
by the IMU at the previous time step, wt ∼ N (0,Qt) is
the motion model noise with zero-mean and covariances Qt.
h(·) is the measurement model bc, and nt ∼ N (0,Nt) is the
measurement model noise with zero-mean and covariances Nt.

Given the previous probe pose p
(t−1)
c ,R

(t−1)
c , the probe

pose at the time step t can be predicted as

p̄(t)
c = p(t−1)

c + v(t−1)
c ∆t+

1

2
(R(t−1)

c a(t−1) + g)∆t2,

(15)

v̄(t)
c = v(t−1)

c + (R(t−1)
c a(t−1) + g)∆t, (16)

R̄(t)
c = R(t−1)

c R{ω(t−1)∆t}, (17)

where v
(t)
c is the velocity of the probe at time step t, g

is the acceleration of gravity, R{ω(t−1)∆t} is the rotation
matrix equivalent to the axis-angle representation ω(t−1)∆t.
By changing the orientation representation as Euler angles,

we can obtain the predicted state x̄t =

[
p̄
(t)
c

γ̄(t)

]
at time step t.

Since the motion of the probe tip in the esophagus is mainly
in a stick-slip fashion, we assume zero-velocity at the previous
step, i.e., v(t−1)

c = 0 in our implementation.
The covariance matrix of the state is predicted as

P̄t = FPt−1F
T +Qt, (18)

where F = ∂f
∂xt−1

|xt−1
is the Jacobian of f(·). Since the pose

change in the period ∆t is small, we approximate the motion

model Jacobian as F
.
= I4, and Qt is empirically chosen as

Qt = diag(0.01, 0.01, 0.01, 30) to indicate an uncertainty of
0.01 m in position and 30° in yaw estimation.

In the correction step, the Kalman gain is computed as

K = P̄tH
T (HP̄tH

T +Nt)
−1, (19)

where H is the Jacobian of h(xt) = [bT
1,c, · · · ,bT

N,c]
T , which

can be calculated as

H =
∂h

∂xt

∣∣∣∣
x̄t

= [JT
1 , · · · ,JT

N ], (20)

Ji =

[
∂bi,c

∂pc

∂bi,c

∂γ

] ∣∣∣∣
p̄

(t)
c ,γ̄(t)

, i ∈ {1, · · · , N}, (21)

where

∂bi,c

∂pc
= −3µ0∥mc∥

4π∥ri∥5
[(

rTi m̂c

)(
I3 −

5rir
T
i

∥ri∥2
)
+ m̂cr

T
i + rim̂

T
c

]
,

(22)
∂bi,c

∂γ
=

µ0∥mc∥
4π∥ri∥5

(
3rir

T
i − ∥ri∥2I3

) ∂m̂c

∂γ
, (23)

∂m̂c

∂γ
=

sin α̃ cos γ − cos α̃ sin β̃ sin γ

sin α̃ sin γ + cos α̃ sin β̃ cos γ
0

 . (24)

Then, the state of the probe is updated as

xt = x̄t +K
(
zt − h(x̄t)

)
. (25)

The covariance matrix is updated using the symmetric and
positive Joseph form [40]

Pt = (I4 −KH)P̄t(I4 −KH)T +KNtK
T , (26)

where the measurement noise covariance matrix is set as Nt =
σ2 · I3N , σ = 1 × 10−5 T based on our experimental results.

The localization algorithm is summarized in Algorithm 1.

D. Closed-Loop Magnetic Actuation

1) Dynamic Model of the Probe: Similar to most existing
closed-loop magnetic control systems, our control approach
is developed by modelling the magnetic fields of the actuator
and the probe using the magnetic point-dipole model. Given
the poses of the probe and the actuator magnet, the magnetic
force and torque applied to the probe can be calculated as
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Algorithm 1: Sensor Fusion based Localization
Input: positions of N magnetic field sensors p1, · · · ,pN ,

environmental magnetic fields b̃1,e · · · , b̃N,e, IMU
measurements a(t),ω(t), α̃, β̃, actuator’s pose
p
(t)
a ,R

(t)
a , real-time magnetic field measurements

b̃
(t)
1 , · · · , b̃(t)

N , t = 0, 1, 2, · · ·
Output: 6-DOF pose of the probe p

(t)
c ,R

(t)
c , t = 0, 1, 2, · · ·

1 Obtain the initial theoretical and measured magnetic field of
the probe at each sensor b(0)

i,c , b̃(0)
i,c , i = 1, · · · , N ;

2 Perform initial localization to solve p
(0)
c , γ(0);

3 Obtain the initial orientation of the probe R
(0)
c based on

α̃(0), β̃(0), γ(0);
4 for t = 1, 2, · · · do
5 Predict the probe pose p

(t)
c ,R

(t)
c based on the last pose

estimate p
(t−1)
c ,R

(t−1)
c and IMU measurements

a(t−1),ω(t−1) ;
6 Obtain the theoretical and measured magnetic field of

the probe at each sensor b(t)
i,c , b̃(t)

i,c , i = 1, · · · , N ;
7 Update the pose estimate p

(t)
c , γ(t) with EKF;

8 Update the orientation of the probe R
(t)
c based on

α̃(t), β̃(t), γ(t);
9 end

10 return 6-DOF pose of the probe p
(t)
c ,R

(t)
c , t = 1, 2, · · · ;

f = ∇ (mc · b), (27)
τ = mc × b, (28)

where ∇ is the gradient operator, b is the magnetic field of
the actuator at the probe’s position:

b =
µ0∥ma∥
4π∥p∥5

(
3ppT − ∥p∥2I3

)
m̂a, (29)

where p = pc − pa is the vector pointing from pa to pc.
Different from previous work that focused on the magnetic

actuation of a capsule in fluid [41] or in an air-filled colon
with little contact with the colon walls [42], in our target
application, the esophagus has a small diameter of about
20 mm and is collapsed between swallows [43], and the TEE
acquisition requires the probe tip to continuously contact the
esophageal wall to ensure acoustic coupling. Therefore, the
friction between the probe tip and the esophagus should be
modeled in our control method. Based on the experimental
data in [44], in this work, we estimate the friction force on
the probe-tissue interface as a constant resistance force in the
opposite direction of velocity as

f res = −fres
ṗc

∥ṗc∥
. (30)

Similar to [42], we consider the impact of the tether behind
the probe as an unmodelled disturbance, which can actually
serve as a stabilizing damper to improve the stability of the
system. Then, the total force applied to the probe is estimated
as the sum of the magnetic force, the force of gravity on the
probe, and the resistance forces in the esophagus. The total
torque is assumed as the magnetic torque only. Therefore, the
dynamic model of the probe can be represented as

Algorithm 2: Closed-Loop Magnetic Actuation

Input: Estimated probe pose p
(t)
c , m̂

(t)
c , desired probe pose

p
(t)
d , m̂

(t)
d , t = 1, 2, · · ·

Output: 5-DOF pose of the actuator p(t)
a , m̂mm(t)

a , t = 1, 2, · · ·
1 for t = 1, 2, · · · do
2 Estimate the probe’s velocity ṗ

(t)
c , ˙̂m

(t)

c ;
3 Calculate the pose and velocity errors;
4 Obtain the desired magnetic force and torque fd, τ d

with PD controllers;
5 Update the actuator pose p

(t)
a , m̂mm(t)

a using (33);
6 end
7 return 5-DOF pose of the actuator p

(t)
a , m̂mm(t)

a , t = 1, 2, · · · ;

{
mcp̈c = f + fg + f res

Ic α = τ
, (31)

where mc and Ic are the mass and inertia tensor of the probe,
p̈c and α are the position and angular accelerations of the
probe, and fg is the force of gravity on the probe.

2) Closed-Loop Actuation Algorithm: The goal of actuation
is to reach the desired 5-DOF pose of the TEE probe tip
pd, m̂d for ultrasound image acquisition. To this end, two
separate PD controllers are developed to ensure the position
and orientation errors between the current and desired poses
remain small. The control scheme is illustrated in Fig. 4. Given
the pose estimation pc, m̂c from the localization algorithm,
the velocity of the probe ṗc, ˙̂mc can be estimated by calcu-
lating the simple moving average of pose differences between
consecutive steps over a short time period. The position error
between the current pose and the desired pose is ep = pd−pc,
and the velocity error is ėp = −ṗc. The orientation error
between the current and desired magnetic dipole moments is
calculated as eo = m̂c× m̂d, and the rotational velocity error
is calculated as ėo = ˙̂mc × m̂d. Then, the desired force and
torque applied to the probe are given by:{

fd = Kpep +Kdėp − fg − f res

τ d = Kpoeo +Kdoėo
. (32)

Since the theoretical magnetic force and torque can be
calculated using (27) as a function of the actuator’s pose
pa, m̂a, we can update the desired actuator pose by solving
the constrained non-linear least-squares problem as follows:

p∗
a,m

∗
a = argmin

pa,ma

∥∥∥∥ [fd

τ d

]
−

[
f(pa,ma)
τ (pa,ma)

] ∥∥∥∥2

,

subject to pa ∈ W,

ma ∈ R3,

(33)

where W ⊆ R3 is used to limit the movement of the actuator
for safety reasons. The unit magnetic dipole moment of the
actuator m̂a is then updated by normalizing m∗

a.
The closed-loop magnetic actuation algorithm is summa-

rized in Algorithm 2.
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Fig. 5. (a) shows the experimental setup of the proposed MA-TEE system. The actuator magnet is rigidly mounted at the end-effector of a UR5 robotic arm
for closed-loop control of the probe in the simulated esophagus in a cardiac phantom. The workspace of the system is above the external sensor array placed
on a horizontal platform. (b) is a closer look at the MA-TEE probe prototype. All dimensions are in millimeters (mm) and (c) illustrates its components,
including a TEE transducer, a cuboid permanent magnet and an IMU. The black dashed box in the lower right corner shows a dummy transducer fabricated
for use in our quantitative experiments.

V. EXPERIMENTS

A. System Setup

An overview of our real-world system setup is shown in
Fig. 5(a). The actuator is a cylindrical NdFeB magnet (N45
grade, axially magnetized, diameter and length: 90 mm) with
a 3D-printed shell, which is attached to the end-effector of a
6-DOF robotic arm (UR5, Universal Robots). The distance
from the center of the magnet to the robot flange is set
to 100 mm to ensure normal operation of the motors in the
robotic arm. The external magnetic field sensor array on the
horizontal platform is composed of 6 × 6 three-axis high-
precision magnetic field sensors (IIS2MDC, STMicroelectron-
ics) with a spacing of 120 mm, which are arranged on 9
circuit boards with 4 sensors per board [37]. The magnetic
sensors are connected to a desktop via cables, and the output
rate is 100 Hz. Ferromagnetic materials were removed from
the workspace to minimize magnetic interference and ensure
safety of the procedure. The transformation between the robot
base and the external sensor array was measured before the
experiments and fixed during the experiments. The localization
and closed-loop control algorithms were implemented on the
desktop using Python.

The MA-TEE probe prototype was modified from a standard
adult TEE probe (X7-2t, Philips Healthcare) as follows. First,
the flexible gastroscope in the traditional TEE probe was
replaced with a soft tether that contains only wires to transmit
ultrasound and IMU data. Then, the probe tip was attached to
a cuboid NdFeB magnet (N52 grade, 20×15×11 mm3) and an
IMU sensor (ICM-20948, InvenSense, TDK) using 3D-printed
connectors, and wrapped with thermoplastic elastomers (TPE),

as shown in Fig. 5(b). The overall size of the MA-TEE probe
is 58 × 16 × 15 mm3, and the soft tether has a diameter of
6 mm. In comparison, a standard X7-2t TEE probe has a size of
38×17×13.5 mm3, and the shaft has a diameter of 10 mm [45].
The MA-TEE probe was connected to a medical ultrasound
machine (Sparq, Philips Healthcare) and the ultrasound images
were streamed to the desktop via a data acquisition card. The
data from the IMU is transmitted to the desktop through wires
at 100 Hz. We also fabricated a mockup MA-TEE probe to
quantitatively evaluate the localization and closed-loop control
methods as described in Section V-B and V-C, in order to avoid
damaging the real ultrasound transducer. The dummy probe
contains the same internal magnet and IMU as the MA-TEE
probe prototype, and a 3D-printed dummy transducer with the
same shape and mass as the real transducer, as shown in the
lower right corner of Fig. 5(b).

B. Evaluation of the Localization Method

First, we experimentally evaluated the performance of the
proposed EKF-based method and the LS-based method in
[37] for real-time localization of the probe. In this set of
experiments, the mockup MA-TEE probe was rigidly con-
nected to the flange of the robotic arm using a 3D-printed
connector and was controlled to move along a 3D spiral
trajectory in the 0.5 × 0.5 × 0.2m3 workspace, as shown in
Fig. 6(a). The moving speed of the probe was set to 10 mm/s.
The ground-truth pose of the probe was provided by the
robotic arm. The pose estimation errors were calculated as the
Euclidean distance between the positions and the minimum
angle required to rotate from the estimated orientation to the
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Fig. 6. (a) shows the moving trajectory of the probe estimated by the LS and EKF methods compared with the ground truth (GT) when the probe is moving
along a 3D spiral trajectory. (b) and (c) show the position and orientation errors during the movement. The red dashed circles highlight some locations where
the large errors of the LS method are smoothed by the EKF method.

TABLE I
LOCALIZATION ACCURACY IN POSITION AND ORIENTATION (MEAN ± STANDARD DEVIATION) OF THE MA-TEE PROBE RIGIDLY MOUNTED AT FIVE

POINTS WITH FOUR DIFFERENT HEIGHTS WHEN THE ACTUATOR IS MOVING OVER IT

Height
(mm)

Position error (mm) Orientation error (°)
x y z x y z

50 -2.23 ± 6.24 1.86 ± 6.99 4.69 ± 8.50 5.71 ± 7.57 0.23 ± 0.20 5.72 ± 7.56
100 -2.11 ± 3.78 1.75 ± 1.17 -0.18 ± 1.15 1.05 ± 0.81 0.26 ± 0.31 1.12 ± 0.78
150 -1.39 ± 6.18 2.06 ± 3.73 -0.48 ± 3.31 3.11 ± 2.10 0.34 ± 0.42 3.14 ± 2.09
200 -2.42 ± 8.10 3.97 ± 5.16 -2.23 ± 8.12 4.11 ± 3.35 0.29 ± 0.34 4.13 ± 3.34

Average -2.03 ± 6.28 2.47 ± 4.61 0.06 ± 6.34 3.29 ± 4.19 0.28 ± 0.34 3.33 ± 4.18

x (mm) -300
-150

0
150300

y (
mm)

-300
-150

0

150

300

z (
m

m
)

0

100

200

300

400

Actuator Trajectory
Test Positions

Fig. 7. Illustration of the localization experiments of the probe in the presence
of a dynamic actuator. The probe is mounted at five test positions (−180 mm,
−180 mm), (−180 mm, 180 mm) , (0 mm, 0 mm), (180 mm, −180 mm), and
(180 mm, 180 mm) on each horizontal plane (red) at four different heights
from 50 mm to 200 mm when the actuator is moving along an “S”-shaped
trajectory (blue) above the plane.

true orientation. As shown in Fig. 6, the EKF method achieves
a slightly better localization accuracy of 3.06± 1.33 mm and
0.69± 0.29° compared with the LS method (3.21± 1.36 mm
and 0.83 ± 0.57°). It can be seen from Fig. 6(b-c) that large
errors occasionally occur for the LS method as it only uses
the current sensor measurements for localization. In contrast,
the EKF method can take advantage of the previous pose
estimation by fusing the IMU and magnetic field sensing
data, which demonstrated a better capability to deal with
noisy sensor measurements and provides a smoother trajectory.
In addition, the EKF method provides a higher localization

update frequency of 80 ∼ 90Hz, which is faster than the LS
method (50 ∼ 60Hz).

Furthermore, in order to validate the compatibility of the
EKF-based localization method with magnetic actuation, we
conducted a set of localization experiments at a total of 20
positions in the 3D workspace above the sensor array in the
presence of a dynamic actuator. 4 horizontal planes were
selected with an increasing height from 50 mm to 200 mm,
and 5 test points were selected on each plane, as shown in
Fig. 7. At each test position, the probe was rigidly mounted,
and the actuator was commanded to move along an “S”-shaped
trajectory on a horizontal plane at a height of 250 mm above
the probe. The real-time localization results at each point
were recorded during the movement of the actuator, and the
localization accuracy in all DOFs is reported in Table I. In all
trials, the horizontal platform was firmly and rigidly connected
to the sensor array using 3D-printed connectors with known
size. The rigid connection was used to prevent motion of the
probe in the world coordinate frame and provide the ground
truth of the probe pose.

It was found that the best localization performance was
achieved when the probe was placed at medium heights (e.g.,
between 100 mm and 150 mm) above the sensor array. When
the probe is farther away from the sensor array, the signal-to-
noise ratio at the magnetic field sensors will be lower, which
would result in a decreased localization accuracy. On the other
hand, when the probe was too close to the sensor array, the
actuator would also be very close to the sensor array to realize
effective actuation of the probe, and the inaccuracy of the
magnetic field model of the actuator would have a greater
impact on the localization performance. The average position
errors in the 0.5 × 0.5 × 0.2m3 workspace in the presence of a
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Fig. 8. (a) shows the experimental setup where the mockup MA-TEE probe was actuated to follow a straight-line trajectory between two acrylic planes placed
above the sensor array. (b-d) show the estimated trajectories and tracking errors in 5 trials when the initial position of the probe is offset from the desired
trajectory in the y direction by about 100 mm. The red dashed lines in (b) illustrate the desired trajectory, and the black dashed lines in (c)(d) highlight the
time when the probe has traveled for 9 s, which is used to calculate the steady-state tracking errors.

dynamic actuator are −2.03 mm, 2.47 mm, and 0.06 mm in x,
y, and z axes, respectively, and the average orientation errors
are 3.29°, 0.28°, and 3.33° in x, y, and z axes, respectively.
Given the results, we can conclude that the localization system
can satisfy the accuracy requirements and be compatible with
magnetic actuation.

C. Evaluation of the Closed-Loop Control Method

In order to validate the effectiveness of the proposed closed-
loop control method, we inserted the mockup TEE probe
between two acrylic planes placed horizontally above the
sensor array, as shown in Fig. 8(a). The vertical position of the
probe was limited by the two planes, which was approximately
100 mm above the sensor array. The system was commanded
to actuate the probe to follow a straight-line trajectory on the
horizontal plane (i.e., y = 0). The desired magnetic moment
of the probe m̂d was set to be aligned with the −z direction
in the world frame. The acrylic planes were rigidly attached to
the sensor array during the experiments. The tracking accuracy
was represented by the error between the desired trajectory and
the localization results given by the pose estimation algorithm.

First, we conducted 5 trials to assess the control perfor-
mance of the system when the initial position of the probe
deviates from the desired trajectory in the y direction by
approximately 100 mm. The tracking error in position was
computed as the lateral offset from the trajectory, and the
orientation error was computed as the angle between the
desired and estimated magnetic moments of the probe m̂d

and m̂c. Fig. 8(b-d) show the estimated trajectories of the
probe compared with the desired trajectory and the tracking
errors in position and orientation in the 5 trials. The steady-
state position error after the probe has traveled for 9 s was
1.97 ± 2.97 mm, and the steady-state orientation error was
3.63± 1.75◦ over the 5 trials.

We additionally conducted two experiments to demonstrate
the capability of the system to overcome undesired distur-
bances and maintain a small steady-state tracking error. As
shown in Fig. 9, the probe was initialized on the desired
trajectory, and two manual disturbances were implemented
during the voyage of the probe to push the probe tip laterally
by approximately 100 mm when it has travelled about 120 mm

and 240 mm. It can be seen from Fig. 9 (b)(d) that the system
quickly responded to the position errors and controlled the
probe to recover from the disturbances. Fig. 9 (e-g) and
(h-j) show the estimated moving trajectories and tracking
errors in the two trials, respectively. The steady tracking
errors calculated over the trajectory before and after the two
disturbances were 3.23 ± 4.80 mm and 3.86 ± 2.40° for the
first experiment, and 2.59± 7.93 mm and 4.80± 3.36° for the
second experiment, respectively.

D. Demonstration of Robotic MA-TEE in a Cardiac Phantom

To preliminarily demonstrate the potential of the system in
robotic TEE acquisitions, we further validated our proposed
MA-TEE system on a realistic echocardiography training
phantom with simulated cardiac tissues (Blue Phantom Car-
diac Echo Model BPH700, CAE Healthcare), as shown in
Fig. 5(a). The TEE transducer has a field of view of 90°
and the imaging depth was set to 120 mm. The simulated
esophagus was lubricated with ultrasound coupling gel to
ensure acoustic coupling and improve the lubricity of the
probe-tissue interface.

In the first set of experiments, the MA-TEE probe was
commanded to advance through the esophagus following a
given trajectory in the cardiac phantom in 5 trials. To obtain
the trajectory of the esophagus, we performed a CT scan
of the phantom, and asked a clinician to manually segment
the esophagus from the CT image. Then, polynomial fitting
and B-spline interpolation were performed on the esophageal
points to obtain a smooth esophageal trajectory, which was
then transferred to the world coordinate system as the desired
trajectory for magnetic control, as shown in Fig. 10(a). The
desired z-direction of the probe was set to be perpendicular
to the tangential direction of the esophagus and located in the
vertical plane. In all trials, the electronic steering angle was
set as 0, which means the imaging plane coincided with the
y-z plane of the probe.

The estimated 3D trajectories in all five trials are shown
in Fig. 10(b), and Fig. 10(c) illustrates the z-direction of
the probe along the trajectory in one trial. Snapshots of the
experimental setup and the corresponding ultrasound images
are shown in Fig. 10(d). The total length of the moving
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Fig. 9. (a-d) show the snapshots of the closed-loop control experiments on a straight-line trajectory with two manual disturbances. The red dotted circles
highlight the positions of the probe tip. (e-g) and (h-j) show the trajectories of the probe (rainbow) compared with the desired trajectory (red dashed lines),
and the position and orientation errors in the two trials, respectively. The red shadowed areas highlight the duration of the disturbances.

trajectory of the probe was about 200 mm, and the average
propulsion time in all trials was 20 s. The overall tracking
accuracy in all five trials was 5.40±3.21 mm and 7.84±4.73°
in position and orientation, respectively. The results demon-
strated the effectiveness of the system to smoothly control
the probe to advance in the narrow esophagus with variable
friction and acquire clear ultrasound images of the heart.
The separation distance between the actuator and the probe
was about 200 mm, generating a maximum magnetic coupling
force of 0.85 N applied to the probe tip, which was empirically
found sufficient for actuation.

In the second test, we qualitatively demonstrate the in-

plane and out-of-plane rotations of the probe performed by the
MA-TEE system in the cardiac phantom under tele-operation,
as shown in Fig. 11. First, the probe was required to rotate
around its x-axis by 15°. The images acquired before and after
applying the rotation are shown in Fig. 11(a). Then, the probe
was commanded to perform an out-of-plane rotation around its
y-axis by −15°, which corresponds to the “anteflex” operation
in traditional TEE manipulation. As illustrated in Fig. 11(b),
the heart cavity was not visualized with the original probe
orientation, and was clearly visualized after the out-of-plane
rotation executed by the MA-TEE system. These results have
demonstrated the capability of the proposed MA-TEE system
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Fig. 10. (a) shows the esophageal points (blue) and the fitted centerline trajectory of the esophagus (black). (b) shows the estimated 3D trajectories of the
probe in all the propulsion experiments compared with the desired trajectory (black dashed line). (c) Arrows illustrate the z-direction of the probe in one
trial, with the color gradation showing the progression of time. (d) shows some snapshots of the experimental setup and the corresponding ultrasound images
during the propulsion experiments in the cardiac phantom.

to adjust the position and orientation of the probe under remote
control for TEE image acquisitions.

E. Video Demonstration

A detailed video demonstration of our experiments in Sec-
tion V-B to V-D is provided in the supplementary multimedia
attached to this paper, and also available online at the fol-
lowing links. An illustration of the localization experiments
is given in Supplementary Video 11. An illustration of the
closed-loop control experiments is provided in Supplementary
Video 22. Our demonstration of robotic TEE in the cardiac
phantom can be found in Supplementary Video 33.

VI. CONCLUSIONS

In this paper, we have presented the first closed-loop
magnetic manipulation framework to perform 6-DOF pose
estimation and 5-DOF control of a robotic TEE probe. We
have shown that by modifying a standard TEE probe to forgo

1https://youtu.be/dynumUn6WAU
2https://youtu.be/sNbxjVdleNU
3https://youtu.be/wMU 8lsNEeI

the flexible gastroscope and attach the probe tip with a magnet
and an IMU sensor, the probe can be viewed as a magnetic
capsule robot, and direct manipulation of the distal tip of the
probe in the esophagus can be achieved based on an external
and internal sensor fusion approach. Our method can achieve
accurate and efficient control of the magnetic capsule robot
without requiring complex structures of the capsule or the
external actuator, and can circumvent the need for applying
specific motions of the capsule. Our results show that

1) Using an external magnetic sensor array and an internal
IMU, the proposed EKF-based localization method can
achieve fast and accurate pose estimation of the probe tip
in a large workspace of 0.5 × 0.5 × 0.2m3 at an update
rate of 80 ∼ 90 Hz, and is compatible with simultaneous
magnetic actuation.

2) The proposed magnetic localization and actuation meth-
ods can realize closed-loop control of the probe tip to
follow a manually specified trajectory in a 3D workspace.

3) We provide the first demonstration of a magnetically
manipulated, tele-operated TEE probe for ultrasound ac-
quisitions. The results on a cardiac imaging phantom
demonstrate the potential of the proposed framework to

https://youtu.be/dynumUn6WAU
https://youtu.be/sNbxjVdleNU
https://youtu.be/wMU_8lsNEeI
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Fig. 11. (a) and (b) illustrate the in-plane rotation and out-of-plane rotation of the MA-TEE probe in the cardiac phantom. The red and blue arrows show
the rotation axes and directions in the two experiments, respectively. The yellow dotted lines in the ultrasound images are used to highlight the differences
between the images acquired before and after the rotations. The imaging depth is marked in the first ultrasound image (white). The commanded rotation
angles and the final orientation errors in the two experiments are marked in yellow.

be applied in real conditions.

The MA-TEE probe prototype used in this work was
manually assembled and fabricated to preliminarily validate
the feasibility of the proposed approach. In view of a clinical
translation, the design of the probe will need further refine-
ments, e.g., to use a more spherical shape to reduce friction,
and coat the probe with soft and biocompatible materials
[14]. Moreover, the MA-TEE probe and the soft tether can
be further miniaturized by integrating the TEE transducer and
the magnetic control modules in a more compact design. The
size of the permanent magnet in the TEE probe can be reduced
by increasing the volume of the actuator magnet to keep the
same actuation distance [41]. It should also be noted that our
experimental results only provide a preliminary validation of
the closed-loop control system for tele-operated TEE acquisi-
tions without considering the dynamic disturbances that may
occur in a clinical setting, such as respiration and heartbeat.
In vivo trials (e.g., in a porcine model) and clinical tests will
be necessary to further demonstrate the effectiveness of the
methods toward a potential clinical translation.

Maintaining close contact between the probe and the
esophageal tissue is crucial for acoustic coupling and effective
imaging for TEE acquisitions. Adding more coupling gel
on the probe could temporarily solve this issue, but cannot
guarantee close probe-tissue contact during the movement. In
view of this, visual servoing methods that control the pose
of the probe based on the ultrasound image quality may
improve contact between the probe and the tissue for better
image quality [9]. The magnetic control method itself may also
be exploited to improve transducer coupling by placing the
actuator in front of the patient so that the magnetic attraction
will inherently provide close contact between the probe and
the tissue for effective imaging of the heart [14].

It is challenging to move the transducer backward using
the current control method due to the large resistance caused

by the tether. Therefore, our method is mainly proposed to
propel the transducer forward in the esophagus and steer it
for the examination, and the tether may be manually retrieved
by a human operator during or after the examination, which
can also be used as a failsafe method, similar to [14]. In
view of a teleoperation scenario where trained clinicians might
not be present, one may consider using another mechanism
to grab and hold the cable to pull the transducer out [17].
Another possible solution is to replace the tether with wireless
technology [46]. In addition, it might be useful in clinical
practice to still have a mechanism to allow manual insertion of
the probe tip to handle the situation where magnetic propulsion
may not be sufficient to overcome environmental resistance.

Nevertheless, the proposed methods have provided a novel
solution to closed-loop control of an intracorporeal ultrasound
probe based on magnetic methods. In view of a fully au-
tonomous robotic system for TEE acquisition, the control
method presented in this paper may be integrated with image-
guided probe navigation methods (e.g., [13], [47]). The pro-
posed methods may also be extended to other applications
such as robot-assisted minimally invasive surgeries [48].

REFERENCES

[1] V. Chan and A. Perlas, “Basics of ultrasound imaging,” in Atlas
of ultrasound-guided procedures in interventional pain management.
Springer, 2011, pp. 13–19.

[2] B. K. Khandheria, J. B. Seward, and A. J. Tajik, “Transesophageal
echocardiography,” in Mayo Clinic Proceedings, vol. 69, no. 9. Elsevier,
1994, pp. 856–863.

[3] R. T. Hahn, T. Abraham, M. S. Adams, C. J. Bruce, K. E. Glas, R. M.
Lang, S. T. Reeves, J. S. Shanewise, S. C. Siu, W. Stewart et al.,
“Guidelines for performing a comprehensive transesophageal echocar-
diographic examination: recommendations from the american society of
echocardiography and the society of cardiovascular anesthesiologists,”
Journal of the American Society of Echocardiography, vol. 26, no. 9,
pp. 921–964, 2013.

[4] A. Bloch, R. Von Arx, R. Etter, D. Berger, H. Kaiser, A. Lenz, and T. M.
Merz, “Impact of simulator-based training in focused transesophageal
echocardiography: a randomized controlled trial,” Anesthesia & Analge-
sia, vol. 125, no. 4, pp. 1140–1148, 2017.



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021 13

[5] A. B. Freitas-Ferraz, M. Bernier, R. Vaillancourt, P. A. Ugalde,
F. Nicodème, J.-M. Paradis, J. Champagne, G. O’Hara, L. Junquera,
D. Del Val et al., “Safety of transesophageal echocardiography to guide
structural cardiac interventions,” Journal of the American College of
Cardiology, vol. 75, no. 25, pp. 3164–3173, 2020.

[6] G.-Z. Yang, B. J. Nelson, R. R. Murphy, H. Choset, H. Christensen,
S. H. Collins, P. Dario, K. Goldberg, K. Ikuta, N. Jacobstein et al.,
“Combating covid-19—the role of robotics in managing public health
and infectious diseases,” 2020.

[7] K. Li, Y. Xu, and M. Q.-H. Meng, “An overview of systems and
techniques for autonomous robotic ultrasound acquisitions,” IEEE Trans-
actions on Medical Robotics and Bionics, vol. 3, no. 2, pp. 510–524,
2021.

[8] A. S. B. Mustafa, T. Ishii, Y. Matsunaga, R. Nakadate, H. Ishii,
K. Ogawa, A. Saito, M. Sugawara, K. Niki, and A. Takanishi, “Develop-
ment of robotic system for autonomous liver screening using ultrasound
scanning device,” in 2013 IEEE International Conference on Robotics
and Biomimetics (ROBIO). IEEE, 2013, pp. 804–809.

[9] P. Chatelain, A. Krupa, and N. Navab, “Confidence-driven control of an
ultrasound probe,” IEEE Transactions on Robotics, vol. 33, no. 6, pp.
1410–1424, 2017.

[10] Y. Bi, Z. Jiang, Y. Gao, T. Wendler, A. Karlas, and N. Navab, “Vesnet-
rl: Simulation-based reinforcement learning for real-world us probe
navigation,” IEEE Robotics and Automation Letters, vol. 7, no. 3, pp.
6638–6645, 2022.

[11] K. Li, J. Wang, Y. Xu, H. Qin, D. Liu, L. Liu, and M. Q.-H. Meng,
“Autonomous navigation of an ultrasound probe towards standard scan
planes with deep reinforcement learning,” in 2021 IEEE International
Conference on Robotics and Automation (ICRA), 2021, pp. 8302–8308.

[12] G. Ning, X. Zhang, and H. Liao, “Autonomic robotic ultrasound imaging
system based on reinforcement learning,” IEEE Transactions on Biomed-
ical Engineering, vol. 68, no. 9, pp. 2787–2797, 2021.

[13] K. Li, Y. Xu, J. Wang, D. Ni, L. Liu, and M. Q.-H. Meng, “Image-
guided navigation of a robotic ultrasound probe for autonomous spinal
sonography using a shadow-aware dual-agent framework,” IEEE Trans-
actions on Medical Robotics and Bionics, vol. 4, no. 1, pp. 130–144,
2022.

[14] J. C. Norton, P. R. Slawinski, H. S. Lay, J. W. Martin, B. F. Cox,
G. Cummins, M. P. Desmulliez, R. E. Clutton, K. L. Obstein, S. Cochran
et al., “Intelligent magnetic manipulation for gastrointestinal ultra-
sound,” Science robotics, vol. 4, no. 31, 2019.

[15] P. M. Loschak, L. J. Brattain, and R. D. Howe, “Algorithms for
automatically pointing ultrasound imaging catheters,” IEEE Transactions
on Robotics, vol. 33, no. 1, pp. 81–91, 2016.

[16] S. Wang, D. Singh, D. Johnson, K. Althoefer, K. Rhode, and R. J.
Housden, “Robotic ultrasound: View planning, tracking, and automatic
acquisition of transesophageal echocardiography,” IEEE Robotics &
Automation Magazine, vol. 23, no. 4, pp. 118–127, 2016.

[17] S. Wang, J. Housden, D. Singh, K. Althoefer, and K. Rhode, “Design,
testing and modelling of a novel robotic system for trans-oesophageal
ultrasound,” The International Journal of Medical Robotics and Com-
puter Assisted Surgery, vol. 12, no. 3, pp. 342–354, 2016.

[18] J. J. Abbott, E. Diller, and A. J. Petruska, “Magnetic methods in
robotics,” Annual Review of Control, Robotics, and Autonomous Systems,
vol. 3, 2020.

[19] L. J. Sliker and G. Ciuti, “Flexible and capsule endoscopy for screening,
diagnosis and treatment,” Expert review of medical devices, vol. 11,
no. 6, pp. 649–666, 2014.

[20] Y. Xu, K. Li, Z. Zhao, and M. Q.-H. Meng, “Autonomous magnetic
navigation framework for active wireless capsule endoscopy inspired by
conventional colonoscopy procedures,” IEEE Robotics and Automation
Letters, 2022.

[21] Y. Xu, K. Li, Z. Zhao, and M. Q.-H. Meng, “Adaptive simultaneous
magnetic actuation and localization for wce in a tubular environment,”
IEEE Transactions on Robotics, vol. 38, no. 5, pp. 2812–2826, 2022.

[22] K. M. Popek, T. Hermans, and J. J. Abbott, “First demonstration of
simultaneous localization and propulsion of a magnetic capsule in a
lumen using a single rotating magnet,” in 2017 IEEE International
Conference on Robotics and Automation (ICRA). IEEE, 2017, pp.
1154–1160.

[23] Y. Xu, K. Li, Z. Zhao, and M. Q.-H. Meng, “A novel system for
closed-loop simultaneous magnetic actuation and localization of wce
based on external sensors and rotating actuation,” IEEE Transactions on
Automation Science and Engineering, 2020.

[24] J. Hwang, J.-y. Kim, and H. Choi, “A review of magnetic actuation
systems and magnetically actuated guidewire-and catheter-based micro-

robots for vascular interventions,” Intelligent Service Robotics, vol. 13,
pp. 1–14, 2020.

[25] A. Ali, D. H. Plettenburg, and P. Breedveld, “Steerable catheters in
cardiology: Classifying steerability and assessing future challenges,”
IEEE Transactions on Biomedical Engineering, vol. 63, no. 4, pp. 679–
693, 2016.

[26] C. M. Heunis, K. J. Behrendt, E. E. Hekman, C. Moers, J.-P. P. de Vries,
and S. Misra, “Design and evaluation of a magnetic rotablation catheter
for arterial stenosis,” IEEE/ASME transactions on mechatronics, vol. 27,
no. 3, pp. 1761–1772, 2021.

[27] Y. Kim, G. A. Parada, S. Liu, and X. Zhao, “Ferromagnetic soft
continuum robots,” Science Robotics, vol. 4, no. 33, p. eaax7329, 2019.

[28] D. Son, M. D. Dogan, and M. Sitti, “Magnetically actuated soft capsule
endoscope for fine-needle aspiration biopsy,” in 2017 IEEE International
Conference on Robotics and Automation (ICRA). IEEE, 2017, pp.
1132–1139.

[29] S. Guitron, A. Guha, S. Li, and D. Rus, “Autonomous locomotion
of a miniature, untethered origami robot using hall effect sensor-
based magnetic localization,” in 2017 IEEE International Conference
on Robotics and Automation (ICRA). IEEE, 2017, pp. 4807–4813.

[30] D. Ye, J. Xue, S. Yuan, F. Zhang, S. Song, J. Wang, and M. Meng,
“Design and control of a magnetically-actuated capsule robot with
biopsy function,” IEEE Transactions on Biomedical Engineering, pp.
1–1, 2022.

[31] K. M. Popek, A. W. Mahoney, and J. J. Abbott, “Localization method
for a magnetic capsule endoscope propelled by a rotating magnetic
dipole field,” in 2013 IEEE International Conference on Robotics and
Automation. IEEE, 2013, pp. 5348–5353.

[32] K. M. Popek, T. Schmid, and J. J. Abbott, “Six-degree-of-freedom
localization of an untethered magnetic capsule using a single rotating
magnetic dipole,” IEEE Robotics and Automation Letters, vol. 2, no. 1,
pp. 305–312, 2016.

[33] A. Z. Taddese, P. R. Slawinski, M. Pirotta, E. De Momi, K. L. Obstein,
and P. Valdastri, “Enhanced real-time pose estimation for closed-loop
robotic manipulation of magnetically actuated capsule endoscopes,” The
International journal of robotics research, vol. 37, no. 8, pp. 890–911,
2018.

[34] C. Hu, M. Q.-H. Meng, and M. Mandal, “Efficient magnetic localization
and orientation technique for capsule endoscopy,” International Journal
of Information Acquisition, vol. 2, no. 01, pp. 23–36, 2005.

[35] Y. Xu and M. Q.-H. Meng, “Free sensor array based relative localization
system for wireless capsule endoscopy,” in 2018 IEEE International
Conference on Robotics and Biomimetics (ROBIO). IEEE, 2018, pp.
550–555.

[36] Y. Xu, K. Li, Z. Zhao, and M. Q.-H. Meng, “Improved multiple
objects tracking based autonomous simultaneous magnetic actuation
& localization for wce,” in 2020 IEEE International Conference on
Robotics and Automation (ICRA). IEEE, 2020, pp. 5523–5529.

[37] K. Li, Y. Xu, Z. Zhao, and M. Q.-H. Meng, “External and internal
sensor fusion based localization strategy for 6-dof pose estimation of
a magnetic capsule robot,” IEEE Robotics and Automation Letters, pp.
1–1, 2022.

[38] A. J. Petruska and J. J. Abbott, “Optimal permanent-magnet geometries
for dipole field approximation,” IEEE transactions on magnetics, vol. 49,
no. 2, pp. 811–819, 2012.

[39] N. Derby and S. Olbert, “Cylindrical magnets and ideal solenoids,”
American Journal of Physics, vol. 78, no. 3, pp. 229–235, 2010.

[40] R. S. Bucy and P. D. Joseph, Filtering for stochastic processes with
applications to guidance. American Mathematical Soc., 2005, vol.
326.

[41] A. W. Mahoney and J. J. Abbott, “Five-degree-of-freedom manipulation
of an untethered magnetic device in fluid using a single permanent mag-
net with application in stomach capsule endoscopy,” The International
Journal of Robotics Research, vol. 35, no. 1-3, pp. 129–147, 2016.

[42] G. Pittiglio, L. Barducci, J. W. Martin, J. C. Norton, C. A. Avizzano,
K. L. Obstein, and P. Valdastri, “Magnetic levitation for soft-tethered
capsule colonoscopy actuated with a single permanent magnet: A
dynamic control approach,” IEEE robotics and automation letters, vol. 4,
no. 2, pp. 1224–1231, 2019.

[43] B. Kuo and D. Urma, “Esophagus-anatomy and development,” GI
Motility online, 2006.

[44] C. Lin, Q. Yu, J. Wang, W. Ji, W. Li, and Z. Zhou, “Friction behavior
between endoscopy and esophageal internal surface,” Wear, vol. 376,
pp. 272–280, 2017.

[45] K. Pushparajah, O. I. Miller, D. Rawlins, A. Barlow, K. Nugent, and
J. M. Simpson, “Clinical application of a micro multiplane transoe-



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021 14

sophageal probe in congenital cardiac disease,” Cardiology in the Young,
vol. 22, no. 2, p. 170–177, 2012.

[46] J. Seo and Y.-s. Kim, “Ultrasound imaging and beyond: recent advances
in medical ultrasound,” Biomedical Engineering Letters, vol. 7, pp. 57–
58, 2017.

[47] K. Li, A. Li, Y. Xu, H. Xiong, and M. Q.-H. Meng, “RL-TEE: Au-
tonomous probe guidance for transesophageal echocardiography based
on attention-augmented deep reinforcement learning,” IEEE Transac-
tions on Automation Science and Engineering, pp. 1–13, 2023.

[48] Y. Guo, B. Pan, Y. Fu, and M. Q.-H. Meng, “Acam-foc: A deep
neural network augmented from cam-foc to measure the grip force
of mass-produced elongated surgical instruments,” IEEE Robotics and
Automation Letters, pp. 1–8, 2023.

ACKNOWLEDGMENTS

We would like to thank Dr. Chao Hu, Mr. Quan Yue, Ms.
Yue Meng, and Dr. Songhua Xiao from Yuanhua Robotics,
Perception & AI Technologies Ltd., Shenzhen, China, for their
inspiring discussion and technical support to this study.

Keyu Li received the B.Eng. degree in communi-
cation engineering from Harbin Institute of Tech-
nology, Weihai, China, in 2019. She is currently
pursuing the Ph.D. degree with the Department of
Electronic Engineering, The Chinese University of
Hong Kong, Hong Kong.

Her research interests include artificial intelli-
gence in robot decision-making, medical robotics,
and medical imaging applications, with a focus on
autonomous robotic ultrasound systems, supervised
by Prof. Max Q.-H, Meng.

Ms. Li received the IEEE Transactions on Automation Science and Engi-
neering Best New Application Paper Award, in 2022. She has been an awardee
of the Hong Kong PhD Fellowship Scheme (HKPFS) since 2019.

Yangxin Xu received the B.Eng. degree in electrical
engineering and its automation from Harbin Institute
of Technology, Weihai, China, in 2017, and the
Ph.D. degree from the Department of Electronic
Engineering, The Chinese University of Hong Kong,
Hong Kong SAR, China, in 2021. He is currently
with Yuanhua Robotics, Perception & AI Technolo-
gies Ltd., Shenzhen, China.

His research focuses on magnetic actuation and
localization methods and hardware implementation
for active wireless robotic capsule endoscopy, su-

pervised by Prof. Max Q.-H, Meng.
Dr. Xu received the IEEE Transactions on Automation Science and Engi-

neering Best New Application Paper Award, in 2022, and the Best Conference
Paper Award from the 2018 IEEE International Conference on Robotics and
Biomimetics (ROBIO), Kuala Lumpur, Malaysia, in 2018.

Ziqi Zhao received the B.Eng. and M.Eng. degree
in mechanical engineering from Shenyang Jianzhu
University, Shenyang, China, in 2016 and 2019, re-
spectively. He is currently pursuing the Ph.D. degree
with the Department of Electronic and Electrical
Engineering, the Southern University of Science and
Technology (SUSTech), Shenzhen, China.

His current research interests include bionic, med-
ical and service robotics, supervised by Prof. Max
Q.-H, Meng.

Mr. Zhao received the IEEE Transactions on Au-
tomation Science and Engineering Best New Application Paper Award, in
2022.

Ang Li received his B.S. in biomedical engineer-
ing from Northeastern University, China, in 2019
and MSc. degree in electronic engineering from
the Chinese University of Hong Kong, in 2020.
Currently, he is a Ph.D. student in the electronic
engineering department at CUHK and his research
interests include image-based surgical navigation
and reinforcement learning.



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021 15

Max Q.-H. Meng received his Ph.D. degree in
Electrical and Computer Engineering from the Uni-
versity of Victoria, Canada, in 1992. He is currently
a Chair Professor and the Head of the Depart-
ment of Electronic and Electrical Engineering at the
Southern University of Science and Technology in
Shenzhen, China, on leave from the Department of
Electronic Engineering at the Chinese University of
Hong Kong. He joined the Chinese University of
Hong Kong in 2001 as a Professor and later the
Chairman of Department of Electronic Engineering.

He was with the Department of Electrical and Computer Engineering at the
University of Alberta in Canada, where he served as the Director of the
ART (Advanced Robotics and Teleoperation) Lab and held the positions
of Assistant Professor (1994), Associate Professor (1998), and Professor
(2000), respectively. He is an Honorary Chair Professor at Harbin Institute
of Technology and Zhejiang University, and also the Honorary Dean of the

School of Control Science and Engineering at Shandong University, in China.
His research interests include medical and service robotics, robotics percep-

tion and intelligence. He has published more than 750 journal and conference
papers and book chapters and led more than 60 funded research projects to
completion as Principal Investigator.

Prof. Meng has been serving as the Editor-in-Chief and editorial board of a
number of international journals, including the Editor-in-Chief of the Elsevier
Journal of Biomimetic Intelligence and Robotics, and as the General Chair
or Program Chair of many international conferences, including the General
Chair of IROS 2005 and ICRA 2021, respectively. He served as an Associate
VP for Conferences of the IEEE Robotics and Automation Society (2004-
2007), Co-Chair of the Fellow Evaluation Committee and an elected member
of the AdCom of IEEE RAS for two terms. He is a recipient of the IEEE
Millennium Medal, a Fellow of IEEE, a Fellow of Hong Kong Institution of
Engineers, and an Academician of the Canadian Academy of Engineering.


	Introduction
	Related Work
	Nomenclature
	Methodology
	Problem Formulation
	System Overview
	Sensor Fusion based Localization
	Localization Model
	Initial Localization with Least-Squares Optimization
	Real-time Tracking with Extended Kalman Filter

	Closed-Loop Magnetic Actuation
	Dynamic Model of the Probe
	Closed-Loop Actuation Algorithm


	Experiments
	System Setup
	Evaluation of the Localization Method
	Evaluation of the Closed-Loop Control Method
	Demonstration of Robotic MA-TEE in a Cardiac Phantom
	Video Demonstration

	Conclusions
	References
	Biographies
	Keyu Li
	Yangxin Xu
	Ziqi Zhao
	Ang Li
	Max Q.-H. Meng


