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Abstract—This study introduces a noninvasive localization
approach aimed at fusing the data streams from slow-rate
pulse-echo sensors and fast-rate magnetic coupling localization
(MCL) sensors, to enhance the positioning precision of externally
actuated untethered magnetic robots (UMRs). These systems
work by robotically moving rotating permanent magnets (RPMs)
enabling control of UMRs in bodily fluids for targeted therapy. By
combining the position information of UMRs derived from MCL
with the environment’s reconstructed imagery acquired through
ultrasound imaging, essential feedback details can be swiftly
ascertained with reduced uncertainty. First, we demonstrate the
capabilities and limitations of MCL on its own. Investigating
down-scaling of the UMR shows us that the localization accuracy
of a 12-mm UMR, an 8-mm UMR, a 5-mm UMR, and a 3-
mm UMR at a distance of 180 mm from the RPM, in terms
of the mean absolute position error, is 0.7 - 0.7 mm, 0.9 + 0.4
mm, 1.3 + 0.2 mm, and 0.3 + 0.1 mm, respectively. This error
tends to decrease when lowering the actuation frequency of the
UMR, particularly when operating above the zero dB crossing
of the RPM actuator. Second, we formulate a model for directly
fusing data from two sensors—specifically, MCL and ultrasound
localization. Then we use this fused data to showcase the effective
and complementary roles provided by the sensors in enhancing
localization accuracy during the wireless actuation. The fusion
mechanism empowers the localization of UMRs within blood
vessel phantoms, enabling continuous feedback provision even in
scenarios where ultrasound signals are obstructed, temporarily
or permanently, by wave reflectors. Our findings emphasize
that the mean absolute position error for an 8-mm UMR,
positioned 140 mm away from the RPM actuator, during pulse-
echo localization interruptions, averages 1.4 + 0.3 mm (n = 18),
considering 4 different simulated interruption patterns with 3
distinct measurements each.

I. INTRODUCTION

NTETHED magnetic robots hold promise in diagnostics

and targeted drug delivery by enabling interventions
with minimal incisions and access to deep-seated-regions of
the human body [1], [2], [3]. The key advantage of these
untethered magnetic robots (UMRs) in biomedical applications
has emerged when clinical imaging modalities, like ultrasound
(US) systems, were incorporated with wireless manipulation
systems to provide feedback and enable accurate in vivo
tracking and control without visual inspection [4], [5]. On
the fundamental side, this integration allowed us to study and
understand the performance characteristics of a wide range
of UMRs in vivo, where different flow patterns, near-wall
effects, heterogeneous rheological properties, and concentrated
cells are likely to affect the motion. Currently, UMRs can be
systematically maneuvered from their initial insertion point
to a predetermined target, and subsequently retrieved. Under
the anticipated in vivo circumstances, the need for noninva-
sive localization becomes crucial for real-time control. It is
essential that this localization requirement does not excessively
complicate wireless manipulation systems by introducing a
notable complexity due to the interplay between actuation
and localization.

The integration of wireless magnetic manipulation and med-
ical imaging systems has been achieved in several ways based
on the working principle of wireless actuation and noninvasive
localization [1], [6]. Typically, in state-of-the-art systems, the
power, electronic, electromechanical, and localization systems
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Fig. 1. An untethered magnetic robot (UMR) is maneuvered within a
blood vessel phantom, and its position can be ascertained using either
magnetic coupling or ultrasound images. (a) Magnetic coupling and ultrasound
images are simultaneously estimated and measured. (b) The ultrasound image
provides a clear longitudinal cross-section of the phantom, revealing a distinct
silhouette of the UMR within the vessel. Combining ultrasound data with
magnetic coupling localization data improves positioning accuracy.

required to control the UMRSs are separated and/or embedded
into wireless manipulation systems. This approach allows for
simplifications to the design of UMRs into a wire formed into
a helix or an elastic tail to achieve locomotion by transverse
bending waves along their length [7], [8], or using rigid struc-
tures with simple geometric features (spherical, ellipsoidal,
and cylindrical) [9]. Alternatively, propulsion is achieved by
rolling or tumbling on a nearby solid boundary [10]. Although
this approach enables the design of the UMRSs to be simplified,
the wireless manipulation systems become significantly more
complex and hinder the transfer of this technology into in
vivo applications for two key reasons. First, wireless actuation
and noninvasive localization rely on the transduction of energy
from the actuator magnet or electromagnet to the UMR to
create work (i.e., mechanical energy in the form of locomotion
or oscillation) and from the UMR to a transducer to create a
detectable signal (i.e., needed for localization). These require-
ments place strict constraints on the actuation and localization
systems in terms of their type and configuration. Second, the
integration of existing noninvasive imaging systems is not
straightforward because they are conceived to achieve specific
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Fig. 2. The spherical UMR is rolled inside a blood vessel phantom with the RPM’s position controlled to achieve straight runs along the y-axis. The current
drawn by, and the angular velocity of the actuator are used to estimate the position of the UMR with respect to the RPM. The RPM is simultaneously localized
using ultrasound images. Ultrasound scans are gathered at a rate of 20 Hz, while MCL estimates the position of the UMR at a rate of 167 Hz.

medical imaging operations. Consequently, the fusion process
of wireless actuation and imaging systems is likely to impose
physical constraints, limiting optimum performance, especially
in cases where multiple actuators are required [11], [12].
Despite these limitations, there have been two approaches to
tackle these issues. The first approach incorporates additional
functionalities to the existing imaging system [13], [14], while
the second introduces arrays of multiple sensors to measure
the UMR’s field [15]. Recently, there has been a rapid devel-
opment in the first approach through the integration of non-
invasive imaging systems (e.g., computed tomography [16],
magnetic resonance [17], ultrasound [18], photoacoustic [19],
electrical impedance tomography [20] and magnetic [21])
with magnetic manipulation systems. This integration has
enabled implementing wireless actuation and motion control
experiments in conditions similar to these encountered in vivo,
or even realize wireless control in vivo [22], [23]. Niedert et
al. conducted an operation involving a tumbling microrobot
within an animal colon. This was achieved by utilizing an
external time-periodic magnetic field in conjunction with an
ultrasound imaging system [24], [25]. Vonthrom et al. have uti-
lized a clinical magnetic resonance imaging (MRI) system to
localize, steer, and control microrobots and microdevices [13].
Likewise, Tiryaki et al. demonstrated the efficacy of an MRI-
powered magnetic miniature capsule robot. This innovative
approach harnessed the acoustic streaming forces generated
by high-intensity focused ultrasound to facilitate controlled
drug release [14]. Servant et al. have used the feedback of
an optical fluorescence imaging system to control a swarm
of functionalized artificial bacterial flagella in vivo [26].

Pane er al. have presented a noninvasive localization strategy
based on ultrasound acoustic phase analysis and demonstrated
feedback control of a microrobot inside a tissue-mimicking
phantom [27]. This principle of using the specific acoustic
phase modulation produced by the motion of the microrobot
has been implemented to enhance the contrast of the ultra-
sound images and enable robust feedback control.

In contrast to the use of imaging systems, the second
approach relies on the utilization of magnetic field sensors
either onboard the UMR or within a scalable workspace based
on the configuration of the sensors. Popek et al. have demon-
strated simultaneous localization and closed-loop propulsion
of a capsule containing embedded Hall-effect sensors using
a single rotating actuator magnet [28]. The incorporation of
these sensors aboard such a capsule has proven to create
a useful level of information even beyond localization. For
example, Miller et al. have used Hall-effect sensors aboard a
capsule to perceive the onset of step-out and adopt a strategy
to keep the capsule in sync [29]. However, this method can
be used to localize relatively large capsules since the field
sensors and its wireless circuit should be integrated within
its body, and is particularly useful when considering medical
applications in the gastrointestinal system or inside natural
lumen pathways with relatively large diameters. Alternatively,
arrays (1-D, 2-D, and 3-D) of magnetic field sensors have been
used to measure the magnetic field of UMRs and use the pre-
calculated field of the actuator magnet to achieve localization
[30]-[33]. Just recently, Zhang et al. have introduced a novel
approach involving simultaneous magnetic localization and
actuation. They have achieved this through an eye-in-hand



TABLE I
COMPARISON OF THE MAGNETIC COUPLING LOCALIZATION (MCL) WITH THE STATE-OF-THE-ART METHODS THAT HAVE BEEN USED IN THE FIELD OF
SMALL-SCALE ROBOTICS [4]. OPTICAL TECHNIQUES ARE CLASSIFIED INTO REFLECTION AND FLUORESCENCE. ELECTRICAL IMPEDANCE TOMOGRAPHY
(EIT) 1S CLASSIFIED INTO CONVENTIONAL EIT AND MULTI-FREQUENCY EIT [43], [20]. THE SYMBOLS (+++) AND (- - -) REFLECT THE LEVEL OF
GREATEST PROMISE AND DRAWBACK, RESPECTIVELY, FOR A GIVEN FEATURE (E.G., RESOLUTION OR BIOCOMPATIBILITY). THE
ACRONYMS LoC AND EQ. INDICATE LOCALIZATION AND EQUIPMENT, RESPECTIVELY.

Optical Ultrasound Radiation EIT Magnetic techniques

Method Reflection ~ Fluorescence  B-mode  Doppler CT/X-rays Conventional. — Multi-frequency MRI  MPI  MFES MCL
Temporal res. +++ - +++ ++ ++ - - --- ++ NA NA
Spatial res. +++ - ++ ++ ++ - - - - +++ - - NA NA
Loc. speed + + + + + + - + + Sl
Loc. depth - - ++ ++ +++ - - +++ ++ + 44+

Biocompat. +++ + +++ +++ .- - ++ ++ + + ++
Complexity + +++ +++ +++ +++ +++ + ++ - +++
EQ. cost - - - - - --- + + -- -- ++ +++
Training req. + + + + - - - - - - - - - - + +

EQ. size + + + + --- + + .- - + +++

configuration for magnetic field sensors and a mobile elec-
tromagnetic manipulation system [34]. Notably, the challenge
of Hall-effect sensor saturation can frequently be overcome
by effectively choosing suitable sensors or by increasing the
separation between the sensors and the actuator magnet.

In this study, we introduce and verify a non-invasive lo-
calization method for UMRs within fluid-filled lumens. This
method works by estimating the permanent magnetic coupling
between the magnetic moment of a rotating permanent magnet
(RPM) actuator and a nearby UMR. The estimation of the
magnetic coupling is achieved relying on the same signals that
are used for actuation of the RPM (i.e., electric current and
angular velocity), enabling simultaneous wireless actuation
and localization without additional sensors. We demonstrate
the validity of this magnetic coupling localization (MCL)
method using magnetic roller ranging from 12 mm to 3 mm
in diameter and investigate the influence of the actuation
parameters on the localization error.

Our MCL differs from the conventional imaging techniques
(Table I) that have been employed in the field of small-scale
robotics [4] due to its ability to solely determine the position
of a UMR through the estimation of magnetic torque. As
we lack the capability to construct a 2-D or 3-D image of
the environment, MCL must be integrated with a traditional
imaging system using a hybrid approach. To ensure precise
predictions, this hybrid technique would merge the estimated
position from MCL with images reconstructed using one of the
conventional methods. The integration of multiple data sources
is pivotal to enhancing the robustness of localization.

It is noteworthy that optical, pulse-echo, ionizing radiation,
electrical impedance tomography, and magnetic-based imaging
techniques leverage the same core principle—signal absorp-
tion and attenuation captured by detectors to create image
patterns of tissue and natural pathways. When a UMR is
placed within tissue or a natural pathway, it can be detected
through these same image patterns. Nevertheless, maintaining
sufficient frame rates for transmitted images is imperative.
Consequently, localization would need to be executed at an
accelerated pace, ensuring that the UMR’s position is promptly
determined and used in feedback control. Alternatively, if
images collected from an imaging system are employed to

reconstruct the surroundings’ interior, MCL can then ascertain
the UMR’s location. This leads to an increased localization
speed, rendering wireless closed-loop control more attainable.
This is one of the advantages inherent to MCL as compared
to traditional imaging techniques.

Table I shows a comparison between the traditional imaging
techniques and MCL. Using Hall-effect sensors or MCL
to track UMRs requires that the physical surroundings be
reconstructed. However, MCL does not require any sensors
aboard the UMR or within its workspace. Therefore, it is
economically advantageous to track a UMR using MCL
(over Hall-effect methods) regardless of the temporal and
spatial resolution of the imaging system, which is required
to reconstruct the physical surroundings. MCL provides a
direct way to determine the position without the need for
image reconstruction. Therefore, it is reasonable to expect the
localization speed of MCL to be greater than that of any other
traditional method. Because of the transparency of the human
body to magnetic fields, magnetic techniques (including MCL)
have greater localization depth than any other method except
for radiation methods.

This thesis presents such a hybrid noninvasive localization
approach that fuses data acquired from ultrasound images
and magnetic coupling localization (MCL). While ultrasound
imaging has demonstrated its capability to provide localiza-
tion, the presence of wave reflectors in vivo is likely to
negatively impact the quality of collected data. Through the
fusion of MCL with ultrasound image data, we introduce a
localization method that surpasses conventional approaches.
From a practical standpoint, exploiting the rapid-rate encoder
feedback, and determining the UMR’s position from the RPM
actuator sensors offers a computational advantage. Addition-
ally, It is important to note that due to the human body’s
magnetic field transparency, achieving the UMR’s position
through MCL offers distinct physical benefits.

We demonstrate our localization outcomes through the
control of a UMR (i.e., milli-roller) within a blood ves-
sel phantom, filled with porcine blood, utilizing a position-
controlled RPM. This RPM is controlled by a 6-degrees-of-
freedom (DOF) manipulator (Fig. 1(a)), facilitating adjustment
of the RPM-UMR gap. While in motion inside the blood vessel



phantom, ultrasound images are gathered to reconstruct the
internal structure of the phantom, encompassing layers such
as skin, fat, muscle, and lumen, as shown in Fig. 1(b).

The thesis is organized as follows: Section II provides
mathematical modeling and numerical results of the permanent
magnetic coupling between the RPM actuator and the UMR.
In addition, the model is used to investigate the trade-offs
between localization and motion control. Estimation of the
magnetic coupling using the inputs and states of the actuator
RPM is presented in Section III for various actuation perfor-
mances (e.g., actuation and translational speed of the RPM).
In Section IV, we discuss experimental results to illustrate
the simultaneous actuation and localization of a UMR inside
a fluid-filled lumen using an RPM fixed to the end-effector
of a robotic manipulator. In Section V, we elaborate on the
implementation of localization using MCL and ultrasound
images, outlining the limitations inherent in each technique.
Furthermore, we present our devised data fusion strategy.
Section VI introduces a performance evaluation framework
designed to assess the effectiveness of both traditional ul-
trasound localization and sensor fusion localization solutions.
Discussions pertaining to the practical limitations of our MCL
method, the fusion of localization methods, and a comparison
with state-of-the-art localization techniques are provided in
Section VII. Finally, Section VIII concludes the thesis and
provides direction for future work.

II. MAGNETIC COUPLING BETWEEN AN RPM AND A
UMR

Magnetic coupling between an RPM and a UMR (e.g.,
tumbling robot, helix, roller, ellipsoid) enables them to be
oriented in synchrony [35]. In what follows, we discuss the
theoretical background behind the interactions between an
RPM and a UMR to determine the magnetic coupling from
the signals that are used to actuate the RPM. In this thesis,
the symbol ~ denotes an estimation of a variable (e.g., p is
the estimated position of the UMR). Unit-length vectors are
denoted by Blackboard bold (e.g., m denotes the unit-length
magnetic moment of the UMR).

A. Magnetic Interactions

We consider a UMR of magnetic dipole moment m € R3,
actuated using an RPM with a magnetic dipole moment
M € R3. The UMR and RPM locations are characterized
by the position vectors ©p,., € R3, positioned in the center
of the UMR, and “p,.; € R3, positioned in the center
of the RPM, with respect to a reference frame, respectively
(Fig. 2). The interaction between the two dipoles depends on
their relative position vector, p = Opmb — Opact, and the
magnitude of their respective dipole moments. When the UMR
is placed in the vicinity of the RPM’s generated magnetic
dipole field, B(p, M), it experiences a magnetic force, f;,, =
(m - V)B(p, M), and magnetic torque, T, = m x B(p, M),
which can be further expressed as

_ Sttol M f[ra]

£, = Mm” + mM” + (mTZM)I) p, (1)
re )

where o = 47 x 1077 N.A=2 is the permeability of free
space and Z = I — 5pp”. Similarly, the magnetic torque is
given by
A
m = 3
4r||p|l

where D(p) = 3pp? — L and I € R3*? is the identity
matrix [36]. The magnetic torque aligns the UMR’s dipole
moment with the applied field, while the magnetic force
pulls the UMR in the direction determined by the field’s
spatial derivative and the UMR’s dipole moment. Fig. 2 shows
the roto-translational motion of the UMR, when the RPM’s
rotation, 2., is perpendicular to the axis of the lumen.
Similarly, the UMR produces its magnetic field, which affects
the RPM. This effect is necessarily limited by the distance
between the RPM and the UMR, and the magnetic dipole
moment of the UMR, as shown in Fig. 3. The magnetic field
spatial gradient produced by the UMR’s dipole moment will
cause the RPM to experience a force fyy = (M- V)B(p, m),
that scales as ||fy|| ~ ||M]||||m]|||p||~*, as shown in Fig. 3(a).
The force fy; produces a torque which will cause the RPM to
rotate about its rotation axis, €2,.¢. This force is given by

. _ 3uol M m]
4r||p||*

Due to the UMR’s rotation about the axis wy.b, a torque

Ty = M x B(p, m) will be generated on the RPM to align

its magnetic moment with its own oscillating magnetic field
such that

m x D(p)M, (2)

(mM” + Mm” + (M"Zm)I) p. (3)

M
1y, = ol Millmi|
ol

This magnetic torque scales as | Ty ~ [[M]|mll||p]| =3
(Fig. 3(b)), and affects the rotational dynamics of the perma-
nent magnet rotor of the electric motor that rotates the RPM.
It is possible that the inertia of the RPM could be dominant
over the torque that the UMR would generate on the RPM. In
this specific case, the inertia of the RPM and the magnetic
torque of the UMR can be adjusted to yield a detectable
magnetic torque (Fig. 3). For a given UMR and RPM; at a
given localization gap between them, the permanent magnetic
coupling has to be maintained and its magnitude must be
large enough and depend solely on the relative position p.
It is well known that the gradient (Fig. 3(c)) falls off with the
localization gap between the RPM and the UMR inversely by
one power greater than the field (Fig. 3(d)). This explains why
our localization method can determine the magnetic coupling
using the motor of the RPM, assuming that all of its nominal
parameters are known a priori.

M x D(p)m. %)

B. Permanent Magnetic Coupling

Developing a rotating field-generation system using per-
manent magnets typically requires an electric motor. In such
a device, the electromagnetic stator surrounds a permanent
magnet rotor that is rigidly connected to the RPM. The
differential equation governing the mechanical system of the
motor is given by

dQ2
(J1 + Jz)E +1Tn = Kila, (&)
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Fig. 3. Magnetic force, fyr, and torque, Ty, between an RPM with magnetic moment M and a UMR with magnetic moment m are nondimensionalized
by § = 3uo||[M||||/m]||/47||p||* and A = uo||M]||||m]||/47||p]||3, respectively. a) Attractive magnetic force lines in red are calculated according to Equation
(3), assuming the UMR’s dipole moment m is aligned with the magnetic field produced by the RPM. The maximum attractive force is specified over an
axial region between the RPM and the UMR. b) The dimensionless torque || Tyz||/A is approximately 1 and can provide the smallest detectable torque if m,
M, and p are known a friori. ¢) f\r and Ty are calculated and scaled by their moments M and m, respectively. The magnetic force is expected to fall
off approximately as p, ~. d) A magnetic coupling falls off approximately as pz_3 and induces a back-emf which would counteract the applied voltage, that
is used to actuate the RPM. e) Approximate values of magnetic coupling T for different sizes of UMR and at various distances can be obtained from (b)

using nominal values of the UMR (Table II and a localization gap of 75 mm.

where J; and J; represent the inertia of the permanent magnet
rotor of the motor and the inertia of the RPM connected to
the motor as a load, respectively. Ty is the external torque
produced on the RPM due to a nearby UMR and any external
torque. The total torque, K;I,, produced by the DC motor is
determined by the flux and current. Since the flux is constant
in this system, the torque is only proportional to the current
I, where K is the torque constant. When an external torque
is applied to the permanent magnetic rotor of the DC motor,
its motion will induce a back electromotive force (emf) which
would in turn counteract the applied voltage, changing the
current drawn. A time-varying back-emf will be generated to
counteract the changes in the total magnetic flux, ¢, infringed
on the loop of the actuator, such that ¢ = d¢/dt = K.Q(t),
where k. is the back-emf constant. With Equation (5), the
back-emf closes the loop between the input voltage, V (¢), and
the output angular velocity, 2(t), as follows:

I,
_ 1Yy g,

V() —e(t) = L]

(6)

where L and R are the inductance and resistance, respectively,
of the coils of the actuator. If the magnetic coupling between
the UMR and the RPM is large enough such that we can
sense its effect on the current drawn, then equations (5) and
(6) can be used to determine the magnetic coupling. This
magnetic coupling is fundamentally limited by the inertia of
the RPM. MCL will likely demand an appropriate choice of
RPM parameters for a given UMR. Note also that the angular
velocity of the RPM typically requires a closed-loop control
input. The closed-loop behavior of system (5) to the desired
angular velocity, (2405, and the magnetic coupling input, Ty,
is given by

o () BE)GLs)
14+ C(s)E(s)G(s) + ke E(s)G(s)
+ G(s) Ty
1+ C(s)E(s)G(s) + keE(s)G(s)

Qdes
(7

where C(s), E(s), and G(s) are the transfer functions of the
control, electrical, and mechanical systems of the DC motor,
respectively (provided in Appendix A). If the angular velocity
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of the RPM is controlled using a PI/low-pass filter system,
then the corresponding characteristics using the magnitude and
phase can be determined based on the nominal parameters of
an RPM and a DC motor regardless of the characteristics of the
UMR, as shown in Figs. 4(a) and 4(b). The magnitude part of
the Bode plot shows magnetic coupling attenuation (solid line)
below the zero dB crossing and amplitude independence of the
angular velocity (dashed line). Above the zero dB crossing,
this independence remains for the angular velocity while mag-
netic torque amplification is observed. Note that the amplitude
and phase characteristics (Figs. 4(a) and 4(b)) are entirely
dependent on the dynamics of the actuator (E(s) and G(s))
and the control system (C(s)). As a result, it will be possible
to alter the attenuation and amplification characteristics by
appropriately choosing the actuator and the control system.
This strategic selection enables the UMR to create detectable
torque at the RPM within a designated localization gap. Hence,
it is clear that the RPM-UMR gap is not the sole factor in
determining the UMR’s position. Consider, for example, the
UMR and RPM parameters in Table II. In this case, a 12-mm
diameter UMR with magnetic moment of m = 1.12 A.m? at
a distance of 0.2 m further away from an RPM with magnetic
moment of M = 18.89 A.m? would produce a magnetic
torque of 0.26 mN.m, which would be amplified or attenuated
according to G(s)/1 + C(s)E(s)G(s) + keE(s)G(s) for a
given actuation frequency.

The amplitude characteristics of the system in Eq. 7, with
the designated angular frequency, 4es, and the magnetic
coupling, Ty, inputs point to a frequency range favorable for
localization. Beyond the zero dB crossing, magnetic coupling
amplification occurs, creating an area where we can effectively
manage the RPM’s angular velocity. Remarkably, the same
variables used for control can also serve to estimate the
magnetic coupling. To obtain an estimation of the overall
external coupling on the RPM, it is necessary to measure both
the current and angular velocity of the DC motor. Utilizing

/T, decreases with g and €2. The amplitude difference decreases with g and

TABLE 11
MAGNETIC AND GEOMETRIC PARAMETERS OF THE UNTETHERED
MAGNETIC DEVICE (UMR), ROTATING PERMANENT MAGNET (RPM), AND
THE NOMINAL PARAMETERS OF THE DC MOTOR. r AND m REPRESENT
THE RADIUS OF THE UMR AND ITS MAGNETIC MOMENT. THE RPM IS A
CYLINDRICAL MAGNET WITH DIAMETER D, HEIGHT h, AND MAGNETIC

MOMENT M.
Property Value Property Value
2r [mm] 12 m [A.m?] 1.12
Grade NdFeB (N42) | Remanence [T] 1.31
2r [mm] 8 m [A.m?] 0.27
UMRs Grade NdFeB (N38) | Remanence [T] 1.24
® | 2r [mm] 5 m [A.m?] 0.07
Grade NdFeB (N42) | Remanence [T] 1.31
2r [mm] 3 m [A.m?] 0.01
Grade NdFeB (N42) Remanence [T] 1.31
RPM D x H [mm] 35 x25 M [A.m?] 18.89
Grade NdFeB (N52) | Remanence [T] 1.43
Jp [kg.m?] 20 x 10~7 Ja [kgm?]x10~°  2.03
Motor | B [N-m/rad/s]  3.54 x 10~6 | Ky [N.m/A] 0.02
Te [$]x1073  0.16 Tm [s]x1073 6.86
kp [A.s/rad] 0.041 ki [A/rad] 4.20

Equation (5), we can then estimate 7j;. The motor’s drawn
current, a variable available as input, is indicative of the
control applied to the RPM’s angular velocity. In cases where
the angular velocity is quantified to achieve the targeted
rotational speed, the wireless actuation of the UMR offers the
opportunity to determine the magnetic coupling.

III. MAGNETIC COUPLING ESTIMATION FOR THE UMR

In this section, we introduce a comprehensive model that
characterizes the motion of the RPM, which is under robotic
control to facilitate UMR actuation and enable the estimation
of its magnetic coupling. Experimental results demonstrating
this coupling are in Appendix B.

A. Actuation using Permanent Magnet Robotic System

A UMR with a dipole moment can be actuated by the torque
T (p,M, m) and force f,,(p, M, m) produced by an RPM.



The magnetic force and torque are determined by the actuating
magnetic field B(p, M). When the RPM is attached to the
end-effector of a serial manipulator, the displacement of the
RPM can be controlled to exert a desired force and torque
on the UMR. Note that a permanent-magnet robotic system
is typically a 6-degrees-of-freedom (DOF) serial manipulator
to control the displacement of the RPM. The magnetic field
at a point p can be controlled through the joints of the
manipulator. The configuration to pose kinematics of the
robotic manipulator can be written as

i) =F@) . (5) =dui@a. ®
where F : R" — {R3,SO(3)} is the forward kinematic
mapping, J,, € R™*™ is the geometric Jacobian, and ¢ € R"
are the joint variables. The composed linear and angular
velocities of the RPM acting as an end-effector in the task
space can be related to the joint velocities by the serial
manipulator’s Jacobian. Mahoney and Abbott have shown that
the velocity level kinematics can also be modified to include
the contribution of the magnetic moment of the actuator
magnet using M = w, x M, and we obtain [37]

(pﬁt> N (g SK((I)\\AI)T) In(@)g=Ia(@)q, )

where SK(+) : R?® — SO(3) is the skew-symmetric operator of
the cross product and J5 € R™*™ is the actuator permanent
magnet Jacobian. Equation (9) denotes the imparted rate of
change in the RPM’s net position and heading of the RPM’s
dipole moment due to the manipulator’s joint velocities. The
expressions for torque, T, and force, f,, can be linearized
as follows:

f O Ofn  Ofw\ [P

m | _ g AN ont ;

(&)= (£ &t 28 (u). ao
m 8p 61\7[ om ]IIl

If we use Equations (8) and (10) to create a magnetic coupling
that can be estimated using Equation (5), the localization
problem becomes one of estimating 73y which would depend
on the location of the UMR and the RPM, and their magnetic
characteristics.

B. Magnetic Coupling Estimation and Trades

Let us now consider the rotational dynamics of the RPM (5)
and the magnetic coupling (4). This single-input single-output
system is magnetically coupled as a result of the interactions
between the RPM and the UMR. The following observer can
exponentially track the disturbance through angular velocity
and current measurements [38], [39], [40]:

Ta = —2— (JgQ + LK) — JgQ, (1)
s+g
where g € RT is the cut-off frequency of the observer and
J is the inertia of the motor and the RPM. Equipped with
the nominal parameters (Table II) of the DC-motor and the
current and angular velocity, the magnetic coupling can be
determined. Note that the phase delay and error between the
magnetic torque, Ty, and its estimate, 7Tj;, can be made
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Fig. 5. When controlling the RPM to a desired angular velocity, 24es, the
rotating magnetic field exerts a magnetic torque on the UMR, which causes
the UMR to move. The relative motion between the UMR and the RPM affects
the angular velocity, €2, and induces a back-emf, K2, which counteracts the
applied voltage. The change in_the applied current and velocity are used to
estimate the magnetic torque, T, and the position of the UMR, Pyy,¢1. This
approximation is passed to the Kalman filter, along with p from ultrasound
localization. The Kalman filter produces the fused position of the UMR,
Pfused-

arbitrarily small by increasing the cut-off frequency of the
observer (11), as shown in Fig. 4(c). In general, choosing
g > 0 guarantees that |Ty(t) — 7| tends to zero as t
tends to infinity and the convergence rate can be adjusted
by choice of g. Fig. 4(c) also provides the convergence rates
for various actuation frequencies in the 0.5 < |©2] < 4 Hz
range. Although there exists a frequency range above the zero
dB crossing (Fig. 4(a)) that yields a desirable amplification
of the magnetic torque, the estimation error increases with 2.
Therefore, increasing the actuation frequency of the UMR will
introduce undesirable attenuation in the magnetic coupling,
causing the estimation error to increase regardless of the cut-
off frequency of the observer. This trade-off between actuation
frequency and magnetic coupling estimation error imposes
a limitation on the speed of the UMR during simultaneous
localization and actuation.

IV. ACTUATION AND LOCALIZATION OF UMRS

If the UMR is actuated to rotate in sync with the RPM,
then the orientation of the magnetization vector m can be
determined based on the orientation of M. In this scenario,
m lags behind M when the frequency is below the step-
out frequency. It is important to highlight that the orientation
of the magnetization vector M can be reconstructed using
the manipulator’s joint space variables g, as outlined by
the kinematic relation (8). Consequently, the magnitude and
orientation of the RPM are accurately known, facilitating the
estimation of the magnetic coupling through measurements of
the current and angular velocity.



Straight runs (|Q2|=1 Hz)

\ 4

@, =
E 001
)
[—) —
=]
I
(b) x -001 MAE=22+1 4 mm MAE=47+3.4 mm MAE=483 6 mm MAE=2.0+12 mm MAE=3 8+2.5 mm
E 00l
i< \//\ /\
I— =N
o\l
] 7
QL
[}
©) < -001 MAE=0.9+0.8 mm MAE=1.440.8 mm MAE=0.540.5 mm MAE=1.1+0.8 mm MAE=0.9+0.7 mm
C -
E 00l
= E \//A \/\ \/A \//\ \///\
> —_—
=" 0
= — ‘"
) Q
I
d 5§ < -0o01 MAE=0.6:0.6 mm MAE=0.3+0.2 mm MAE=0.7+0.6 mm MAE=0.620.4 mm MAE=0.6£0.4 mm
T -
( )E E 001
S E —
e — g
3§ \f \%/A \/N \//\ \/}\
Q
[}
g -0.01 MAE=0.5+0.5 mm MAE=0.5+0.3 mm MAE=0.6:0.5 mm MAE=1.0+0.6 mm MAE=0.8+0.7 mm
€| -
E 00l
E g \/\ \//\ \/\ M/\ \\/A
2 = 9
®°
-
I
(f) < -0.01 MAE=1.0£1.0 mm MAE=0.60.5 mm MAE=0.40.3 mm MAE=0.6£0.5 mm MAE=0.6£0.6 mm
E 0.01
£z \/\ \///\\ \/\ \/\ \/\
(=3 —_— 0
(=3 N
s
Q
[}
y < -ool MAE=0.8£0.4 mm MAE=0.40.3 mm MAE=0.6£0.5 mm MAE=0.90.6 mm MAE=0.70.5 mm
0 10 20 30 0 10 20 30 0 10 20 300 10 20 30 0 10 20 30
Time [s] Time [s] Time [s] Time [s] Time [s]

Fig. 6. Prediction of the localization performance by the model suggests actuation and localization at the zero db crossing (= 1 Hz). The UMR is allowed
to roll back and forth along the y-axis of the tube. The position of the UMR is measured to validate the numerical results of equations (1)-(10). a) For
p> = 100 mm, maximum MAE is 4.8 4+ 3.6 mm. b) For p, = 120 mm, maximum MAE is 1.4 + 0.8 mm. ¢) For p, = 140 mm, maximum MAE is
0.7 + 0.6 mm. d) For p, = 160 mm, maximum MAE is 1.0 & 0.6 mm. e) For p, = 180 mm, maximum MAE is 1.0 & 1.0 mm. f) For p, = 200 mm,

maximum MAE is 0.9 4 0.6 mm.

A. Localization of the UMR

The localization problem of the UMR is solved by mini-
mizing the following objective function:

2
_ po[[Mff|m]]

T, M x D(p)m| p, (12)
e ®)

€ = min
p

with respect to p. The first term in Equation (12) is computed
employing the magnetic coupling observer (11), while the
second term is formulated using the robotic manipulator’s joint
variables during magnetic actuation, based on Equation (8).
The distinct components of this localization technique can
be visually represented through a block diagram, as depicted
in Fig. 5.

Upon applying a rotating magnetic field, B, to the UMR, it
will undergo motion relative to the RPM, and its position can
be described by p. However, unless the smallest detectable
torque, T, is not equal to zero, there will not be a generated
back-emf, nor an elevation in the drawn current to offset the
applied voltage through coupling. There is another important
role for the dynamics of the RPM actuator in the localization
rate. Unless the mechanical (i.e., in 1/(Js + B)) and mag-

netic (i.e., in 1/(Ls + R)) inertia of the RPM actuator are
zero, the angular velocity, €2, and the current, I, cannot rise
immediately, respectively (Figs. 12(b) and 12(c)). In contrast
to the preferable rapid increase in current and velocity, the
RPM actuator necessitates operation within a closed-loop
system. In this scenario, enhancing the overall gain of the
feedback system becomes advantageous to enhance distur-
bance rejection and minimize the impact of measurement noise
sensitivity [41]. This constitutes a second trade-off between
closed-loop actuation and localization. Assuming that the RPM
actuator is designed with impeccable mechanical and magnetic
inertia, enabling the UMR’s magnetic torque to prompt an
instantaneous rise in current and velocity, the performance
could still degrade during actuation.

B. Simultaneous localization and actuation

A practical way to test the localization is to move the UMR
by rolling in the y-axis inside the lumen. In this case, the
ability of the observer to estimate the position of the UMR
is tested for a localization gap greater than 100 mm (10 body
lengths), as shown in Fig. 6. Fig. 4(c) shows that in the limit
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Fig. 7. The magnetic torque estimation error at low-actuation frequency can be made small (see Fig. 4(c)), resulting in minimal localization error for a given
observer gain. The UMR is allowed to roll back and forth along the y-axis of the tube. The position of the UMR is measured to validate the numerical results
of equations (1)-(10). a) |€2| = 1 Hz and 100 < p, < 200 mm, maximum MAE is 3.5+ 3.3 mm b) |€2| = 2 Hz and 100 < p, < 200 mm, maximum MAE
is 9.8 & 10.1 mm ¢) |[©2| = 4 Hz and 100 < p, < 200 mm, maximum MAE is 19.23 + 3.3 mm. The localization method fails to capture the qualitative
behavior of the UMR for p, = 200 mm and |Q2| = 4 Hz.

of very small actuation frequency and large observer gain, itis frequency |€2| = 1 Hz whose maximum MAE is measured as
reasonable to obtain the smallest magnetic coupling estimation 3.5 £ 3.3 mm for localization gap of 100 mm. Increasing the
error. Therefore, we actuate the UMR at 1 Hz and increase the  actuation frequency to |€2| = 2 Hz (Fig. 7(b)) results in greater
localization gap gradually. Multiple horizontal runs (n = 5) for localization error with a maximum MAE of 9.8 + 10.1 mm
a localization gap of p, = 100 mm (Fig. 6(a)) shows maximum for a localization gap of 100 mm. Increasing the actuation
MAE of 4.8 + 3.6 mm. Increasing the gap to p, = 120 frequency further to |€2] = 4 Hz results in an increased
mm (Fig. 6(b)) shows that the maximum MAE decreases to localization error with a maximum MAE of 19+ 21.9 mm, as
1.4+0.8 mm for the same actuation frequency, {2, and observer shown in Fig. 7(c). Therefore, when the minimum localization
gain, ¢. Similarly, the maximum MAE of five trials for a gap is set to 10 body lengths the smallest MAE occurs
localization gap of p, = 140 mm decreases to 0.74+0.6 mm, as at the lowest actuation frequency. This localization result
shown in Fig. 6(c). Note that for a relatively small localization suggests that our localization experiment is in agreement with
gap, the field-gradient pulling between the RPM and the UMR  the theoretical predictions in Fig. 4(c). It suggests that the
generates additional friction on the rotor of the actuator. As estimation error between the actual and estimated magnetic
the gap increases, the field-gradient pulling becomes negligible torque increases with the actuation frequency for a given
and the additional friction decreases, resulting in a smaller observer gain. Therefore, minimum error in the estimated
magnetic coupling estimation error. This behavior is shown for magnetic coupling occurs when the UMR is actuated at a low
greater localization gaps of 160 mm, 180 mm, and 200 mm, actuation frequency of 1 Hz, resulting in a slight amplification
as shown in Figs. 6(d)-6(f), respectively. of the magnetic coupling torque (Fig. 4(a)) since the zero dB

. crossing is calculated at 0.7 Hz.
Now we turn to the role of the actuation frequency on the £

localization error, as shown in Fig. 7. Similarly, we allow the

UMR to have multiple horizontal runs along the y-axis for a C- Localization of millimeter-sized UMRs

range of localization gap, 100 < p, < 200 mm. It is expected Given that minimizing the size of the UMR is vital to
that the smaller magnetic coupling estimation error is possible navigating through confined spaces, we proceed to assess the
at low actuation frequency (Fig. 4(c)), resulting in a smaller effectiveness of our MCL approach using UMRs falling within
localization error. This result is shown in Fig. 7(a) for actuation the 3 < 2r < 12 mm range, as shown in Fig. 8. Here, we
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Fig. 8. MCL is implemented using an 8-mm, a 5-mm, and a 3-mm UMR, at actuation frequency of 1 Hz. Below and above the RPM-UMR gap of 120 mm
and 180 mm, rolling is not possible because of the field-gradient pulling and decreased magnetic torque, respectively. a) At the RPM-UMR gap of 180 mm,
the measured MAE of the 8-mm UMR is 0.9 4+ 0.4 mm. b) At the RPM-UMR gap of 180 mm, the measured MAE of the 5-mm UMR is 1.3 £ 0.2 mm. c¢)
At the RPM-UMR gap of 180 mm, the MAE of a 3-mm UMR is 0.3 £ 0.1 mm. d) The MAE is measured for UMRs and localization gap in the range of
3 <2r <12 mm and 120 < p, < 180 mm, respectively.

enable UMRs with diameters of 8§ mm, 5 mm, and 3 mm to gradually increases, the MAE experiences a minor reduction
roll along the y-axis within the lumen. This motion is guided within the range of 140 mm to 180 mm. Specifically, at an
by a rotating magnetic field with an actuation frequency of RPM-UMR gap of 140 mm, the average MAE is calculated
1 Hz, as in the preceding trials. In these cases, the RPM- to be 1.1 £ 0.2 mm, and this value increases to 1.3 + 0.2 mm
UMR gap is confined within the range of 120 mm to 180 mm. as the gap reaches 180 mm.

Within this defined localization gap, we observe a reasonable

rolling response across all four UMRs. However, as the UMR Us.ing a 3'm_m .UMR Withi.n the same gap as previously
diameter decreases, its response to both the field-gradient ~mentioned, achieving an identical range of motion along the
pulling and the influence of gravity is noticeably affected. y-axis was not feasible. This disparity can be attributed to

the reduced influence of magnetic torque on its magnetic

Fig. 8(a) shows the behavior of an 8-mm UMR along the y- moment, which is proportional to its diameter. Furthermore,
axis in relation to the estimated position component. Except the weight of the UMR is exponentially reduced as its mass is
for the 120 mm RPM-UMR gap, the MAE demonstrates a  proportional to 73, resulting in lower traction with the lumen
relatively consistent pattern as this gap gradually extends up  wall. Fig. 8(c) shows the reciprocal motion of the 3-mm UMR.
to 180 mm. Similarly to the case of the 8-mm UMR, Fig. 8(b) Consistently with prior cases, the highest MAE is observed
reveals that the highest MAE for a 5-mm UMR is computed at an RPM-UMR gap of 120 mm. At this gap, the calculated
for the smallest RPM-UMR gap of 120 mm. As this gap MAE is 1.0+0.5 mm. However, as the gap gradually increases



from 140 mm to 180 mm, the MAE decreases from 0.5 +0.1
mm to 0.3 £0.1 mm.

Fig. 8(d) shows the effect of downscaling and localization
gap on the average MAE. Throughout these trials, all UMRs
are controlled to roll while being subjected to a rotating
magnetic field of 1 Hz. Additionally, a consistent observer
gain is employed across these experiments. It is clear from
our observations that the localization accuracy of our MCL
approach is influenced by the UMR’s response to the field-
gradient pulling. Across all UMR sizes, the highest MAE is
observed at a gap of 120 mm. Nevertheless, regardless of the
UMR’s dimensions, as the gap surpasses 120 mm and the
impact of the field-gradient pulling diminishes, a significant
reduction in MAE is consistently observed for all UMRs.

Fig. 8(d) shows the lowest MAE for the 3-mm UMR, but
it cannot be definitively stated that there is a singular best
size overall. For example, when considering the 12-mm UMR,
it is apparent that MCL provides a much more consistent
performance across varying gaps. This increased consistency
in performance might be a more desirable characteristic in
some situations.

V. HYBRID APPROACH THROUGH FUSION OF MAGNETIC
COUPLING LOCALIZATION AND ULTRASOUND
LOCALIZATION

A. Ultrasound images

Ultrasound waves can undergo absorption or attenuation as
they propagate through a medium. In this case, the magnetic
coupling between the UMR and the RPM-actuator offers
supplementary insights, provided that this magnetic coupling
can be detected through the actuator’s sensor data. While MCL
relies on the current and angular velocity of the RPM actuator
to estimate the UMR’s position, ultrasound images provide a
more comprehensive view of the UMR and its surroundings, as
depicted in Fig. 9(b). In this trial, the UMR is allowed to move
along the y-axis under the influence of a rotating magnetic
field about the x-axis, in the frame of reference depicted in
Fig. 2. It is anticipated that localization interruptions may
occur due to wave reflectors. These interruptions are simulated
in Fig. 2 as a pattern of data loss. This pattern is artificially
induced on the measured position of the UMR from the
gathered ultrasound images. In practice, this pattern could
exhibit a time-periodic nature, and the delay can be correlated
with image processing to track the UMR and reconstruct
the environment. The data loss pattern may also depend on
the spatial and temporal properties of the wave reflectors
within the environment. In contrast to ultrasound images, MCL
provides a faster and permanent signal as long as the UMR
is magnetically coupled with its RPM-actuator. Therefore, we
use a Kalman Filter configuration to predict the response of
the UMR in situations where random data loss is encountered.

B. Data Fusion

Expanding on the system dynamics in Appendix C, at low
Reynolds numbers, the behavior of a UMR with a radius of r
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Fig. 9. The UMR is allowed to roll inside a fluid-filled lumen and inputs are
measured from two sensors. (a) The magnetic coupling between the UMR
and the RPM actuator is estimated using MCL. (b) Ultrasound images are
simultaneously collected. The white and red arrows indicate the direction of
motion and rotation of the UMR, respectively.

is defined by the equilibrium between magnetic forces, drag
forces, contact forces, and torques, such that

p\ 1 (6fir 6fr®\ [ [ fu f,
(&) =7 (e §m) () +(£)} o

where f,, and f. represent the magnetic force and contact
force, while T,, and T. denote their respective torques.
Further, f; and f, represent normalized scalar near-wall fluid
forces for translational and rotational motion, respectively,
while T} and T are their respective normalized scalar torques.
Below the step-out frequency of the UMR, it rotates in sync



with a rotating magnetic field of the RPM. Using Eq. 13,
ignoring rotational dynamics we get

1 T, 1

b= |t f) - — (T +T0) |

b= sty |3 ) g T+ 1)
K L R

(14)

where we define K, L, and R for compactness. The resulting
state space, which represents the internal model of the Kalman
Filter becomes

15)

x A x w
The Kalman Filter, with Eq. 15, is employed to estimate
the position of the UMR by fusing ultrasound localization and
MCL approximations. These measurements are represented as
inputs for the Kalman Filter by y, s and y 1 respectively. This

produces
Yus | _ 1 0| |p + Vus
Ymcl 0 1 p Umcl ’
—— Y =

y C x v

(16)

where v denotes the observation noise vectors v,s and V.
The disturbance and the observation noises are considered
uncorrelated, zero-mean, white Gaussian random noise vec-
tors, each with its respective covariance matrix: Q > 0
for disturbances and R > 0 for observation noise. The
corresponding discrete-time linear system can be written as

1 L wi
Xp1 = {0 ﬂ X + [ O"] : (17)
Yus,k 10 Vus,k
k= ko 1
|:ymcl,k:| |:0 ]-:l Xk + |:vmc1,k:| ( 8)

Here, the subscript k& signifies the time index. The system
and observation matrices have dimensions that match appropri-
ately. Consequently, the Kalman Filter achieves convergence
with periodic observation updates, assuming no missing mea-
surements and observability of (A, C) is observable. In our
case, we account for the possibility that yusx and ymel k,
which correspond to US and MCL observations, could be
absent during certain time instances. We use i.i.d. Bernoulli
variables «; x, ¢ = 1,2, that take values 1 or O to define
whether y; ; is missing or received at time ¢. The case of
missing data corresponds to an infinite noise variance for the
relevant data source. The prediction step remains unchanged
from the standard Kalman Filter, as it is independent of the
observation process, and we have

19)
(20)

Xpt1k = AXpk,
P = APy AT + Q.

Conversely, the correction step is now influenced by the
stochastic values of the variables cs and el When
Quus,k = Omel,k = 1, it signifies the normal condition where
both ys x and yu1,, are available. In this case, the correction
step is given by

Xkt1k+1 = Xet1)k

+Pj 14 C" [CPyy1 i CT + R]il (Yi+1 — CXpi1r)
1

Priijk+1 = Pryagk

~Pp1xC7 [CP1 i CT + R] ™ CPyyps. (22)

When o = el x = 0, it signifies a lack of available data
from both sensors, and the correction step involves executing
the open loop procedure described by

(23)
(24)

i 1lk+1 = Xkg1]ks
Priijpr1 = Prgapn-

Furthermore, aysr = 1 and ape,r = 0 means that y

is received while ymc1 ; 1s missing at that time instant corre-

sponding the following noise covariance matrix with an infinite

noise variance o? — 00 for Ymel k:
R— Ri1 R 25)

R21 g 21 ’
Therefore the correction step is performed by the noise co-
variance R :

Xkt1)k+1 = Xpt1|k

— R
+Pk+1|kCT [CPk+1|kCT + R} (ka - ka+1|k) s
(26)

P11 = Priik

— -1
—Pj1xC" [CP 1k CT + R]  CPyyyps 27)

In situations where s = 0 and amer,r = 1, the Kalman
Filter exclusively takes y 1,1 into account as the received data
and adjusts accordingly. Employing the simplified notation
P, = Ppji_1, we can consolidate the preceding correction
steps to update the error covariance matrix, thus presenting
a generalized Kalman Filtering update procedure that accom-
modates instances of missing data, as given by [45]:

P =AP,AT +Q
— s kOmel ks AP CT [CP,CT + R “lop, AT
—as e (1 — ame k) APLCT [C1PLCT + Ry ] O P AT
(28)
-1
—(1—us k) mel s APLCT [CQPkCQT + Ray] CoP AT,
where C; and C; are the top and bottom rows of C,
respectively. The state prediction update within the framework
of Kalman Filtering can be extended using a similar approach.

Because of the involvement of random variables, the Kalman
Filter iteration becomes stochastic in nature.

VI. PERFORMANCE EVALUATION OF DATA FUSION
A. Experimental Setup

To experimentally verify our sensor fusion technique, we
integrate a permanent-magnet wireless manipulation system,
an ultrasound imaging system, and a blood vessel phantom,
as shown in Fig. 1.
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Fig. 10. The fused position data is compared to the real position of the UMR, indicated by a black and blue line respectively. The blue-shaded regions indicate
areas where both US and MCL are available. The non-shaded regions are where our method becomes useful as no US localization is available. The fused
signal fully relies on MCL and can approximate the velocity as well as directional changes. The columns (M1-M3) are the three individual measurements and
the rows (P1-P6) represent the four ultrasound interruption patterns. The top two rows (P1&P2) have shorter (0.5 s) periodic interruptions. These show the
fused signal performing accurately in estimating the location of the UMR with minimal error. The bottom four (P3-P6), with longer (2 seconds) interruptions,
show a slightly larger absolute error, but they’re still able to estimate the directional changes and velocity of the UMR to a degree still useful in determining

the location. The error is larger as it can build up for a longer time before being reset by US localization to the real position.

1) Blood Vessel Phantom: The UMR is actuated and lo-
calized inside a phantom (275 mmx30 mmx15 mm block),
consisting of a muscle, fat, and skin layer (Fig. 2). The muscle
layer surrounds a tube with a 12 mm internal diameter that is
350 mm long, which contains porcine blood, and a UMR with
a diameter of 8 mm, the properties of which can be seen in
Table II. The muscle layer is made of silicone (EcoflexTM 00-
30) and prepared with Silc PigTM blood pigment according to
the manufacturer’s instructions using a WASSERMAN Wamix
Touch vacuum mixer. The fat layer is assembled on top of the
muscle layer. Silicone (EcoflexTM 00-30) for the fat layer is
prepared with Silc PigTM Yellow pigment. Finally, the skin
layer is assembled on top of the fat layer. Silicone (EcoflexTM
00-30) for the skin layer is prepared with Silc PigTM flesh
tone pigment.

2) Wireless Manipulation System: The control of the RPM,
and by extension, the actuation of the UMR was achieved with
the KUKA serial manipulator, brushless DC motor, and RPM
in Section VIII. The properties of which are in Table II.

3) Ultrasound Localization System: The medical imag-
ing is constructed using a medical-grade ultrasound machine
(Siemens Acuson S2000, Berlin, Germany) with a 3D/4D lin-
ear array transducer (Siemens 14L5 Linear Array Transducer,
Berlin, Germany.) The transducer has a field of view of 38mm
and a frequency range of 5.0 - 14.0 MHz. The UMR is located

automatically using a contrast-based localization algorithm.

B. Performance Metrics

The performance of the Kalman Filter was evaluated over
the segments where the US-localization is interrupted and the
Kalman Filter fully relies on MCL and its internal model
for its reconstruction of the UMR’s position. To investigate
the performance fairly, three measurements are simulated to
have US localization interruptions according to six predefined
patterns, resulting in 18 trials. The two localization modes are
processed by the Kalman Filter as described in Section V-B.
The 18 resulting trials can be seen in Fig. 10. The shaded
region is where both MCL and US signals are present. In these
regions, the fused signal accurately follows the real position
of UMR. The non-shaded regions are where the Kalman Filter
only receives MCL measurements and the US localization is
interrupted. This is where our data fusion method becomes
useful. in P1 and P2, which are short patterns of periodic
interruptions, show the fused signal being able to approxi-
mate the real position closely, being able to approximate the
direction of movement as well as an approximation of the
velocity of the UMR. In P3, P4, PS5, and P6 the interruptions
are longer. Here the fused signal is still able to provide an
approximation of the velocity, and it also shows changes in
directions visible clearly at, for example, t = 0.5 s in (P5, M2)
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Fig. 11. Six distinct interruption patterns (P1-P6) are applied to 3 different measurements (M1-M3) resulting in 18 different trials. These interruption patterns
simulate a loss in localization due to physical occlusion (e.g. bony material) or user error (e.g. lifting the transducer up and away from tissue or losing the
UMR outside the field of view.) (a) The interruption patterns are indicated as a horizontal interrupted line for reference. (b) The mean absolute error (MAE)
of the fused localization compared to the real position can be seen as a bar graph for each measurement and pattern combination. (c1) The mean error over
time of (P1, M2) grows as time passes but is reset often by periods where the US localization is available. (c2-3) (P3, M2) shows, like (P5, M2), that the
error grows more due to the longer interruption. This is reflected in the higher maxima in these trials.

and at t = 2.5 s in (P6, M2). The longer interruption patterns
also show that for longer interruptions the error has more time
to build up before being reset to zero by US localization. This
increase in error is also reflected in the Mean Absolute Error
(MAE) of those trials. The individual MAEs of each trial can
be seen in Fig. 11(b). The error of the fused signal over time,
evaluated just at the moments where US is interrupted, can be
seen in Fig. 11(c1-3). (c1) shows the shorter interruptions of
P1 and (c2-3) show a much longer build-up in error for the
longer interruptions of patterns P3 and P5. In line with what
visual inspection of the performance led us to believe, during
longer interruptions (P3-P6) the MAE in Fig. 11(b) is higher,
at 1.7 0.4 mm compared to shorter interruptions where the
mean MAE of P1 and P2 is 0.9 &+ 0.2 mm. The combined
MAE for all 18 trials is 1.44-0.3 mm. The error dynamics show
clearly that the error builds up over time and is reset when US
localization comes back. During longer bouts of interruption
the error is allowed to build up more, resulting in a higher
error maximum. This behavior can be seen in Figs. 11(cl-
3). Even with this error, this method still provides use, as it
enables you to, in real time, ascertain an approximation of the
position, its velocity, and directional changes of the UMR.

VII. DISCUSSIONS
A. Challenges and Potential of MCL

Magnetic coupling between an RPM and a nearby UMR
applies a disturbance torque on the rotor of the DC motor.
Its motion due to this coupling induces a back-emf which
would counteract the applied voltage during the actuation of
the RPM, resulting in a change in the applied current. The
effect of such magnetic coupling can be seen and obtained by

measuring the current drawn and the angular velocity, during
wireless actuation. We observe that the current and angu-
lar velocity are oscillatory with an exponentially increasing
amplitude, while the estimated magnetic coupling increases
monotonically as the localization gap decreases. This relation
is also known accurately along the dipole axis of the RPM,
allowing us to estimate the location of the UMR during
wireless actuation. This localization method has the potential
to determine the location of any UMR using the same signals
that are used for actuation, allowing wireless manipulation
systems to operate with much less dependence on medical
imaging systems and magnetic field sensors. However, there
exist at least three distinct challenges that must be addressed:
1) trade-offs between robust motion control and localization
rate, 2) trade-offs between the localization gap and the step-out
frequency of the UMR, and 3) down-scaling of the UMR.

The first challenge can be intuitively understood by consid-
ering a motion applied to the RPM actuator. This motion will
induce back-emf and counteract the applied voltage, allowing
a change in the current drawn. If the change in current is
large enough, then the torque that caused the motion would be
detectable. This means that an RPM in a speed control mode
cannot maintain a desired angular velocity with relatively
small steady-state error while simultaneously allowing for
detectable motion by the UMR.

The second challenge is in the relationship between the step-
out frequency and the localization gap. Associated with the
increase in this gap is a decrease in the magnetic field at the
position of the UMR and a decrease in its step-out frequency
(e.g., Fig. 7(c) for Q = 4 Hz). This implies that when the
localization gap is large, UMRs can be simultaneously actu-



ated and localized within a small frequency range below step-
out frequency and above the zero dB crossing. Additionally,
we note that the MAE displays an increasing trend as the
localization gap decreases. This behavior is attributed to the
increased field-gradient pulling that intensifies as the RPM
approaches the lumen, consequently amplifying the friction
torque on the RPM actuator.

The third challenge is the continuous demand for minia-
turization to a scale relevant to clinical use. For a given
localization gap, p, and RPM magnetic moment, M, the
magnetic torque scales as || Ty|| ~ ||m]|| on the vertical axis
between the RPM and the UMR (Fig. 3(b)). The magnetic
moment is proportional to the UMR’s volume [36]. Therefore,
scaling the volume of the UMR with a factor s will change
the magnetic moment of the UMR to s?||m)||. This relationship
implies that, for a given localization gap and RPM’s magnetic
moment, downscaling the UMR with a factor s causes the
magnetic coupling to scale as | Ty ~ s3||m]|. To satisfy
this requirement and produce detectable torque on the RPM
actuator, the localization gap can be decreased resulting in
strict constraint for relatively small UMRs.

Despite these many trade-offs, we have demonstrated that
MCL is possible without any additional measurements and
hardware. This implies that the motion control authority of
the permanent-magnet robotic systems can be significantly
improved. Naturally, the constraints and hardware collisions
associated with the use of multiple robots for simultaneous ac-
tuation and localization are avoided. In addition, the workspace
is kept unobstructed, providing a relatively large actuation
workspace that is limited by the robotic arm.

B. Hybrid UMR Localization: Fusing MCL with Ultrasound
Imaging

Fig. 7 illustrates that MCL works best within certain ranges
of localization gaps and actuation speeds. Even though there
is some control of these parameters in real-world situations,
such applications will not always allow for setting parameters
to optimal ranges, resulting in poorer MCL performance
compared to the results seen in Section IV. In settings closer
to in vivo experiments, challenges may arise. One issue might
be the geometry of a patient imposing constraints on the
region in which the RPM can operate, effectively imposing
constraints on localization gaps. Another constraint could be
due to blood flow inside a lumen counteracting the locomotion
of the UMR, requiring higher actuation speeds, which could
be outside optimal ranges for best localization.

When operating outside the ideal parameter ranges, there is
a degradation of localization accuracy in the MCL-US fusion.
Practically, this results in a faster accumulation of localization
error when ultrasound is interrupted. While an increase in error
accumulation is undesirable, the fused signal would still be
continuous and provide information about changes in direction
until US localization is restored. This means that even in
sub-par situations, the fused signal is still an improvement
compared to solely relying on US localization.

Fusion of MCL with US localization provides a way to
get an uninterruptible, low latency localization, with increased

sampling frequency compared to just US imaging-based lo-
calization, which is limited to a frequency of 20 Hz. With
our implementation of US-MCL fusion, this frequency is
increased to the sampling rate of MCL, at 167 Hz. With more
efficient implementations in low-level coding languages, this
frequency could be increased even more. This could solve one
of the issues on the way to closed-loop control of the UMR’s
position. If adequate actuation speeds are to be achieved, the
whole system needs to run with low latency consistently.
Additionally, a low-pass filter could be used on the fused
signal. This would decrease spikes in velocity, which would
enable the use of a derivative term in a PD-control system.

VIII. CONCLUSIONS

In this work, we present the basic physical framework
necessary to implement a noninvasive permanent MCL of
UMRs actuated using a single RPM during 1-D motion in
confined environments. Based on a magnetic coupling ob-
server, we show both theoretically and experimentally that
the error between the actual and estimated magnetic coupling
between the RPM actuator and a UMR can be made arbitrarily
small by increasing the cut-off frequency of the observer and
operating at low actuation frequencies, allowing the position of
the UMR to be estimated using a quadratic least-squares prob-
lem. We demonstrate simultaneous open-loop actuation and
localization of a 12-mm magnetic roller at a 200-mm distance
from the RPM actuator and achieve MAE of 0.7 £ 0.5 mm.
Our measurements show that the MAE of the MCL method
remains arbitrarily small (less than half-body-length) when it
is actuated at frequencies slightly greater than the zero dB
crossing of the actuator magnet, which can be positioned
at localization gap that is many body lengths (less than 16
body lengths) further away from the UMR. Furthermore, we
present successful localization of sub-centimeter-sized UMRs.
Our measurements reveal that a 3-mm UMR can be localized
with an MAE of 0.3 £ 0.1 mm at a localization gap of 180
mm.

We also implement a hybrid approach using data fusion
to combine ultrasound localization and magnetic coupling
localization through Kalman Filtering. This results in a more
accurate and robust localization compared to each method
individually, which would be critical during an operation
with a UMR. Bones, soft tissue, and air are transparent to
magnetic fields, which allows MCL to operate when the
ultrasound imaging is obstructed by potential bony material or
air pockets. At a 140 mm localization gap, with an actuation
frequency of 1 Hz, we achieved an MAE of 1.4 4+ 0.3 mm.
The fusion of signals allows for continuous localization at
the sampling frequency of MCL, which is 167 Hz. This
uninterrupted localization enables closed-loop control, with the
higher sampling rate enabling faster actuation of the UMR.
The traditional method, solely using US imaging, would yield
a non-continuous signal with a much lower sampling rate,
at about 20 Hz. Since MCL uses a low-frequency magnetic
field, its interaction with tissue is negligible. Therefore, its
biocompatibility is comparable with that of pulse-echo and
optical techniques. Finally, since MCL works without the
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Fig. 12. Estimation of the magnetic coupling between the rotating permanent magnet (RPM) and a roller (12 mm) is implemented by moving the end-effector
vertically, p = [0,0,p;]7. The RPM is an axially magnetized NdFeB disk with a diameter of 35 mm and a height of 20 mm. The angular velocity of the
RPM is set to 31 rad/s. The experiment is repeated 5 times to determine the mean current, angular velocity, and magnetic coupling. The shading represents the
standard deviation of the signals. a) The end-effector is allowed to move 10 cm along the z-axis and the RPM’s rotation axis is fixed at Qact = |€2|[1,0,0]7.
b) The current increases with the decreasing distance between the RPM and the UMR. c¢) The amplitude of the angular velocity of the DC motor increases
with the decreasing distance. d) The estimated disturbance torque increases approximately as the cube of the distance. e) Magnetic coupling is estimated at
three angular velocities of the RPM (|€2| = 1, 3,5 Hz). The inset shows that the magnetic torque is amplified as the actuation is beyond the zero dB crossing

[46].

need for sensors aboard the UMR or within the UMR’s
workspace, it is economically advantageous and works without
any additional hardware.

For future work, it would be useful to characterize the error
dynamics of fusion during longer bouts of interruption. This
could inform expansions or changes to the method to improve
the performance. Another area for future research is further
exploration of MCL in 2D and 3D. This would open up the
method to more widespread applications.

APPENDIX A

The amplitude and phase characteristics of the controlled
RPM actuator depend on a Pl/low-pass filter control system,
C(s) = (kps + ki)/s, and the electrical transfer function
of the motor, E(s) = 1/(Ls + R), and the mechanical
transfer function, G(s) = 1/((J1 + J2)s + B), where kj,
and k; are the proportional and integral gains, respectively.
It can be shown that the sensitivity, |Q|/|Qqes|, and tracking

performance, |€2|/|T|, of the RPM actuator are given by
C(s)E(s)G(s)
Q|/[Qqes| =
12/ 190esl = 77 C&)E(s)G(s) + kE(s)G(s) g,
G(s
21/l = )

14+ C(s)E(5)G(s) + ke E(s)G(5)

Explicit representations of the transfer functions in Equa-
tion (29) can be shown using the nominal parameters in
Table II to determine the amplitude and phase characteristics
in Figs. 4(a) and 4(b).

APPENDIX B

Experimental results demonstrating the torque estimation
of the UMR are conducted using a KUKA KR-1100-2 6-
DOF serial manipulator (Fig. 12(a)). This manipulator con-
trols the pose of a Maxon 18 V brushless DC motor with
integrated Hall-effect sensors, an encoder, and a planetary
gearbox with a gear ratio of 3.7:1. A cylinder of NdFeB
permanent magnet (Grade-N52) with a magnetic moment of
18.89 A.m? is attached to the motor to control the rotation of
the magnetic field. The UMR is a 12 mm roller permanent
magnet of NdFeB (Grade-N42) and a magnetic moment of
1.12 A.m?. The UMR is contained within a transparent lumen
with an inner diameter of approximately 15 mm. The lumen
is filled with silicone oil with a viscosity of 1 Pa.s and the
displacement of the UMR can be constrained enabling pure
rotational motion and no translation. The lumen and the fluid
allow us to visually track the UMR during the localization for
validation. Figs. 12(b) and 12(c) show the measured current
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and angular velocity, respectively, and the estimated magnetic
coupling between the RPM and 12 mm UMR (Fig. 12(d)). In
this experiment, the RPM is allowed to rotate at an angular
velocity of approximately 31.5 rad/s in speed control mode
(see Appendix A). The displacement of the RPM is controlled
such that its rotational axis is parallel to the longitudinal
axis of the fluid-filled lumen which contains the UMR (i.e.,
Qv = |2|[1,0,0]7). This magnetic coupling allows the robot
to rotate in sync with the RPM at a fixed location because of
the physical constraint of the inner wall of the tube. The RPM
is moved gradually toward the UMR at a translational speed
of 1 mm/s within a range of 100 mm. The minimum distance
between the RPM and the UMR is set to 40 mm as this is the
minimum distance before the RPM collides with the lumen
containing the UMR.

Vertical runs (i.e., p = [0,0,p,]7) of the RPM toward the
UMR are repeated (n = 5) and the current and angular ve-
locity are directly measured to estimate the magnetic coupling
in real-time. Fig. 12(b) shows that the current increases with
the distance between the RPM and the UMR. At a relatively
large localization gap (p, = 140 mm), the current drawn
by the motor is 0.08 £ 0.02 A (n = 5). Accordingly, the
rotational speed of the RPM varies between 31 £ 0.5 rad/s
(Fig. 12(c)) for the relative distance range of 90 < p, < 140
mm. Note that the shading represents the standard deviation
(s.d.) which is calculated for consecutive runs. There is no
noticeable difference in current or angular velocity as the
RPM moves closer to the UMR. However, for p < 100 mm
the magnetic coupling is sufficient to trigger a noticeable
increase in the current drawn and the associated angular

velocity. At p, = 60 mm, for example, the current drawn
is measured as 0.15 £ 0.02 A and the angular velocity is
31.75 & 1 rad/s, resulting in a measured magnetic coupling
of (240.3) x 1072 N.m.

The estimated magnetic coupling in Fig. 12(d) illustrates an
inverse relation between the estimated torque and the relative
distance between the RPM and the UMR. The governing
equation (4) shows that the magnetic torque falls off as the
inverse cube of the relative distance p.. Therefore, the mag-
netic coupling observer (11) captures the theoretical behavior
predicted by the model (4) and the inverse nonlinear relation
between Ty and p,. From Fig. 12(d) it is clear that associated
with the decrease in the relative distance p, is a noticeable
increase in the estimated magnetic coupling.

Typical wireless actuation experiments involve a range
of frequencies to obtain different locomotion velocities. We
repeat the magnetic coupling measurements for three angular
velocities of the RPM to examine the behavior of the magnetic
coupling observer for the same nominal parameters and gains.
Fig. 12(e) illustrates the estimated magnetic coupling for
angular velocities of 1-5 Hz. This experiment indicates that
the estimated magnetic coupling is independent of the angular
velocity of the RPM on average. However, the estimation error
increases with the actuation frequency (Fig. 4(c)), introducing
undesirable localization error. The standard deviation (shad-
ing) of the estimated magnetic coupling at w = 1 Hz is much
greater than that at w = 3 and w = 5 Hz. Note that the speed
of the translational motion of the RPM with respect to the
UMR can be simultaneously changed during the estimation
of the magnetic torque. Fig. 13 shows the estimated magnetic
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Fig. 14. The localization gap, p., between the rotating permanent magnet (RPM) and the UMR is decreased and the magnetic coupling, T, is estimated.
a) Magnetic coupling is predicted using Equation (4) and estimated using Equations (5) and (9). The standard deviation (s.d.) is calculated using 5 trials.
b)-e) The estimated magnetic coupling based on the measured RPM’s current and velocity is in agreement with the result of the model using equations
(1)-(31). The amplitude of the magnetic coupling increases with the decreasing gap [46].

torque while the RPM rotates and translates at various speeds.
In this experiment, the RPM is allowed to translate between
p = [0,0,110]7 mm and p = [0,0,40]7 mm at translational
speeds in the 1 < v, < 7 mm/s range. As the RPM moves
toward the UMR at a higher speed the estimated magnetic
torque increases at a much higher rate, as shown in Figs. 13(b)-
13(e). With this dependence between the estimated magnetic
torque and localization gap, the UMR can be localized by
exploiting Equation (4).

Fig. 14(a) shows the estimated magnetic coupling between
the RPM and the UMR for multiple vertical runs (n = 5).
The minimum localization gap is set to 40 mm, and the RPM
is allowed to rotate toward the UMR at a translational speed
of ~1 mm/s, while rotating about €2,., at 3 Hz. The torque
model (4) predicts that the magnetic coupling between the
RPM and the UMR increases as the cube of the gap (black
line), using the nominal values in Table II. The estimated
magnetic coupling captures the behavior predicted by the
model. Note that the deviation between the estimated magnetic
coupling and the predicted values of the model is less than
approximately (3.941.6) x 10~* N.m for p, > 100 mm. This
deviation is attributed to error in the nominal geometric and
magnetic parameters entered into the model and the observer.

With the exception of this region (p, > 100 mm), the magnetic
coupling observer captures the behavior predicted by the
theoretical model. For 40 < p, < 100 mm, the mean absolute
error (MAE) between the estimated magnetic coupling and the
results of the theoretical model is (2.6+1)x10~4 N.m (n = 5).

The results of the magnetic model developed above (see
Appendix B) between the UMR and the RPM (Fig. 5) are
compared to the estimated magnetic coupling based on the
RPM’s current and angular velocity. Similarly, the translational
motion of the RPM with respect to the UMR along the z-
axis is provided at various speeds, as shown in Fig. 14(b)-
14(e). In this experiment the magnetic coupling is estimated
for 1 <wv, <20 mm/s and 125 < p, < 40 mm while rotation
about .. at 1.25 rad/s. The MAE between the results of the
theoretical model and the estimated mean magnetic coupling
is 2.8 £ 2.6 mN.m.

APPENDIX C

The dynamics of the UMD with radius r is given by balance
between magnetic, drag, and contact force, f., and torque, T\,
as [42]

fm + 6mnr (fip + frrw) +£. =0

30
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where f; and f;. are normalized scalar near-wall fluid forces
of the translational and rotational motion, respectively, and T}
and T; are their corresponding normalized scalar torques. The
contact force and torque are given by

4
f. = peg (M — 7rpmr3> , and T.=rNxf, (@Gl

3

where pr is a dynamic coefficient of friction, g is the gravita-
tional acceleration, P is a velocity vector of unit length, and
N is a unit vector normal to the plane of motion. Equations
(1)-(15) are used to determine the relationship between the
magnetic coupling observer gain, g, and the error between the
actual and estimated magnetic torque in Fig. 4(c).
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