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Abstract— Millimeter-scale magnetic rotating swimmers have
multiple potential medical applications. They could, for exam-
ple, navigate inside the bloodstream of a patient toward an
occlusion and remove it. Magnetic rotating swimmers have
internal magnets and propeller fins with a helical shape. A
rotating magnetic field applies torque on the swimmer and
makes it rotate. The shape of the swimmer, combined with
the rotational movement, generates a propulsive force. Visual
feedback is suitable for in-vitro closed-loop control. However,
in-vivo procedures will require different feedback modalities
due to the opacity of the human body. In this paper, we
provide new methods and tools that enable the 3D control
of a magnetic swimmer using a 2D ultrasonography device
attached to a robotic arm to sense the swimmer’s position. We
also provide an algorithm that computes the placement of the
robotic arm and a controller that keeps the swimmer within
the ultrasound imaging slice. The position measurement and
closed-loop control were tested experimentally.

I. INTRODUCTION

Minimally Invasive Surgeries (MISs) became widespread
in the late 1980s, and their use has steadily increased since
then [1], [2]. In 1997, MISs represented 8.9 % of all surgical
procedures. This number increased to 11.2% in 2018 [3].
MISs use smaller incisions and cause less damage to the
body than open surgeries. As a result, the risk of infection
is reduced, which improves patient outcomes. Patients also
recover faster with MISs, and their comfort is improved [4].

Some MISs, such as cardiac catheterization or catheter-
directed thrombolysis, are performed using a catheter, which
is a thin, flexible tube inserted in the vasculature of a
patient [5], [6]. The catheter can be steered to an area to
treat and perform a surgical task. Some catheters have tools
at their extremity, such as an inflatable balloon, to perform
the surgical task [7]. However, the tethered nature of the tool
used in these procedures imposes limitations. The precision
of the manipulation is limited by the friction between the
catheter and the wall of the blood vessel [8]. Catheters rub
against the wall of the vessel and can dislodge plaques [9].
Endothelial vascular injury can occur at the catheter insertion
site, along the route of the catheter if it rubs or the catheter
tip impinges on the vessel wall [10].
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Fig. 1. Experiment setup with the robot arm, power supplies, magnetic
manipulator, and a computer running ultrasound imaging program. The inset
shows an ultrasound probe and a water tank with a swimmer inside.

Magnetic tetherless robotic agents could be the next step
in the evolution of MISs [11]-[14]. Magnetic manipulation
controls the position of a magnetic swimmer inside an
environment via a magnetic field changing in strength and
orientation over time. The properties of the magnetic field are
controlled by a robotic system. The magnetic field generated
by the magnetic manipulator is at a low frequency (less
than 100 Hz), which allows it to pass through the human
body. The properties of the magnetic field, coupled with
the small nature of the swimmers, allow them to perform
MISs. Previous research demonstrated these magnetic robots
can be controlled in a simulated physiological environment
and perform tasks, such as delivering targeted therapy and
clearing blood clots [15].

Our research concentrates on the Magnetic Rotating
Swimmer (MRS), a type of magnetic tetherless robotic agent.
We target the treatment of pulmonary embolism because
pulmonary arteries are deep in the body and difficult to
reach using conventional catheters. Our magnetic swim-
mer is propelled and steered by a magnetic manipulator.
A cylindrical magnet with radial magnetization is glued
inside the swimmer. The magnetic manipulator creates a
magnetic field that generates a torque on the swimmer,
making it rotate. Propeller fins on the swimmer convert this
rotation into a propulsive force. The magnetic manipulator
can steer the swimmers in 3D because they automatically
orient themselves with the axis of rotation of the magnetic

8173



- Computed on ultrasonography computer
- Computed on LabVIEW computer
- Computed on UR3 robot arm computer

—_—
Drag magnitude Drag, -_]
_—
Weight + Buoyancy

Fig. 5 presents a diagram of the computer
network architecture.

Path Data;
—_— Closest point
on the path,

Swimmer

Field Voltage

to to apply
apply to coils power
supplies

Fig. 2.

field. Changing the direction of the magnetic field’s rotation
axis changes the swimmer’s direction.

Navigation of MRS inside small vessels does not require
closed-loop control of the radial position of the swimmer.
Many previous works steer MRS in a vascular system
that constrains the swimmer from moving in a local 1D
system [16]-[19]. Previous works have also experimentally
demonstrated the control of MRS under ultrasound guidance
in restricted channels [20], [21]. If the diameter of the blood
vessel is smaller than the length of the MRS, the wall of the
arteries guides the swimmer. However, using this method in
large vessels, such as the vena cava, which has a diameter
of up to 20mm [22], would likely result in erratic motion
of the agent because of wall collisions and unrestricted
rotation during these collisions. Closed-loop control of the
radial position of MRS inside vessels would allow avoiding
collisions with the walls of the arteries and prevent potential
damage to the endothelium.

Closed-loop position control of an MRS requires posi-
tion measurements. Several medical imaging methods are
available. X-rays can provide high-resolution images and
3D volume reconstructions with CT scanners. However, X-
rays are a form of ionizing radiation, sufficient exposure to
which increases the risk of cancer. CT scanners, for example,
increase the risk of cancers, and the risk increase is positively
correlated with the radiation dose [23]. Excessive exposure
to X-rays by the patient would defeat the main purpose
of MISs, which is to improve the outcome compared to
other surgeries. MRI is another medical imaging method
without the drawback of ionizing radiation. However, it
uses a strong magnetic field that interacts with the MRS
and prevents it from rotating. Photoacoustic imaging is yet
another non-ionizing imaging method. It relies on a pulsed
laser that locally heats up tissue to produce a thermoelastic
expansion and ultrasound wave. These waves are detected
and processed to produce an image. This method is sensitive
to metallic objects [24], such as the permanent magnets em-
bedded in MRS:s. It however suffers from a lower penetration
depth than traditional ultrasonography [25] which can also
obtain images of an MRS inside a vascular environment [26].
While other groups have demonstrated closed-loop control
with X-ray imaging [27], ultrasound can provide position
information without dangerous radiation. 3D ultrasonography
suffers from a low frame rate, but 2D ultrasonography can
provide images at relatively high frequencies. In this paper,

-_’ fobatam

Functional block diagram of the closed-loop system presented in this paper. Red arrows correspond to the outputs of this diagram.

we take advantage of the high frame rate and non-ionizing
properties of 2D ultrasonography and use this method to
obtain position feedback of an MRS.

In the present study, we steered the MRS in an uncon-
strained cuboid volume to model control in areas where
the MRS is small compared to the local physiological envi-
ronment. This type of steering requires closed-loop control.
Our previous work [28] presented a method that allowed
closed-loop control of an MRS in 2.5D using a non-moving
2D ultrasonography device for position feedback, which
allowed the MRS to follow a horizontal 2D path. Though
the off-plane 3D position was unobservable, our control
algorithm attempted to steer the MRS back into the imaging
slice. Locating and tracking the swimmer in 3D requires
coordinated control of the probe’s position and orientation.
We added software and hardware components to the system
and augmented algorithms to enable closed-loop 3D path
following by moving an ultrasound probe with a 6-DOF
robotic arm.

The chief contribution of this paper is a new closed-loop
control method able to steer a free-swimming MRS along an
arbitrary 3D path using only data from a 2D ultrasonography
device for position feedback. New software modules are
introduced: a 3D off-plane oscillation controller (Section III-
E), a module that calculates the proper orientation of the
ultrasound probe (Section III-A), and a module that performs
a change of reference frame from coordinates within the
ultrasound imaging slice to the workspace frame (Section III-
D). A spring-loaded probe-holding mechanism was also
added to the system (Section IV-C).

II. SYSTEM OVERVIEW

The system presented in this paper is a multi-component
robotic device augmented from the system presented in [28],
[29]. Figure 1 presents pictures of the system.

Figure 2 shows a system functional block diagram. The
first step of the algorithm loop is to acquire an ultrasound
image, which is then filtered. If the swimmer is detected,
the swimmer’s position inside the image is calculated. A
change of reference frame function is then applied to express
the swimmer’s position in a reference frame associated with
the workspace. This calculation requires the knowledge of
the position of the robotic arm, which was calculated in
the previous program loop iteration. If the swimmer is not
detected, the previous position is used. The closest point on
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the path to follow is then searched, and a force component
to apply to the swimmer to steer it toward the path centerline
is computed from a PID controller. The PID controller only
controls the MRS along the r and s axes, which are parallel
to the ultrasonography imaging slice (see Fig. 3). Control
over the ¢ axis, which is perpendicular to the imaging slice,
is performed by a 3D Off Plane Oscillations Controller (3D-
OPOC). This module calculates a force ﬁt to apply to the
swimmer to keep it inside the imaging slice.

The force magnitude needed to compensate for the drag
produced by the swimmer’s movement along the trajectory is
a user-defined constant. It controls the velocity of the MRS.
A module computes the drag vector, which has the same
direction as the path centerline at the point closest to the
MRS’s position. A module changes the direction of the drag
vector to make the MRS change direction when it reaches
the extremities of the path, which is not closed.

The forces to apply are then summed, and the result is sent
to modules that calculate the magnetic field and electromag-
net currents to apply. The field and currents calculation is the
same as the method presented in [29]. The variation rate of
the magnetic field rotation axis and the swimmer’s rotational
speed is limited because fast variations cause the swimmer
to step out of synchronization with the magnetic field and
fall to the workspace bottom.

The new orientation of the ultrasound probe is calculated
in each iteration, but this information is only sent to the
robotic arm every 0.4 seconds to allow the arm to finish its
movement before a new movement is requested.

III. SENSING AND CONTROL METHOD

A. Computation of Ultrasound Probe Placement

The ultrasound probe returns a 2D image representing the
acoustic return of a nonzero-thickness imaging slice from
the workspace. In this subsection, we calculate the equation
of an imaging plane and use that to determine the proper
orientation of the probe. We define the imaging plane as the
plane parallel to the imaging slice (i.e., parallel to the (r, s)
plane) and at the middle of the imaging slice’s thickness (at
t = 0, see Fig. 3). The goal is to place the imaging plane
on the path point closest to the last known position of the
swimmer and parallel to the path to follow at this location.

The 3D path to follow is defined by a set of waypoints.
We use a total of 1,000 waypoints for a 90 mm long
trajectory, which corresponds to a resolution of 0.09 mm.
To compute the equation of the imaging plane, the program
first searches for the waypoint closest to the swimmer’s last
known position. We call this waypoint W.,. The program
then saves the coordinates of the waypoints just after and
just before Wcz- These two points are called ]31 and ]52 and
lie in the desired imaging plane. Three points are needed to
define a plane. We chose to use the position of the tip of the
ultrasound probe as the third point. We are free to choose the
position on this point. We chose to keep the probe on the wall
of our workspace at z = z = 0. The coordinates of the third
point P3 of the imaging plane are therefore (0, —L,,/2,0)

in the (z,y, z) coordinate system where L,, is the length of
the workspace in the y direction.
The general equation of a plane is

a-x+b-y+c-z4+d=0. (1)

Vector Py = [a b C]T is perpendicular to the imaging
plane. Constants a, b, and c are calculated as

@ b o =F=F-P)x(B-F). @

The constant d can be calculated with d = b - L,, /2.

The z positions z; and z, of the plane at the intersections
with the edges of the front side of the workspace are then
calculated with the following equations:

z1=(+a-Ly+0b-L,—d)/c 3)
zo=(—a-Ly+b-Ly,—d)/c 4

The rotation angle of the plane around axis z is
¢ = —atan2(zo — 21, Ly) - 5)

The rotation angle of the plane around axis y is
a = —atan2(c, a) . (6)

B. Swimmer Detection in Ultrasonography Images

Previous work [28] found that Doppler mode ultrasonogra-
phy led to better swimmer localization results than B-mode.
The liquid flowing around the swimmer generates a strong
Doppler signal that can be used in detection algorithms.
Swimmer detection is done via an intensity-based algorithm
focused on finding the brightest pixel after applying a 5-by-
5-pixel median filter to the Doppler mode image.

C. Ultrasound Calibration

A 3D-printed checkerboard skeleton was used to calibrate
the ultrasound images. This board consists of squares with
diagonals of 20 mm and was placed inside a water tank in
the center of the magnetic manipulator. Ultrasound B-mode
images of the skeleton were recorded, revealing the rib in-
tersections. Images were processed to determine the physical
pixel size along the r and s axes. The conversion factor c,4
for the s axis is 0.295 mm/pixel with a relative error of 4 %.
In the r axis, conversion factor ¢, is 0.265 mm/pixel with a
relative error of 0.8 %. These factors are used to convert pixel
coordinates into millimeter coordinates in Section III-D.

D. Change of Reference Frame

The swimmer’s location within the ultrasound image frame
[s,7,0] must be converted to a set of coordinates in the ref-
erence frame of the workspace [z, y, z]. The raw ultrasound
image is 400x386 pixels. The origin of the raw ultrasound
image is in the top-left corner. The following equations center
the reference frame at s = 0 and convert pixel coordinates
(Tpx, Spx) into millimeter coordinates:

s = (spx — 386/2) x cs, @)

T ="Tp X Cp, (8)
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Fig. 3. 3D CAD representation of coordinate transformations between
ultrasound reference frame (green) and workspace reference frame (red).
The ultrasound probe only detects the swimmer on its imaging plane
(purple); thus, the MRS’s position when detected in the ultrasound image
will always be at t = 0. An intermediate coordinate system (blue) is used
to assist the transformation between the two frames. The angles ¢ and
« are shown in pink. The s-direction must be inverted before coordinate
transformations can be applied.

Next, rotation matrices are used to convert the coordinates r
and s into the workspace reference frame:

cos(a) 0 sin(a)
Ryw=| 0 1 0

—sin(a) 0 cos(w)

1 0
, Ry =10 cos(p)

0
Sin(aﬁ)} ©))
0 sin(¢)

cos(¢)

The swimmer position ﬁ in the workspace frame is

]77“) = Ry,aRm,¢ : [_57 T, O]T + Fusp ) (10)

where 7,@ is the position of the ultrasound probe tip
expressed in the workspace reference frame.

E. 3D Off Plane Oscillation Controller

The previous paper [28] introduced an Off Plane Oscil-
lation Controller (OPOC) that allows keeping the swimmer
inside the 2D ultrasonography imaging plane. In this previous
publication, the robotic arm holding the ultrasound probe
was not moving, and the reference frame (r, s,t) associated
with the probe was parallel to the reference frame (z,y, 2)
associated with the workspace. The direction of the swimmer
was controlled in 3D, and the swimmer followed a 2D path
coplanar to the xz-y plane. In the present paper, we modified
the OPOC to allow the swimmer to follow a 3D path.
To differentiate it from the previous version, we call this
controller 3D-OPOC.

In our previous paper, a force ﬁt was applied by the OPOC
to the magnetic swimmer in addition to the forces calculated
by other controllers. This additional force changes direction
when the swimmer disappears from the ultrasonography
image, making the swimmer oscillate within and around the
imaging slice. In that study, F; was always oriented vertically
because the ultrasound probe did not change orientation.

With the 3D-OPOC, a force ﬁt is still present but is
oriented perpendicular to the imaging plane. The rotation
matrices in Eqns. (9) are used to calculate ﬁt (see Alg. 1).

Algorithm 1: CALCULATION OF F‘t

Eo — [070,]%0]—'— ; // force F, before rotation.
n<+2; // filter length:

detections needed to reverse direction.
nNotFound < n ;

store the number of times steps since the

number of failed
// initialize a variable to
last swimmer detection.

k<« 1;

swimmer needs to start with a force pointing

// Initial direction of ﬁt The

upward to cross the US beam.
Loop
SwimmerFound < USDETECTION() ;

// measure using the ultrasonography
True if the swimmer is detected.
if SwimmerFound then

| nNotFound < 0 ;
else

niNotFound < nNotFound +1 ;
if nNotFound = n then
‘ k <+ —k ; // reverse direction of fa.
end
end

Fi k- Ry)a . Ry7¢ - Fyg 3 // force vector to

apply calculation.
EndLoop

device.

Cylinder-shaped
NdFeB Permanent
Magnet ; '

Swimmer’s Body

2.8mm

g

Fig. 4. 3D CAD representation of swimmer with internal NdFeB magnet.

IV. EXPERIMENTAL SETUP
A. Electromagnetic Actuation

The magnetic manipulator consists of six electromagnets
oriented in a cube shape and separated by 300 mm. Each
electromagnet has an internal diameter of 180 mm and an
external diameter of 220 mm. Each electromagnet is powered
by two Kepco BOP 20-50MG power supplies connected in
series. A National Instruments IC3173 industrial controller
generates an analog signal to control the power supplies. Two
Basler acA800 cameras are mounted on the top and right
side of the magnetic manipulator to measure the swimmer’s
position during path-following.

B. Design and Fabrication of the Swimmers

The magnetic rotating swimmer in this experiment has
three head helices and three body helices (see Fig. 4). The
bottom pitch of the helices is 16 mm, and the top pitch is
12mm. The swimmer diameter is 2.8 mm and the length
is 6 mm. These dimensions ensure the swimmer is small
enough to be inserted inside a vessel yet large enough to be
efficiently manufactured.
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Fig. 5. Block diagram of the computer network transferring ultrasound
and robot arm data.

Figure 4 shows the design of the swimmer used in this
paper. The swimmer is printed using a Formlabs resin 3D
printer. Then, the swimmer is washed using ethanol inside
an ANYCUBIC wash and cure station for around 6 minutes.
After washing, the swimmer is placed under a UV light for
20 minutes to cure the resin and strengthen the design. One
cylinder-shaped NdFeB permanent magnet (1 mm diameter,
1.5mm length) is placed inside the swimmer. A small
amount of epoxy is added at the bottom of the swimmer
and ensures that the magnet stays in place.

C. Ultrasonography Hardware

The ultrasound system utilized in this experiment is a
Verasonics Vantage 32 LE with a 64-element 1D phased
array transducer. A configuration file in the form of a
MATLAB script is used to set the parameters of the ultrasound
acquisition. The frequency of the ultrasound probe is 3 MHz.
The configured threshold of the Doppler signal is 0.2 (20 %).

The ultrasound system is connected to a host controller
computer. The control and data acquisition of the ultra-
sound transducer is controlled via a MATLAB graphical user
interface (GUI). An ultrasound gel pad (diameter 90 mm,
thickness 20 mm) is placed between the probe and the wall
of the water tank to reduce the acoustic impedance at this
interface. Furthermore, as the probe is rotated, the extremities
of the probe tip may be pushed against the gel pad, and so
a spring-loaded probe holder is used to allow the probe to
move back to prevent damaging the workspace.

D. Data Transfer Between Computers

The Verasonics Host Computer is connected to a National
Instrument IC3173 through a TCP/IP connection via an
ASUS AC3100 Router (see Fig. 5). The Verasonics computer
sends the MRS position to the IC3173 using this connection.
A LabVIEW script in the IC3173 calculates the pose for the
UR3 robot arm. The generated pose is sent via the Verasonics
computer to the UR3 arm.

E. Robot Arm Program

A program moving the robotic arm is implemented on the
UR3 robot arm computer. The program is a combination of

Camera vs Ultrasound X Position
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Fig. 6. Plot of swimmer’s positions measured with cameras and ultrasound
using camera feedback (3000 points are shown for a 60 s experiment).

its visual scripting language and URscript commands. On
startup, a connection is established to the Verasonics host
computer hosting the TCP server. The robot arm waits for a
set of arm pose coordinates sent as a string variable. Robot
arm pose coordinates are composed of linear translation val-
ues (in millimeters) and rotational values (in radians) along
the x, y, and z axes. Each set of coordinates is enclosed with
“<” and “>” symbols. These symbols allow the program to
distinguish between multiple sets of coordinates. Individual
coordinates are extracted from the string and placed into
variables. The linear translation coordinates are converted
from meters to millimeters. A pose variable is generated, and
the robot arm moves to this specified pose in a timeframe of
400 ms. The movelL function inside the URScript program
moves the arm to the correct position.

V. EXPERIMENTAL RESULTS
A. Swimmer Position Measurement Using Ultrasonography

We first validated the proposed swimmer position mea-
surement method by making the swimmer follow a pre-
defined 3D path in a water tank using camera feedback
to close the control loop. The ultrasound transducer was
attached to the robotic arm, which set the pose of the trans-
ducer. The probe orientation was calculated using the method
presented in Section III-A. The position in the workspace
reference frame was calculated using the method introduced
in Section III-D. We compared the position information mea-
sured using cameras and ultrasound. An offset was manually
tuned on the LabVIEW interface to align the ultrasonography
and camera position measurements. The path to follow was
designed as a twisted U-shape. The path is the same shape
as the one presented in Fig. 7. The experimental results
are shown in Fig. 6. The ultrasound measurements were
in good agreement with the measurements using cameras.
The RMS error between camera measurements and ultra-
sound was 3.41+2.48 mm (1.884+1.65 mm about the x axis,
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1.084+0.8 mm about the y axis, and 2.16+2.25 mm about
the z axis).

B. Closed-loop Control with Ultrasonography Feedback

The system shown in Fig. 2 was configured to follow
the 3D path shown in Fig. 7. The swimmer started from
the bottom of the workspace. The swimmer first swam
vertically upward until it was detected by the ultrasound
device. Closed-loop control started automatically after the
first detection.

Many tests were performed, and the controller parameters
were tuned manually using the test results. An experimental
path followed by the swimmer is shown in Fig. 7. The swim-
mer followed the path centerline with an average distance
from the centerline of 5.8 mm. During the tests, the system
always lost control of the MRS after it followed the path for
a relatively short duration (less than 30 seconds). Though the
present state of this control method is insufficient for the full
duration of surgery, it could complement an imaging method
that uses X-rays. The X-rays could be temporarily activated
only if tracking with ultrasonography is lost. This method
could significantly reduce patient exposure to X-rays.

VI. CONCLUSION

This work introduces methods and experimentally demon-
strates the 3D closed-loop control of an MRS using only 2D
ultrasonography for position feedback. This would enable the
swimmer to navigate medically relevant environments, such
as the pulmonary artery.

In Section V-A, we show that the position of an MRS
can be measured using a 2D ultrasound probe attached
to a robotic arm. The swimmer position measured by an
optical camera is in good agreement with measurements
using ultrasonography. In Section V-B, the system’s loop
was closed using ultrasonography only for position feedback.

Experimental results of system presented in Fig. 2. The system was controlled in a closed loop using only ultrasound data.

The proposed system can stabilize the swimmer for short
durations before losing tracking and control. The system is
not observable along the t axis of the ultrasound device
and, even if the 3D-OPOC can temporarily stabilize the
swimmer’s position, it eventually fails to keep it stable.
While this method cannot be used alone to perform surgical
procedures, it could be complemented by an imaging method
based on X-rays, which would only be activated temporarily
when tracking with ultrasound is lost.

In the future, the system could be remotely controlled
by a qualified surgeon. Remote accessibility will enable the
MRS to be used in many different communities, including
small hospitals where a qualified surgeon is unavailable. The
use of ultrasonography, a technology widely available within
clinics, paired with the presented control method, will reduce
the patient’s exposure to X-rays in tracking the swimmer and
decrease the risk of cancer.

Modifications will be made to improve the system’s preci-
sion and accuracy. An improvement involves the utilization
of a computer vision algorithm. An object recognition algo-
rithm could allow the system to identify the swimmer even
when noise and external factors are present (blood vessel
walls, distortion from blood flow, etc.). Additionally, we are
considering the use of magnetic sensors, such as Hall-effect
sensors, to localize the swimmer based on the magnetic field
generated by its magnet, similar to [30].

Another future avenue consists of introducing a geometri-
cally accurate phantom of pulmonary arteries with pulsating
flow to more closely reflect the true nature of vascular en-
vironments. Finally, further miniaturization of the swimmers
can be pursued to allow access to more narrow blood vessels,
such as those beyond the first branches of the pulmonary
arteries and those in the brain.
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