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ABSTRACT The use of global magnetic fields—typically produced by pairs of Maxwell and Helmholtz
coils—offers the advantage of generating uniform magnetic fields and magnitude uniform gradient distribu-
tions over extensive volumes, while ensuring easy control. However, achieving selective control of multiple
magnetic microrobots under such global fields remains problematic. In this study, we utilize a magnetic focus
field generated by a pair of Maxwell coils to impede the magnetic torque-based movement of magnetic robots
confined within channels. Although the magnetic field is null at the focus field’s center, it increases linearly
in all directions. This exerts magnetic forces that push robots, which are situated away from the center, toward
the channel walls. This not only restricts their positioning but also reduces their responsiveness to additional
fields. By introducing uniform dc magnetic fields to the focus field, we can change the controlled robot.
This mechanism for selective locomotion has been empirically validated with the selective movement of
two helical magnetic robots and swarms of magnetic microparticles. Furthermore, leveraging the same focus
field, we present a novel separation mechanism for magnetic particle swarms, enhancing the aforementioned
selective locomotion mechanism. The practical implications of our proposed locomotion mechanism have
been showcased in targeted delivery, drilling, and improved magnetic heating experiments.

INDEX TERMS Electromagnetic system, magnetic microrobots, magnetic nanoparticles, magnetic heating,
selective locomotion.

I. INTRODUCTION tems have been developed for manipulating these magbots.

Since their inception, magnetic-driven robots (hereinafter
referred to as magbots) have been extensively researched due
to their wireless power, control, and potential for miniaturiza-
tion down to the micro/nano scale. These qualities make them
suitable for a plethora of biomedical applications, including
embolization [1], [2], drug delivery [3], [4], and hyperthermia
[5], [6]. As aresult, a variety of electromagnetic control sys-
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These range from systems that utilize permanent magnets
manipulated by robotic arms and platforms [7], [8], [9],
to those employing static [10], [11] or moving electromag-
nets [12], [13]. Additionally, several magnetic torque-based
locomotion mechanisms for magbots have been proposed
[14]. Notwithstanding, controlling magbots often remains
limited to either a single robot or to the collective control
of multiple robots that aren’t individually addressable. This
limitation arises from the challenges associated with pro-
ducing distinct magnetic fields at various locations within a

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

VOLUME 11, 2023

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

120935


https://orcid.org/0000-0002-8322-9681
https://orcid.org/0000-0002-7060-2010
https://orcid.org/0000-0002-7492-8798
https://orcid.org/0000-0002-4448-3310

IEEE Access

A. Ramos-Sebastian et al.: Selective Locomotion Control of Magnetic Torque-Driven Magnetic Robots

workspace to enable the independent operation of multiple
robots.

To date, the most effective method for controlling mul-
tiple identical magbots employs arrays of electromagnets
[15], [16]. This approach, however, necessitates a signif-
icant number of coils. The quantity of these coils tends
to increase in tandem with the system’s working volume
and resolution. Moreover, this technique is generally con-
strained to two-dimensional applications. Some researchers
have offered alternative solutions by employing magbots
with distinct geometries [17] or by altering their magnetic
moments through modifications in magnetic volume [18],
magnetization direction [19], or magnetic material compo-
sition [20]. This ensures each magbot responds uniquely to
a universally applied magnetic field distribution (or global
fields). While the number of robots controlled through this
method is typically limited (often fewer than five), its pri-
mary advantage lies in its applicability under global fields,
facilitating three-dimensional movement.

Global fields are typically produced by pairs of Helmholtz
and uniform saddle coils for the generation of space-uniform
magnetic fields. In contrast, pairs of Maxwell and gra-
dient saddle coils are employed for producing magnitude
constant gradient fields over expansive volumes [21], [22],
[23]. Utilizing these coil pairs, scholars have successfully
controlled identical helical micromachines within threaded
plates, demonstrating 1 Degree of Freedom (DoF) [24]. Sim-
ilarly, they have controlled swarms of magnetic nanoparticles
situated in distinct channels, also exhibiting only 1 DoF [25].
This is achieved by establishing a substantial gradient field
with pairs of Maxwell coils, which attenuates the response
of magnetic materials positioned away from the center of
the Maxwell coil pairs to an added rotating magnetic field
(RMF).

This study introduces an innovative locomotion mecha-
nism for the individual control of torque-based magnetic
robots (magbots) within confined channels. This is realized
using global fields generated by pairs of Maxwell coils and
a triaxial system of Helmholtz coil pairs. Selective loco-
motion is attained by harnessing the magnetic force from
the Maxwell coils, which drives the magbots against the
channel walls, thereby anchoring their position. Additionally,
their reaction to supplementary low RMFs, produced by the
Helmbholtz coils, is subdued due to the notably high magnetic
field output of the Maxwell coils when situated far from
the coil’s center. This inhibits their magnetic torque-driven
movement. The presented locomotion approach is exempli-
fied through the selective movement of two identical helical
swimmers and a swarm of magnetic particles. A unique split
mechanism for magnetic nanoparticle (MNP) swarms, which
leverages the same magnetic gradient distribution from the
Maxwell coils, is also introduced and validated. Furthermore,
for the first time, the selective movement of entirely distinct
magbots, in terms of both geometry and magnetic compo-
sition, is showcased. This is manifested through the precise
control of helical magbots and MNP swarms for tasks such
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as drilling, delivery, and enhanced magnetic heating applica-
tions.

Il. SELECTIVE LOCOMOTION MECHANISM

The process to achieve selective locomotion of magnetic
torque-based magnetic robots is divided into two main steps:
Firstly, the generation of a focus field (FF) and a selection vol-
ume (Vy); and, secondly, the V position control and selective
actuation. Vy is a magnetic field distribution describing an
imaginary ellipsoidal volume. Within this volume, the mag-
netic field undergoes complete rotations. In contrast, outside
the ellipsoid, the field’s oscillation is limited to a few degrees,
impeding a full rotation. This distinction is critical in the
context of magnetic torque-based magbots. Only a magbot
positioned within the Vs domain can achieve full rotation,
enabling effective propulsion. Vy is generated through the
concurrent application of an FF and an RMF, as delineated
in Fig. 1.

Focus field and selection volume generation
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FIGURE 1. Focus field and selection volume generation. (a) A pair of
Maxwell coils generating a focus field, with a region of zero magnetic
field at its center (Field free region - FFR). (b) The magnetic gradient of
the focus field exerts a magnetic force that pushes magbots toward the
walls of channels. (c). The addition of a small uniform magnetic rotating
field (RMF) displaces the FFR of the focus field and causes it to rotate
describing a spherical selection volume (Vs). A magbot within Vs can fully
rotate synchronizing with the applied RMF, whereas magbots outside of it
cannot.
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A circular pair of Maxwell coils is a set of two identical
circular coils separated by a distance equal to +/3 times
their radius, with an electrical current I, flowing in opposite
directions. As shown in Fig. 1(a), this creates a magnetic field
distribution characterized by a point of zero magnetic field
(Field free region (FFR)) at the center of the pair of coils
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(that coincides with the origin of the coordinate system), from
which the magnetic field increases following:

FF = Gp (1

where p is the spatial position and the magnetic gradient
tensor G is the diagonal matrix diag [ —g- /2 —g./2 g ]. and
g is the magnitude of the gradient in the Z-axis. For the
pair of coils used in this electromagnetic system and axis in
Z, (further detailed in a previous work [26]) the relationship
between [, and g, is given by:

8z = kil ()

where &, is a constant (0.035 T-m~!-A~1) related to the
geometry of the coils.

As Fig. 1(b) shows, if an FF is applied to any type of
magbot (with a magnetic moment m) confined within chan-
nels, the magnetic gradient will exert magnetic forces (F,, =
V(B - m)) that push them toward the walls of the channels in
opposite radial direction from the FFR, while also exerting
magnetic torques (t,, = m x B) that further restrict the
orientation of the magbots.

Then, by applying an RMF (generated by the Helmholtz
coils) the original position of the FFR shifts (by a distance
that depends on the magnitude of RMF (Brymr) and rotates
creating an ellipsoidal volume, herein referred to as selection
volume. The major axis d of Vy is:

d =2Brur/g; 3)

As depicted in Fig. 1(c), only a magbot contained within Vy
will be able to synchronize and rotate with the applied RMF,
whereas the remaining robots will at most oscillate with their
m pointing toward FFR. So, to selectively control a given
magbot d/2 must be smaller than the separation distance
between the target magbot and the closest one to it.
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3 10 15 20

S
.

Pl
t
3mT, 02900 LY~ SMT=3mT, 0=330°

P
Change of largeled
magbot

e |

FIGURE 2. Vs position control and selective locomotion. (a) A 3D set of
Helmbholtz coils generate time static uniform fields (SMF) that change the
original position of FFR, and the center of Vs. (b) By matching the center
of Vs to the center of targeted magbot, several magbots can be selectively
controlled.
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FIGURE 3. Block diagram of control system.

The next step is to control the center of V. As shown in
Fig. 2(a), position control of Vy is achieved by the addition of
a quasistatic magnetic field (SMF) which is:

SMF = -G p,,;, 4)

where ppp is the position toward which the center of Vg will
be shifted to. The field generated by the pairs of Helmholtz
coils is:

[B. By B.|" = [k kol keI ] 5)

where ky (1.76 x 1073 T-A71), k, (1.8 x 103 T-A~") and k,
(3.74 x 1073 T-A~!) are geometrical constants respectively
for the pairs of Helmholtz coils in the X-, Y- and Z-axis, and
I, I, and I, their respective electric currents.

Finally, selective locomotion is achieved by positioning the
center of Vg with the center of a targeted magbot so that it is
wrapped within Vg, as shown in Fig. 2(b). Only the selected
magbot can fully rotate and synchronize with an applied
RMEF, whereas the rest of magbots cannot. This, as long as
the separation distance between the targeted magbot and its
closest neighboring magbot is smaller than d/2. The RMF
generated by the Helmholtz coils is:

sin @ cos (wt) — cos ¢ cos O sin (wt)
— cos 6 cos (wt) — cos ¢ sin O sin (wt)
sin ¢ sin (wt)

RMF = Bryr

6)

where 6 and ¢ are respectively the azimuthal and polar angles
of the rotation axis of RMF, whereas w is its angular fre-
quency.

Ill. SELECTIVE LOCOMOTION OF TWO HELICAL
SWIMMERS
To test the proposed locomotion mechanism, a controller for
the selective locomotion of magnetic torque-based magbots
was developed, as seen in Fig. 3. The user introduces the
targeted robot, and the magnitudes g, and Bryvr through
the user interface. The locomotion angles 6 and ¢ are con-
trolled through a joystick. Then the controller calculates the
required currents for the pair of Maxwell coils and the pairs
of Helmbholtz coils, which then generates the magnetic field
distributions FF and RMF. After that the selected magbot
moves changing its position pyp, which is captured by a USB
camera. Then, the SMF required to maintain the center of V
at the center of the robot is calculated and fed into the control
system.

The proposed control system was first tested with two
identical (except for their color) helical magbots. The mag-
bots were made using N35 Neodymium cylindrical magnets
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FIGURE 4. Selective locomotion of two helical magbots. From ¢, to t,, Vs is positioned at the center of the red robot and selectively controlled from
one end of the channel to the other. At t5, Vs is changed to match the blue robot’s position for its selective locomotion. The magnetic field distribution
images at the XY plane show the FFR following the position of the targeted magbot. The magnetic field at ZY plane shows that from £, to t5 d/2 is
smaller than the separation distance between robots, hence only one robot moves; whereas from tg d increases and both robots move.

with respective length of 4 mm and diameter of 1.5mm.
They featured a helicoidal body fabricated through a pho-
tocurable resin 3D printing process, utilizing a Micro Plus
Advantage printer (EnvisionTEC, USA). The dimensions of
the helicoidal body measured 6 mm in length and 3.5 mm in
diameter. One magbot was painted red and the other one blue,
to facilitate their tracking (see supplementary video SM1).
Both magbots were placed within 4.2 mm width channels
separated by a distance of 20 mm, as shown in Fig. 3. The
channels were filled with a mixture of water and glycerin
with a dynamic viscosity of 45.38 mPa-s. As in most research
regarding magnetic milli/microrobots, the fluid’s viscosity
was tuned to the referred value so that the Reynolds number
approached a low value (between 1072 to 1073) similar to
that of microorganisms [27], [28].

First, g, was set to 0.6 mT/mm and Bryr to 4 mT, resulting
in ad of 26 mm. The center of V (marked with a red rectangle
in the images and videos) was matched to the red magbot.
Then the red magbot was moved from the left end of the
channel (zp) to the right end (#;), while the blue magbot
remained in its original position. As observed in the mag-
netic field distribution images for the XY plane, the original
position of the FFR was adjusted to follow the targeted robot,
whereas the distribution in the ZY plane shows that Vs only
covered the red robot, being this the reason why the blue
robot could not rotate and propel itself along its respective
channel.

After the red robot reached the right end of its channel,
the center of Vs was changed to match the blue magbot (#3),
and subsequently the targeted robot was moved toward the
opposite end of the channel (#5). As further observed in the ZY
magnetic field distribution, V¢ only wrapped the blue robot.
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Then BrMr was increased to 8 mT, resulting in a larger Vi
with d = 52 mm, large enough to cover both magbots. Despite
positioning the center of Vs at the red robot, it is observed that
both robots moved from one end of their respective channels
to the other one. This demonstrates that to ensure selective
locomotion, the volume of Vs must be small enough to wrap
only the targeted robot. If several robots are wrapped within
Vs, selective locomotion will fail.

IV. SELECTIVE LOCOMOTION OF MNP AND SPLITTING
MECHANISM

In the case of soft magnetic materials, such as magnetic
nanoparticles (MNP), their m changes with the control mag-
netic fields and disappears when the fields are suppressed.
Hence, the magnetic torque and force that a soft magbot expe-
riences will depend on its relative position to the FFR. Thus,
such magbots require higher magnetic gradients and mag-
netic fields for their locomotion. By exploiting this property,
a mechanism for the splitting and distribution of magnetic
swarms was developed, as shown in Fig. 5 (a). In the absence
of a magnetic field, MNPs form randomly oriented clusters
with a net m of zero.

Considering the current maximum attainable values for
g, (approximately 7 mT/mm [29]), if an FFR is placed at
the center of a cluster of MNPs, the magnetic force will be
negligible because m is almost zero. However, the addition of
an RMF partially magnetizes the MNPs inside Vg, inducing
the formation of magnetic chains that rotate along with the
RMF, as shown in Fig. 5(b). However, in the case of swarms
located outside Vg, the assembled chains do not rotate but
exhibit an oscillating motion that propels the chain in the
direction of the magnetic gradient. As the MNPs move further

VOLUME 11, 2023
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FIGURE 5. Splitting (a) and selective locomotion (b) mechanisms for
magnetic nanoparticles using an FF.

away from Vy, the amplitude of the oscillation decreases, and
the magnetic force becomes dominant.

The aforementioned mechanisms were tested using about
15 mg of bare spherical Fe304 MNPs with and average core
size of 80-100 nm (bought from US Research Nanomaterials,
Inc.,, TX, USA) in a 1.5 mm wide acrylic channel filled
with silicone oil (dynamic viscosity of 12 mPa-s), with g,
set to 1.8 mT/mm and an Bryg of 7 mT at f = 18 Hz (see
supplementary video SM2).

Fig. 6 shows time-lapse images of the nonselective loco-
motion of the MNPs (g, = 0 mT/mm) moving from the
upper-left section to the right side of the upper channel.
Although the initial volume occupied by the MNPs is small,
as they move to the right, a large cloud of MNPs is created
owing to the combined effect of the dragging force, capillary
action, and inter-particle magnetic interactions. Then we pro-
ceeded to demonstrate the MNP swarm splitting and selective
locomotion mechanisms, as shown in Fig. 7. First, the initial
swarm was moved approximately 6 mm to the left (fo—12),
so that it expanded. The FF was then applied, and the FFR was
placed at the center of the MNP cloud, dividing the original
swarm into two (#3), as observed in Fig. 7(a).

Subsequently, Vs was positioned over the swarm on the
right side (#4) and was controlled following the trajectory
described with yellow arrows toward the targeted region (ts),
as shown in Fig. 7(b). Then, the other magnetic swarm located
in the upper section was targeted (f) and controlled toward
the selection region located on the left lower side of the
channel (#7). Finally, the magnetic swarm was split once again
into two, one of which was targeted and selectively controlled
toward the targeted region located in the central lower region
of the channel. Finally, each of the three targeted regions
contained MNPs, which were initially part of a single swarm
of MNPs.

VOLUME 11, 2023
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FIGURE 7. Experimental demonstration of splitting (a) and selective
locomotion (b) mechanisms for MNPs.

V. SELECTIVE CONTROL OF HETEROGENEOUS MAGBOTS
AND POTENTIAL APPLICATIONS
The proposed system can be used to selectively control
task-specific tailored heterogeneous magbots, allowing them
to perform several applications at once, such as the drilling
of clots, targeted delivery, and delivery-retrieval of MNPs.
To exemplify this, we performed selective control of two
identical magbots (MB; and MB;) and magnetic particles
(NdFeB powder, approximately 10 mg) inside an acrylic
channel filled with a water-glycerin mix for the drilling of
agar jellies (J; and J,), targeted delivery of lead balls (B
and By) and magnetic powder, and retrieval of magnetic
particles, as shown in Fig. 8(a) (see supplementary video
SM3). Magbots MB; and MBjare comprised of cylindrical
neodymium magnets, each with a diameter of 0.8 mm and
a length of 3 mm. A copper wire, with a 0.2 mm diameter,
was coiled around these magnets, imparting a helical shape.
Subsequently, MB; and MB, were respectively decorated
with red and blue colors, for identification.

First, as shown in Fig. 8(b), MB; (blue) was selectively
controlled and moved from its original position (¢y) toward J;.
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After MB; reached J1 (#1), it started an upward and downward
motion across J; until the jelly was completely dissolved (#2).
It then moved toward J, (#3—#1) and performed a forward
and backward motion across J, until the jelly dissolved, after
which MB;, was moved back to its original position. Then,
MB; (red) was controlled following the red arrow trajectory
(t5) toward B; (magenta circled) and pushed to the tar-
geted region R (#7-1g), as shown in Fig. 8(c). Subsequently,
MB returned following the same trajectory until it reached
the upper bifurcation on the left side of the channel, following
the yellow line trajectory toward B, (blue circles), and pushed
to the targeted region Ry (#10—t11), after which MB returned
to its starting position.

Then, Vg was positioned over the NeFeB powder (#12), and
the control type was changed for the locomotion of MNPs.
Subsequently, the powder was moved upward toward the tar-
geted region R, while leaving behind some magnetic powder
(t12—t13), as shown in Fig. 8(d). Next, MBjwas selectively
controlled toward the region where the magnetic powder
was actuated (f14—t;5) following the red arrow trajectory
(Fig. 8(e)) to retrieve the remnant magnetic powder located
outside R, as shown in time-lapse images from ?{5 to fg.
The appearance of MB; with the attached magnetic powder
is shown in the lower part of Fig. 8(a).

When MNPs are exposed to magnetic fields on the order of
kilohertz, they produce a significant amount of heat, which is
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FIGURE 8. Selective control of heterogeneous magnetic robots. (a) Experimental set comprising two different functions using MB; and MB,, lead
balls (B; and B,), NeFeB powder, and agar jellies (J; and J,), inside an acrylic channel. In the lower section, a close-up picture of MB,, and MB,
before and after retrieval of NdFeB powder, respectively. (b) Time-lapse images of drilling of the agar jellies through the selective control of MB,.
(c) Time-lapse images of the delivery of the lead balls toward the targeted regions R, through the selective control of MB,. (d) Time-lapse images
of the selective locomotion of NeFeB powder toward the targeted region R,. (€) Retrieval of NeFeB powder located outside the targeted region
R,, through the selective control of MB,.

deemed suitable for hyperthermia applications (i.e., thermal
therapy for cancer). In previous research, the FF has been
used to confine the heating of MNPs to the area within
the vicinity of the FFR to improve selectivity during hyper-
thermia [26], [30]; however, if the number of MNPs in the
targeted region is scarce, the temperature in this region will
not increase to the required value.

Using our proposed selective control mechanism for
MNPs, the MNP swarms can be redistributed throughout the
body to control the maximum temperature reached during
magnetic heating. To demonstrate this, we placed approxi-
mately 30 mg of FezO4 MNPs at the center of a silicone
oil-filled acrylic channel that diverges from the center into
three equidistantly separated channels, to perform selective
locomotion and heating applications, as shown in Fig. 9 (see
supplementary video SM4).

First, g, was set 1.8 mT/mm and the center of Vg was
matched to the position of the MNPs. Subsequently, an RMF
with Bryr of 8 mT and a frequency of 18 Hz was applied.
As soon as the RMF was applied, the MNPs started to
oscillate and move along the three channels toward the three
targeted points, P1 to P3, as shown in the time-lapse images
(to—t4) of Fig. 9(a). Then, the FF and RMF were turned off,
and a high-frequency field (16 kA/m, 200 kHz) was arbitrar-
ily applied for 100 s. Based on the thermal images (Fig. 9(c)),
the temperature increased from 18.5°, 18.4°, and 19.4° C (t4)

VOLUME 11, 2023
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FIGURE 9. Selective locomotion and heating of MNPs. (a) Time-lapse images of the distribution of MNPs from the center of the channel to three
equidistant targeted points (P1 to P3). (b) Time-lapse images of the selective locomotion of MNPs located at P3 toward P1. (c) Thermal images of the
uniform (t- after distribution of MNPs but before heating, and t5- after heating for 100 s) and selective heating for 100 s of MNPs within the channel
before (t;o) and after (t,;) the selective locomotion of MNPs from P3 to P1. (d) Graph of the average temperature of the three targeted regions during the

different heating and locomotion conditions.

t032.3°,28.7° and 33.6° C (t5), respectively, for P1 to P3. The
graph in Fig. 9(d) shows the measured temperatures for each
of the three targeted points during the heating experiments
(ta—t11), starting after the high frequency was first turned on.
With the objective of increasing the temperature of P2 to
approximately 43° C while suppressing the heat in the other
two regions, the MNPs located at P3 were moved to P2 (ts—
19), as shown in the time-lapse image of Fig. 9(b).

As observed, the MNPs at P1 did not change their position,
whereas most MNPs from P3 were successfully moved to P2.
Subsequently, without turning off the FF whose center was
at P2, a high-frequency magnetic field was applied again for

VOLUME 11, 2023

100s. As the thermal image (#19) shows, the temperature at
P2 rose significantly to 45.2° C due to the increased amount
of MNPs, whereas the temperature at P1 barely increased
to 25.7° C as a result of the MNPs of P1 being partially
magnetized by the FF. Moreover, the temperature at P3 did
not increase owing to the absence of the MNPs.

After cooling for approximately 200s, the high-frequency
magnetic field was applied again for 100s, while the FF was
turned off, resulting in P3 increasing again to 45.2° C and P1
to 33.4° C—almost the same as the first heating cycle.

This was expected because the number of MNPs at P1 did
not change with respect to the first heating cycle.

120941



IEEE Access

A. Ramos-Sebastian et al.: Selective Locomotion Control of Magnetic Torque-Driven Magnetic Robots

VI. CONCLUSION

Herein, we introduce a novel control mechanism that uses
only global magnetic fields for the selective locomotion of
magnetic torque-based magbots, especially when these are
confined within channels. This system leverages a unique
magnetic gradient distribution termed the ““focus field” (FF).
A defining feature of FF is the presence of a field free region
(FFR) at its center. The FF exerts magnetic forces and torques
that block the position of channel confined magbots that are
located far from the FFR and prevent them from aligning
with other applied magnetic fields. The addition of an RMF
results in a displacement and rotation of the FFR, delimiting
a Vg within which magbots can fully rotate, whereas magbots
outside of it cannot. Hence, this method selectively ‘“‘switches
on” and “off” the propulsion of magnetic torque-based
magbots.

Historically, control strategies have predominantly
employed identical or near-identical magbots, meaning slight
variations existed between individual magbots. As a result,
if one needs to switch the type of magbot for a different task,
all magbots in the operational space must first be removed.
Furthermore, modifications to the control system might be
necessary. This limitation is overcome by our introduced
selective control mechanism. Sections III and IV empirically
validate the capability of our proposed mechanism to function
with heterogeneous magbots, encompassing diverse geomet-
rical and magnetic properties like permanent magnet-based
helical magbots and magnetic nanoparticles (MNPs). To our
knowledge, this is the first demonstration of such capability.
Our experimental results corroborate that when one set of
magbots (either helical or MNP swarm) is selectively acti-
vated, the others remain stationary.

Although our experiments involving helical magbots were
conducted with only two units, the same system is scalable
for controlling a more significant number of magbots. While
this selective locomotion mechanism facilitates 3D control,
an augmented tracking methodology (potentially ultrasound)
would enhance accuracy, especially given the overlapping
issues of the robots during dual-camera (planes XY and ZY)
tracking.

In experiments involving pairs of orthogonal coils, when
two swarms of MNPs converge, they amalgamate, mak-
ing it challenging to separate them subsequently. While
some recent studies have successfully disintegrated the MNP
swarms using alternative configurations of RMF [31], [32],
these techniques have notable limitations. Specifically, these
methods consume a considerable amount of time (approxi-
mately one minute), indiscriminately disperse all the existing
swarms within the operational space, and lack the capacity
to control the swarms independently. Moreover, once the
locomotion fields are reintroduced, the swarms tend to coa-
lesce once more. Contrastingly, as we have experimentally
showcased in section IV, our proposed control system offers
a more suitable approach. It allows for the selective and
quicker (within 20 seconds) bifurcation of MNP swarms.
Additionally, it provides the capability for selective actuation
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of the swarms. Such advancements are pivotal in enhancing
the controllability and efficiency of in-vivo applications like
selective embolization [1] and targeted annihilation of cancer
cells [33]. The efficacy of this approach was further validated
through our optimized selective heating strategy, as detailed
in section V.

Recent studies have provided evidence that helical and
rolling magbots are capable of moving against flow rates up
to 32 mm/s and 6 mm/s, respectively [34], [35]. This suggests
the potential applicability of this control method in vascu-
lar environments characterized by low blood flow, such as
cerebral capillaries [36]. Nonetheless, the integration of rapid
tracking technologies, including ultrasound or optoacoustic
imaging, is a prerequisite to fully realize this potential. In our
subsequent research, the focus will be directed towards the
incorporation of these tracking modalities and enhancing the
proposed selective locomotion mechanism to facilitate its in-
vivo implementation.
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