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Free manipulation system
for nanorobot cluster based
on complicated multi-coll
electromagnetic actuator

Yun Kim?, Jun Keun Chae?, Jong-Hwan Lee?, Eunpyo Choi?, Yoon Koo Lee! & Jihwan Song*™*

Chemotherapy is an important method in the field of cancer treatment and often follows surgery and/
or radiotherapy to remove as many tumor cells as possible. In particular, among the chemotherapy
methods, treatment using electromagnetic-based actuation systems is considered an effective
method owing to the remote control of nanorobots. The existing electromagnetic-based actuation
systems, however, have certain disadvantages such as the lack of degrees of freedom and the
difficulty of manipulating large numbers of nanorobots (i.e., nanorobot clusters). Herein, we

report that nanorobot clusters can be manipulated with high degrees of freedom through a simple
parameter alpha that easily controls the gradient of the magnetic field of a multi-coil electromagnetic
actuation system. The simulation results show that the gradient of the magnetic field is controlled
using an introduced parameter, alpha, and the corresponding velocity is also controlled. Not only

the velocity of the nanorobot cluster but also the unrestricted spatial control is enabled in two- and
three-dimensions. We believe this study highlights an efficient method of electromagnetic control for
cluster-based drug delivery.

Cancer is one of the crucial diseases in the world. Various treatments, such as surgery, radiation therapy, and
chemotherapy, have been studied to overcome it. Surgery is a general treatment because it can remove a large
volume of the tumor. Radiation therapy can also kill a large proportion of tumor cells without pain or anesthe-
sia. Chemotherapy follows surgery or radiation therapy to remove as many remaining tumor cells as possible.
Chemotherapy has the advantage of killing tumor cells throughout the body and preserving skin or organs
because a resection is not required. In addition, chemotherapy does not expose patients to high levels of radiation.
However, conventional chemotherapy has certain disadvantages; for example, chemotherapy drugs kill normal
and healthy cells unevenly'™. To decrease the damage to healthy cells and concentrate on the tumor cells, a drug
delivery system is proposed that can release the drugs selectively to the targeted tumor cells.

To deliver the drugs to the target, many actuation methods, including chemical propulsion, magnetic propul-
sion, acoustic propulsion, and biological propulsion®', have been investigated and developed to enhance the
targeting efficacy. Among these methods, magnetic drug delivery systems have the advantage of remote control-
lability owing to the penetrability of the magnetic field''~!*. As the magnetic field penetrates the human body,
nanorobots (i.e., nanoscale magnetic particles) containing drugs can be delivered to the target by changing the
magnetic field remotely. Due to the advantages of the magnetic propulsion method, chemotherapy with magnetic
propulsion using a magnetic actuation system can be a practical method for cancer treatment.

As an early magnetic actuation system for a drug delivery system, permanent magnets have been used to
generate a magnetic field owing to its simplicity and ease of use'*!*. However, permanent magnetic actuation
systems are unable to control the magnetic field easily because they must be physically moved to change the
magnetic field. Moreover, they cannot be turned off during emergencies'®'%. For these reasons, electromagnetic
actuation systems have been proposed instead of permanent magnets. In comparison to permanent magnetic
actuation systems, electromagnetic actuation systems can vary the magnetic field rapidly by adjusting the current.
Furthermore, electromagnetic actuation systems can be controlled by blocking the current during emergencies.
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Figure 1. Schematic image of the magnetic drug delivery system and the electromagnetic actuation system. (a)
Schematic illustration of the magnetic drug delivery system. The nanorobot cluster is pulled to the target due

to the magnetic field gradient. (b) Schematic illustration of the electromagnetic actuation system with labelled
coils. The electromagnetic actuation system includes coils, cores, and a channel.
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To date, many electromagnetic actuation systems have been investigated due to their advantages'®-?%. Although
researchers have proposed various electromagnet-based actuation systems, such systems still have some difficulty
controlling the magnet particles. For instance, they only provided a restricted degrees of freedom due to the two-
dimensional arrangement of electromagnets'® and fluid flow-assisted propulsion®**'. To ensure a high degrees
of freedom, an electromagnetic actuation system that includes eight electromagnets is suggested?. In addition,
to precisely control the magnetic force on the particles, they numerically calculated the current combination of
eight coils at a particular position where the magnetic particles were placed. However, this approach requires the
repeated update of the current combination using a pseudo-inverse matrix at every position where the magnetic
particle exists. In particular, if many nanorobots are injected into the vessel at the same time (i.e., nanorobot
cluster), the position of the nanorobots cannot be specified. From the viewpoint of drug delivery, cluster-based
delivery has advantages over a single robot. Nanorobot clusters can swim into small spaces such as capillaries
since they can deform their shapes with a variety?® while a single robot cannot swim into small spaces owing to
their physical constraints (i.e., size). Besides, nanorobot clusters can load a greater amount of drugs than a single
robot® since they load the drug at their surface?” and have a larger surface area than a single robot of the same
size. These advantages brought out various cluster-based manipulation studies?*?%**?°. However, these systems
include the complicated process to manipulate the nanorobot clusters, which can decrease the delivery efficiency.
Furthermore, in previous studies, the magnetic field gradient is overlooked, despite being one of the important
variables that affect the magnetic force. The uniform magnetic force exerted to the nanorobot clusters would be
very important for cluster-based manipulation because the nanorobot clusters are spatially distributed, not a
single point. If the magnetic gradient is not uniform, the nanorobot clusters would result in undesirable situations
such as separation of clusters and non-simultaneous movement. Besides, the locomotion of nanorobot clusters
can be expected without difficulty since nanorobot clusters would travel under the uniform magnetic force.

In this study, we present the manipulation of nanorobot clusters with a high degrees of freedom under a
complex multi-coil electromagnetic actuation system. To ensure a free manipulation, a simple parameter for the
eight-coil electromagnetic actuator is introduced, which provides easy control of the magnetic field and its gradi-
ent. The simulation results show that a relatively uniform magnetic field gradient can be generated by exploiting
the proposed parameter, irrespective of the intensity of the magnetic field in the channel. The average velocity of
the nanorobot cluster was evaluated based on the results of the magnetic field study. The nanorobot cluster can
be controlled with various velocities according to the intensity of the magnetic field and the parameter applied.
In addition, the nanorobot cluster shows unrestricted spatial control with a simply controlled magnetic field by
varying parameter as well as the velocity.

Results and discussion

To evaluate the behavior of the nanorobot cluster according to the induced magnetic field and its gradient,
simulations on coupling the magnetic field calculation and particle tracing were conducted. All simulations were
carried out using commercial software (COMSOL Multiphysics 5.4). Figure 1 shows a schematic illustration of
the magnetic drug delivery system and the eight-coil electromagnetic actuation system considered here. A large
number of nanorobots are injected into the blood vessel and controlled by the magnetic field gradient toward
the target. The electromagnetic actuation system is composed of eight coils with cores inside to reinforce the
intensity of the magnetic field. Cobalt and nickel steels are considered core materials. A cubic channel was placed
at the center of the domain, where the coordination of the center was (0, 0, 0). The channel was filled with water,
and the dimensions were 10 x 10 x 10 mm?®. Properties of nanorobot clusters are based on our previous work™.
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Figure 2. Controllable magnetic field in the channel. (a)-(d) The magnetic flux density profile in the channel
along the x-axis with various values of a. The magnetic flux density at the center of the channel is set to (a) 5, (b)
10, (c) 15, and (d) 20 mT, respectively. (e) The magnetic field in the channel with a magnetic flux density of 20
mT for a parameter change from (i)-(iv) 0.25 to 1.00, respectively (COMSOL Multiphysics 5.4).

Magnetization of nanorobot clusters and aggregated size were measured after synthesizing magnetite clusters,
gold nanoparticles, Polydopamine (PDA), Polyethylene glycol (PEG), and Folic acid (FA).

Control of magnetic field and gradient. The magnetic field, including the magnetic flux density and
gradient, is studied through COMSOL Multiphysics 5.4, which is the driving force of motion of the nanorobot
cluster. First, the current combinations for each coil used to form a magnetic field without a gradient are numeri-
cally calculated with pre-calculated magnetic flux density data for the unit current in the channel. To generate
the gradient of the magnetic field, parameter alpha, a, is introduced. The range of parameter a was determined
from the preliminary results of the magnetic field according to the current for the considered core material (Sup-
plementary Fig. S1). The current combination is modified with parameter, a and it makes a uniform gradient
of the magnetic field in the domain simply (details about the current combination are provided in “Methods”).

Figure 2 shows a controllable magnetic field with parameter a. Figure 2a—d shows the magnetic flux density
along the x-axis in the channel. Four cases (i.e., magnetic flux densities of 5, 10, 15, and 20 mT at the center of
the channel) were considered. For 5 mT, the magnetic flux density at the ends of the channel in the x-axis varies
from 4.9 to 3.6 mT at the left end (i.e., at the position of — 5.0 mm) and to 6.2 mT at the right end (i.e., at the posi-
tion of 5.0 mm) when parameter a changes from 0 to 1.00 (Fig. 2a). The gradient increased from 0 to 0.26 T/m.
In the case of 10 mT, the magnetic flux density decreases from 9.8 to 7.3 mT at the left end of the channel, and
increases to 12.5 mT at the right end of the channel with a change in a from 0 to 1.00 (Fig. 2b). For 10 mT, the
gradient varies from 0 to 0.52 T/m. For 15 mT, the magnetic flux density decreases from 14.7 to 10.9 mT at the
left end and increases to 18.8 mT at the right end (Fig. 2¢). The gradient varies from 0 to 0.78 T/m when the
magnetic flux density is 15 mT. Similarly, the magnetic flux density in the case of 20 mT shows a variation of
19.6-14.3 mT and 24.4 mT at each end of the channel, respectively (Fig. 2d). With a magnetic flux density of 20
mT, the gradient increases from 0 to 1.02 T/m. As a increases, the magnetic flux density decreases at the negative
directional end and increases at the positive directional end, which implies an increase in the gradient. Figure 2e
shows the magnetic field in the channel according to parameter a when the magnetic flux density at the center
of the channel is 20 mT. As shown in Fig. 2e, the magnetic field is varied, and a relatively constant gradient is
easily formed with the control of the parameter. A similar gradient of the magnetic field appeared in the y- and
z-directions (Supplementary Fig. S2).

To show the adaptability for the formation of the magnetic field and its gradient with the parameter q, irre-
spective of the core materials, not only cobalt steel for core but nickel steels are also considered for the core. In
the case of a nickel steel core, the magnetic flux density at the center of the channel is different (i.e., 2.5-10 mT)
from that of the cobalt steel core because they have different magnetic properties. To generate the magnetic flux
density and its gradient with the nickel steel core, a varies from 0 to 1.00 (Supplementary Fig. S3). Although
cobalt steel and nickel steel have different magnetic properties, the gradient of the magnetic field can be simply
formed using the proposed parameter. In the case of 2.5 mT, the gradient of the magnetic field obtained is 0,
0.04, 0.07, 0.10, and 0.13 T/m when a varies 0, 0.25, 0.50, 0.75, and 1.00, respectively. For 5, 7.5, and 10 mT, the
gradient increases from 0 to 0.26, 0 to 0.39, and 0 to 0.52 T/m, respectively, with an increase in a from 0 to 1.00.
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Figure 3. Average particle velocity according to the direction of motion. The average particle velocity in the
(a) x-direction, (b) y-direction, and (c) z-direction where a is 0.00, 0.25, 0.50, 0.75, and 1.00 for the x- and
y-directions and 0.0, 1.0, 2.0, 3.0, and 4.0 for the z-direction, and the magnetic flux density is 5, 10, 15, and 20
mT, respectively.

Evaluation of velocity of nanorobot clusters. Based on the results of the magnetic field study, the aver-
age velocity of the nanorobot cluster under various conditions was evaluated using the particle tracing method
using COMSOL Multiphysics 5.4. The nanorobot cluster (i.e., magnetic nanoparticles) was assumed to be a
sphere 60 pm in diameter. The 500 clusters of spherical shape are released at the center of the channel within
a radius of 0.5 mm. The average velocities of the nanorobot clusters in the x-, y-, and z-directions and their
standard deviation with error bars are shown in Fig. 3a—c, respectively. The magnetic flux density varies from 5
to 20 mT, and the parameter a is also changed from 0.0 to 1.00 for the x- and y-directions, and from 0.0 to 4.0
for the z-direction to generate the gradient of the magnetic field. The average velocity of the nanorobot cluster
in x-direction where the magnetic flux density is 5 mT is evaluated as 0, 0.2, 0.3, 0.6, and 0.8 mm/s with increase
in a of 0.0 to 1.00 (Fig. 3a). The average velocity tends to increase with an increase in parameter a. In addition
to a magnetic flux density of 5 mT, an increase in the average velocity according to the increase in parameter a
is observed regardless of the intensity of the magnetic flux density. In the case of a magnetic flux density of 10
mT, the average nanorobot cluster velocity is 0, 0.7, 1.4, 2.3, and 3.3 mm/s where the a is 0, 0.25, 0.5, 0.75, and
1.00, respectively. The magnetic flux density of 15 mT shows a velocity of 0, 1.7, 3.2, 5.3, and 7.6 mm/s with an
increase in a. In the case of 20 mT, with the same variations of a, the average velocity is obtained as 0, 1.9, 4.0,
6.2, and 8.4 mm/s.

For the y-direction, the average velocity is almost the same as that in the x-direction because the coils are
aligned alike in the x-direction (Fig. 3b). For the z-direction, however, the coils are aligned unlike in the other
directions. Even though the coil alignment in the z-direction is different from the x- and y-directions, parameter
a can generate a gradient with an increase in a. Due to the different alignments, a varies from 0.0 to 4.0. The
average velocity when the nanorobot cluster moves toward the z-axis is calculated as 0, 0.1, 0.3, 0.4, and 0.6 mm/s,
where the magnetic flux density is 5 mT, and a is 0.0, 1.0, 2.0, 3.0, and 4.0 (Fig. 3c). In the case of the magnetic flux
density of 10 mT, the average velocity is 0, 0.4, 1.1, 1.8, and 2.5 mm/s with an increase of a from 0.0 to 4.0. For 15
and 20 mT, the average velocity is obtained from 0 to 5.6 and 0 to 6.6 mm/s, respectively, where a is 0.0 and 4.0.

First of all, the velocities from the simulation are consistent with the experimentally observed velocity range
of the nanorobot cluster®. As shown in the above results, the nanorobot cluster travels faster as the magnetic flux
density increases. Furthermore, the nanorobot cluster also travels faster as a increases. In particular, regardless
of the direction of motion and the magnitude of the magnetic flux density, the average velocity of the nanorobot
cluster increases with an increase in a, because it means an increase in the gradient that influences the magnetic
force.

Unrestricted spatial control of nanorobot clusters. Figure 4 shows the unrestricted spatial control
of the nanorobot clusters through COMSOL Multiphysics 5.4 with various magnetic field designs. Figure 4a
shows the two-dimensional trajectories of the controlled nanorobot cluster from point a, to a, (Supplementary
Video 1). The colors of the trajectories correspond to the velocities of the nanorobot cluster. The dimensions of
the channel are 10 x 10 x 10 mm®. The average velocity of the nanorobot cluster during travel is shown in Fig. 4b.
When 500 nanorobot clusters were initially released at a; (-2.5,—2.5, 0), a magnetic field with an intensity of 10
mT and o= 1.0 was generated. The magnetic field is shown in the inset of Fig. 4b. As shown in Fig. 4a, the cluster
moves along the y-axis with this magnetic field, and the nanorobot cluster travels with an average velocity of
approximately 3.1 mm/s. To move the nanorobot cluster toward the next point (i.e., a, to a;), the magnetic field
was changed to an intensity of 15 mT and a=1.0 (inset of Fig. 4b). The nanorobot cluster travels with an average
velocity of approximately 7.1 mm/s. To reach the next point a,, a magnetic field of 10 mT and a=1.0 (inset of
Fig. 4b) is applied and the average velocity of the cluster is 3.2 mm/s in this section. Here, 15 mT and a=1.0, are
applied (inset of Fig. 4b) to move the cluster back to the starting point a,. The average velocity is approximately
7.5 mm/s while traveling.

In addition, three-dimensional control of the nanorobot cluster was performed from point ¢, to ¢, (Fig. 4c
and Supplementary Video 2). The coordinates of each point, ¢, to ¢, are (—2.5,-2.5,-2.5), (- 2.5, 2.5,-2.5), (2.5,
2.5,-25),(2.5,2.5,0), (2.5,-2.5,0), (2.5,- 2.5, 2.5), and (- 2.5,- 2.5, 2.5), respectively, and the dimensions of the
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Figure 4. Spatial control of the nanorobot cluster with various magnetic fields according to the change

in parameter a. (a) Two-dimensional control of nanorobot cluster. The colors represent the velocity of the
nanorobot cluster. (b) The average velocity of the nanorobot cluster while traveling. (¢) Three-dimensional
control of nanorobot cluster. (d) The average velocity of the nanorobot cluster while traveling (COMSOL
Multiphysics 5.4).

channel are the same. Figure 4c shows the trajectories of the nanorobot clusters with colored lines representing
their velocities. The average velocity of the nanorobot cluster according to this point is shown in Fig. 4d. Similarly,
500 nanorobot clusters were initially released at ¢,. The magnetic field continuously changes to manipulate the
nanorobot cluster. First, an intensity of 10 mT and o= 1.0 is applied to move the nanorobot cluster from ¢, to c,.
The average velocity of the nanorobot cluster is approximately 2.6 mm/s during c, to c,. The magnetic field was
changed to an intensity of 15 mT and a=1.0 to move the nanorobot cluster from c, to c¢;. When the nanorobot
cluster is heading to c;, their average velocity is approximately 5.8 mm/s. After passing point c;, the nanorobot
cluster is pulled along the z-axis heading to c,, experiencing a magnetic field with an intensity of 15 mT and
a=3.0. The average velocity is approximately 4.0 mm/s. In the section of ¢, to cs, the magnetic field changed
to an intensity of 10 mT and a=1.0. The nanorobot cluster travels along the y-axis with a velocity of 3.1 mm/s
on average. To move the nanorobot cluster to the next point ¢, the magnetic field was changed to 15 mT and
a=3.0. During travel, the average velocity is approximately 4.1 mm/s. Finally, heading to the last point c,, the
magnetic field was changed to 15 mT and a=1.0. In this section, the average velocity of the nanorobot cluster
is approximately 8.3 mm/s. The magnetic fields in each section are plotted in the inset of Fig. 4d. Similarly, the
unrestricted spatial control of nanorobot clusters is also performed with nickel core to analyze the behavior of
nanorobot clusters under different magnetic fields (Supplementary Fig. S4). The nanorobot clusters under the
magnetic field formed by nickel core also show unrestricted spatial movements but they show slower velocity
compared to that of cobalt steel due to the early magnetic saturation of nickel core (Supplementary Fig. S1). In
addition, nanorobot clusters can be spread for the release of drugs (Supplementary Fig. S5).

The results show that an unrestricted spatial manipulation and velocity can be achieved with simple param-
eter control, irrespective of the core materials. The magnetic fields are appropriately varied with the change in
parameter a. As a result, the nanorobot cluster travels along the designated route.
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Conclusion

In this paper, a simple and easy way to manipulate nanorobot clusters was reported using a numerical simula-
tion. To control nanorobot clusters, not a single nanorobot, control of the gradient of the magnetic field becomes
significantly important as well as the intensity of the magnetic field. The current combination obtained using a
pseudo-inverse matrix is modified by introducing parameter o to generate the gradient of the magnetic field.
As a result, a relatively constant gradient was formed through the channel regardless of the direction, intensity
of the magnetic fields, and core materials. Based on the results of magnetic field studies conducted according
to parameter a, the average velocity of the nanorobot cluster was evaluated. The simulation results showed that
the velocity of the nanorobot cluster can be controlled using the designed gradient of the magnetic field by
parameter a. Furthermore, to demonstrate the possibility of unrestricted spatial control of the nanorobot cluster,
as well as the velocity, two- and three-dimensional control of the nanorobot cluster was carried out. As shown
in the simulation results, the free manipulation of the nanorobot cluster is accomplished in three-dimensions,
not only in two-dimensions. The nanorobot clusters were fully controllable with the parameter we introduced,
including the direction of motion and velocity, irrespective of the core materials. We believe that our method
would provide a guide for an effective way to manipulate clusters. In addition, more practical manipulation and
delivery would be accomplished if monitoring equipment such as computerized tomography (CT) and magnetic
resonance imaging (MRI) are combined with our method in the experiments®*-32,

Methods
Governing equations. The nanorobot cluster under an irregular magnetic field experiences a magnetic
force, which is given by

Fu=(meV)B =Vx/u(BeV)B, (1)

T =3 . .
where F,,, m, B,V, x, o, and V represents the magnetic force, magnetic moment of the nanorobot cluster,
magnetic field, volume of nanorobot cluster, magnetic susceptibility, magnetic permittivity of free space, and
gradient, respectively.
The drag force also acts on the nanorobot cluster because they have velocity when they are pulled by an
irregular magnetic field. Because a nanorobot cluster is assumed to be a sphere, the drag force follows Stokes’
law as follows:

—
F g =6mnri, (2)

—
where F 4,1n,r,and u represent the drag force, viscosity of the surrounding fluid, radius of the nanorobot cluster,
and velocity of the nanorobot cluster, respectively.

Consequentially, the equation of motion of the nanorobot can be described as

— av — —

where m, ¢, 7, and @ represent the mass of the nanorobot cluster, time, the velocity of the nanorobot cluster,
and the acceleration of the nanorobot cluster.

Specifications of domain. During the numerical simulation, the electromagnetic actuation system was
constituted as follows*: The diameter and length of the core were 22 and 123 mm, respectively. The coil wrapped
the core 828 times. The inner and outer diameters of the coil were 24 and 48 mm, respectively, and their lengths
were 120 mm. The core was far from the center of the channel, by up to 45.5 mm. The channel is considered
as a cube with dimensions of 10 x 10 x 10mm? to manipulate the nanorobot cluster in many different direc-
tions. Coils 1 through 4 (i.e., upper coils) were oriented at 90° intervals around the z-axis and tilted 45° from the
xy-plane. Coils 5 through 8 (i.e., lower coils) were symmetrical to coils 1 through 4 and rotated 45° around the
z-axis. The nanorobot cluster is considered to be a sphere 60 um in diameter.

The coil was made of copper. The core material was chosen as the cobalt steel (VACOFLUX 50), and nickel
steel was also considered to show the irrelevance of the core material. The channel is full of water, and the atmos-
phere is considered to be air. Nanorobot clusters are considered composed of magnetite-based materials, which
are studied in our previous work®’. Magnetization and size of nanorobot clusters were measured after synthesizing
magnetite clusters, gold nanoparticles, Polydopamine (PDA), Polyethylene glycol (PEG), and Folic acid (FA).

Current combination. To form the desired magnetic field at a certain point, it is useful to follow the method
described below using a pseudo-inverse matrix. The matrices used in this calculation depend on the number
of coils. Eight coils were considered in this study, and the matrices were based on it. Before the calculation, the
magnetic field data generated by each coil with a unit current (1 A) at the point is required. The magnetic field
data are evaluated at the center of the channel [i.e., coordinate (0, 0, 0)] in this study. The final magnetic field is
formed by a superposition of every magnetic field formed by each coil. Thus, the final magnetic field at point can
be expressed as follows:

B =B1I, (4)
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where a8 X 1 matrix I represents the applied current to; the coils and a 3 X 8 matrix B represents the magnetic
field generated by the unit current at the point. Matrix B is the final magnetic field at the point. In addition, the
magnetic field and force at point can be expressed as follows:

~ W

| e |l
N

I=AI, (5)

)
|

3/ 3 8
~

IS 2% 2%,

~

where 3 x 8 matrices d B /dx,d B /dy, and 8 B /0z represent the magnetic field gradients in the x-, y-, and
z-directions at the point with the unit current, respectively. In addition, 7 and F represent the magnetic moment
of the nanorobot and the magnetic force acting on the nanorobot cluster. Matrix I can be calculated by multi-
plying the inverse matrix of A with the left-hand side of the equation. However, since matrix A is not a regular
matrix, a pseudo-inverse matrix is used. The current combination matrix I is expressed as follows:

B
I=A% 2 |, (6)
F

where AT represents the pseudo-inverse matrix of A. To obtain a current combination that forms the desired
magnetic field without a gradient, the desired value of matrix B is set, and the magnetic force is set to zero in
this study to avoid forming the gradient.

Gradient formation. The current combination obtained by following the aforementioned method has a
zero-gradient as the magnetic force is set to zero. To induce the magnetic force, the gradient must be formed,
and the parameter a is introduced to ease the gradient formation. The coils are grouped in the same direction to
clarify the effect of parameter a, which controls the current for the gradient. For example, to form the gradient
in the x-direction, coils 1, 3, 5, 6, 7, and 8 are placed in the x-direction (Fig. 1), and they are separated into two
groups, coils 1, 5, and 8, and coils 3, 6, and 7, because these two groups are heading in different directions (i.e.,
the positive and negative directions of the x-axis). We refer to these groups as groups 1 and 2, respectively. The
coils in group 1 and group 2 have the same magnitude of current with the opposite sign when the domain is set
to zero-gradient. To form the gradient in the positive x-axis, the coils in group 1 increase their current intensity,
and those in group 2 decrease. We defined the value of parameter a multiplied by the current applied on coil 1 as
the reference for the current change, and is added to the current on coil 1 from the zero gradient current. As the
current on coil 1 is added by as much as «ij, it is subtracted from the current on the other coils (i.e., coils 5 and
8) as much as half this amount. These currents on coils 5 and 8 eliminate the gradient in the z-axis generated by
the increase in current on coil 1. For the current on the coils in group 2, the current of coil 3 adds as much as coil
1. The currents on coils 6 and 7 are subtracted as much as half this amount. The remaining coils (i.e., coils 2 and
4) cancel the z-component of the magnetic field generated by the other coils. The same method can be applied in
the y-direction because the coils are aligned in a similar manner as in the x-direction.

To form gradient in x-direction, the zero-gradient current combination is obtained using a pseudo-inverse
matrix as follows:

L ig |

To form a gradient in the x-direction, the coils in group 1 increase the current intensity, whereas those in
group 2 decrease. Defining the current change to «ij, the current used to form the gradient changes to

- lik B r 11_;" (fla)
it ~(B./B.o)/2
i3 i3 + (ha)
i | _ | =(B2/B2)/2 | (8)
s is — (i10)/2
6 ic — (hha)/2
7 i7 — (1) /2
Ligd L g — (1a)/2 |

—
where i* represents changed current to form the gradient, and B , represents the z-component of the final
magnetic field generated by other coils except coil 2 and 4. In addition, B, ; represents the z-component of the
magnetic field generated by coil 2 with the unit current.
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In the case of the z-direction, the coils are grouped using the same method, but the current changes differ-
ently to form the gradient because the coils are aligned unlike in the x- and y-directions. Coils 1-4, and coils
5-8, are grouped, namely, groups 1 and 2, respectively. The current in group 1 increases its intensity as much as
aiy, and the current in group 2 decreases proportionally to ;. As the coils in groups 1 and 2 generate different
z-components of the magnetic field, the coils in group 2 change proportionally to the ratio of this difference.
Eventually, the current in group 2 changes the current as much as ai; x B’Z,l / Bz,s, where E’Z’l and B’Z,5 represent
the z-component of the magnetic field generated by coils 1 and 5 with unit current, respectively. For example, to
form the gradient in the z-direction, the zero-gradient current combination is calculated as

1= "] 9)

L ig |

In addition, as we defined the current change as «ij, the current to form the gradient changes to

mi r i+ >
i i + (1)
ix i3 + (ha)
il s+ (ha)
it | = |is+ (ho)Bz1/Bos |- (10)
i is + (i10)B;,1 /B 5
’Z i7 + (i10)B;1/B 5
L1g - Lig + (i1a)B;1/B;5 |

The gradient can be easily formed using the parameter a, which we proposed as described above. In addition,
a systemized strategy with closed-loop in simulation to manipulate the nanorobot clusters is adapted as follows:

1. Investigate magnetic characteristics of a system and nanorobot clusters: magnetic information differs accord-
ing to the number of coils, core material, coil turn, system dimension, and magnetization, and size of nanoro-
bot clusters.

2. Determine the pathway that nanorobot clusters travel within the region of interest (ROI).

3. Calculate the current set that has zero-gradient (i.e., a =0) with a required magnetic flux density from Eq. (5).
Required magnetic flux density can be determined based on the magnetization characteristics of nanorobot
clusters.

4. Calculate new current set to generate the gradient of the magnetic field with parameter a by utilizing Eqs. (8)
and (10).

5. Apply the current set and alter the current set according to the pathway.

The procedures from steps 3-5 are repeated until clusters reach the targeted area.

Received: 19 March 2021; Accepted: 8 September 2021
Published online: 05 October 2021

References
1. Bourzac, K. Carrying drugs. Nature 491, S58-S60 (2012).
2. Hickman, J. A. Apoptosis induced by anticancer drugs. Cancer Metastasis Rev. 11, 121-139 (1992).
3. Van Cutsem, E. et al. Phase III study of docetaxel and cisplatin plus fluorouracil compared with cisplatin and fluorouracil as first-
line therapy for advanced gastric cancer: A report of the V25 study group. J. Clin. Oncol. 24, 4991-4997 (2006).
4. Maeda, H., Bharate, G. Y. & Daruwalla, J. Polymeric drugs for efficient tumor-targeted drug delivery based on EPR-effect. Eur. J.
Pharm. Biopharm. 71, 409-419 (2009).
5. Park, S.]J. et al. New paradigm for tumor theranostic methodology using bacteria-based microrobot. Sci. Rep. 3, 3394 (2013).
6. Andhari, S. S. et al. Self-propelling targeted magneto-nanobots for deep tumor penetration and pH-responsive intracellular drug
delivery. Sci. Rep. 10, 1-16 (2020).
7. Abbott, J. J. et al. How should microrobots swim?. Int. J. Robot. Res. 28, 1434-1447 (2009).
8. Wang, J. & Gao, W. Nano/microscale motors: Biomedical opportunities and challenges. ACS Nano 6, 5745-5751 (2012).
9. Pena-Francesch, A., Giltinan, J. & Sitti, M. Multifunctional and biodegradable self-propelled protein motors. Nat. Commun. 10,
3188 (2019).
10. Li, ], de Avila, E.-EB., Gao, W,, Zhang, L. & Wang, ]. Micro/nanorobots for biomedicine: Delivery, surgery, sensing, and detoxifica-
tion. Sci. Robot. 2, eaam6431 (2017).
11. Pankhurst, Q. A., Connolly, J., Jones, S. K. & Dobson, J. Applications of magnetic nanoparticles in biomedicine. J. Phys. D. Appl.
Phys. 36, R167-R181 (2003).
12. Angelakeris, M. Magnetic nanoparticles: A multifunctional vehicle for modern theranostics. Biochim. Biophys. Acta Gen. Subj.
1861, 1642-1651 (2017).
13. McGill, S. L., Cuylear, C. L., Adolphi, N. L., Osinski, M. & Smyth, H. D. C. Magnetically responsive nanoparticles for drug delivery
applications using low magnetic field strengths. IEEE Trans. Nanobiosci. 8, 33-42 (2009).

Scientific Reports |

(2021) 11:19756 | https://doi.org/10.1038/s41598-021-98957-y nature portfolio



www.nature.com/scientificreports/

14. Gitter, K. & Odenbach, S. Investigations on a branched tube model in magnetic drug targeting-systematic measurements and
simulation. IEEE Trans. Magn. 49, 343-348 (2013).

15. Senyei, A., Widder, K. & Czerlinski, G. Magnetic guidance of drug-carrying microspheres. J. Appl. Phys. 49, 3578-3583 (1978).

16. Alexiou, C. et al. A high field gradient magnet for magnetic drug targeting. IEEE Trans. Appl. Supercond. 16, 1527-1530 (2006).

17. Agiotis, L. et al. Magnetic manipulation of superparamagnetic nanoparticles in a microfluidic system for drug delivery applications.
J. Magn. Magn. Mater. 401, 956-964 (2016).

18. Nam, J., Lee, W, Jung, E. & Jang, G. Magnetic navigation system utilizing a closed magnetic circuit to maximize magnetic field
and a mapping method to precisely control magnetic field in real time. IEEE Trans. Ind. Electron. 65, 5673-5681 (2018).

19. Han, X., Cao, Q. & Li, L. Design and evaluation of three-dimensional electromagnetic guide system for magnetic drug delivery.
IEEE Trans. Appl. Supercond. 22, 4401404 (2012).

20. Hoshiar, A. K., Le, T. A., Amin, E U, Kim, M. O. & Yoon, J. Studies of aggregated nanoparticles steering during magnetic-guided
drug delivery in the blood vessels. J. Magn. Magn. Mater. 427, 181-187 (2017).

21. Tehrani, M. D., Kim, M. O. & Yoon, J. A novel electromagnetic actuation system for magnetic nanoparticle guidance in blood
vessels. IEEE Trans. Magn. 50, 1-12 (2014).

22. Kummer, M. P. et al. OctoMag: An electromagnetic system for 5-DOF wireless micromanipulation. IEEE Trans. Robot. 26, 1006—
1017 (2010).

23. Felfoul, O., Becker, A. T., Fagogenis, G. & Dupont, P. E. Simultaneous steering and imaging of magnetic particles using MRI toward
delivery of therapeutics. Sci. Rep. 6, 1-10 (2016).

24. Lee, H., Choi, H., Lee, M. & Park, S. Preliminary study on alginate/NIPAM hydrogel-based soft microrobot for controlled drug
delivery using electromagnetic actuation and near-infrared stimulus. Biomed. Microdevices 20, 1-9 (2018).

25. Yang, J. et al. Development of micro- and nanorobotics: A review. Sci. China Technol. Sci. 62, 1-20 (2019).

26. Wang, Q. et al. Ultrasound Doppler-guided real-time navigation of a magnetic microswarm for active endovascular delivery. Sci.
Adv. 7, eabe5914 (2021).

27. Chen, X. Z. et al. Hybrid magnetoelectric nanowires for nanorobotic applications: Fabrication, magnetoelectric coupling, and
magnetically assisted in vitro targeted drug delivery. Adv. Mater. 29, 1605458 (2017).

28. Yu,J., Wang, B., Du, X., Wang, Q. & Zhang, L. Ultra-extensible ribbon-like magnetic microswarm. Nat. Commun. 9, 3260 (2018).

29. Du, X. et al. Design and real-time optimization for a magnetic actuation system with enhanced flexibility. IEEE/ASME Trans.
Mechatron. 26, 1-11 (2020).

30. Jin, Z. et al. Multifunctional nanorobot system for active therapeutic delivery and synergistic chemo-photothermal therapy. Nano
Lett. 19, 8550-8564 (2019).

31. Zhu,]J. et al. Multifunctional dendrimer-entrapped gold nanoparticles conjugated with doxorubicin for pH-responsive drug delivery
and targeted computed tomography imaging. Langmuir 34, 12428-12435 (2018).

32. Weizenecker, J., Gleich, B., Rahmer, J., Dahnke, H. & Borgert, J. Three-dimensional real-time in vivo magnetic particle imaging.
Phys. Med. Biol. 54, 11 (2009).

Acknowledgements

This research was supported by Basic Science Research Program through the National Research Foundation
of Korea(NRF) funded by the Korea government (MSIT) (No. 2018R1C1B6003359, 2021R1F1A1062856) and
supported by the research fund of Hanbat National University in 2020 (202003070001).

Author contributions

J.S. conceived the design of the study. Y.K. and J.K.C. carried out simulation. All authors discussed the results
and wrote the manuscript. J.S. performed supervisory roles on the conception, direction, and completion of the
research.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-98957-y.

Correspondence and requests for materials should be addressed to J.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:19756 | https://doi.org/10.1038/s41598-021-98957-y nature portfolio


https://doi.org/10.1038/s41598-021-98957-y
https://doi.org/10.1038/s41598-021-98957-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Free manipulation system for nanorobot cluster based on complicated multi-coil electromagnetic actuator
	Results and discussion
	Control of magnetic field and gradient. 
	Evaluation of velocity of nanorobot clusters. 
	Unrestricted spatial control of nanorobot clusters. 

	Conclusion
	Methods
	Governing equations. 
	Specifications of domain. 
	Current combination. 
	Gradient formation. 

	References
	Acknowledgements


