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Abstract—The use of magnetic microparticles (MMPs) has
recently proven a great potential for biomedical applications, i.e.
for drug delivery or magnetic hyperthermia. However, MMPs
are typically delivered passively through systemic injection or
exploiting tethered drug delivery systems which require
percutaneous medical procedures. Here we propose an
untethered magnetic carrier for MMPs suspension delivery.
This wireless millirobot is capable of precisely releasing MMPs
that after delivery are completely decoupled from the carrier
and can be manipulated independently by separate magnetic
sources. Experiments were performed in an aqueous
environment to validate carrier locomotion and controlled
release capabilities. The prototyped carrier (overall 41 mm long
and 10 mm in diameter) can be wirelessly moved by an external
magnet at a distance larger than 10 cm, and, when fixed
magnetically, can be triggered by another external magnet
(around 6 mm apart) to release a cargo. Magnetic navigation and
release activation well fit model predictions with actuation
distance errors below 10% based on experimental performance.
The carrier proved able to perform controlled release of non-
magnetic and magnetic cargoes and was recorded to release
approximately 25% of the loaded MMPs suspension with no
premature release.

I. INTRODUCTION

Magnetic  microparticles (MMPs) and magnetic
microrobots are crucial in non-invasive medical applications
including magnetically induced hyperthermia, enhanced
magnetic resonance imaging, and, when loaded with drugs,
targeted drug delivery [1]. MMPs are fully passive,
intrinsically safe, and potentially able to access body regions
unreachable by conventional interventional tools by
leveraging external magnetic control [2, 3].

MMPs are typically delivered in the body through
systemic injection or ingestible carriers and then guided to the
target location using external magnetic field sources.
However, if the target is distant from the injection site, the
targeting efficiency, which is defined as the ratio between the
amount of MMPs reaching the target with respect to the
injected one, drops accordingly [4, 5]. Essentially, a larger
traveling distance means a number of path changes, obstacles,
physiological forces to withstand, and the need for proper
feedback to effectively reach the target site.
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Untethered drug delivery systems have been proposed to
increase the therapeutic index, limit biodistribution, and
perform targeted delivery of therapeutics [6, 7]. Some of them
include on-board active components for locomotion and drug-
release actuation [6], whereas many others rely on internal
permanent magnets (IPMs) that can be wirelessly activated by
external magnetic field sources. On-board IPMs can be
exploited either to control the navigation of the untethered
device and/or to activate cargo release on-demand [8].
However, combining these tasks is not straightforward and
appears even more challenging when the cargo is represented
by MMPs suspension due to possible interference between
different magnetically triggered effects and the risk of cargo
sticking within the carrier structure.

Recently, smart solutions combining magnetic navigation
and magnetic cargo release were proposed. Sikorski et al.
developed a flexible catheter capable of releasing a magnetic
soft projectile [9]. Li ef al. [10] proposed an MRI-compatible
catheter able to release controlled MMPs aggregates. The
solutions proved the possibility of combining magnetic
navigation and magnetic cargo release. However, the
proposed carriers consist of catheters and include either
powering wires or fluidic tubes needed to activate the release
mechanism.

Thus, no untethered solution has been proposed so far to
deliver MMPs to a target location. On the other hand, many
magnetic bistable mechanisms were proposed for performing
biopsy [11, 12] and drug delivery [13, 14], which can be of
inspiration for our objective.

Given the potential biomedical applications of MMPs, the
drawbacks of systemic administration, and the limitations of
catheter-like delivery systems, an untethered millimeter-scale
tool might be beneficial for a wide set of tasks, especially for
those requiring the release of a precise quantity of MMPs on-
site.

In this work, we present a novel carrier design for MMPs
suspension delivery. We modeled and experimentally tested
the proposed design with respect to both locomotion and
controlled release. The main goal is to study and develop a
magnetically actuated carrier able to efficiently eject MMPs
despite the presence of internal magnets. The remainder of the
paper is organized as follows, Section II describes the steps
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taken to design the carrier, Section III presents experimental
settings and major results, and Section IV provides discussion
and final conclusions on the work.

II. MATERIALS AND METHODS

The proposed untethered carrier includes two operating
units to support remotely controlled navigation and MMPs
suspension release. Each unit was designed and dimensioned
individually before studying the integration of the units and
possible interferences.

A. Release Mechanism Design

Several strategies exist for delivering a liquid suspension.
Among those, gas-based pressure generation in a liquid
chamber [6, 17] and chamber squeezing mechanisms [18, 19]
can be considered relevant examples.

Here, numerical analysis was performed to find the
pressure needed to initiate MMPs suspension release either
with a gradual (more than a minute) or one-shot (within
several seconds) profile. COMSOL ® Multiphysics, Laminar
Flow module was used for this purpose: a moving piston
pushing the suspension out of a fluidic chamber was
simulated to calculate the force needed to pump out all the
fluid in the chamber.

A syringe-type mechanism was proposed in light of its
simplicity and robustness. Simulation results allowed us to
determine the necessary pushing force given the dimensions
of internal components. The piston was actuated through
permanent magnets by implementing a bistable mechanism
based on two equilibrium configurations, here defined as
loaded and released, respectively. A detailed view of the
design is presented in Fig. 1a. The carrier includes 3 identical
ring permanent magnets with axial magnetization. One of the
magnets (my) is connected to the piston and is able to move,
whereas the other two magnets (m; and ms) are fixed. The
piston does not move in the loaded configuration due to
friction forces and calibration of the distance between the
magnets inside the carrier: m, should be closer to m; in order
to keep the piston fixed in the rest condition. Conversely, if
m; is dragged towards m; by an externally applied magnetic
field, the magnetic attraction force between m, and ms
prevails, thus moving the piston to activate the release
(released configuration).

The carrier can enter the released configuration only when
being anchored in a fixed position (which can be achieved
with the Fixing magnet M) and approached frontally by
another external magnetic source (namely Release magnet
Mg), which would move the my-piston system. Both
configurations (loaded and released) are shown in Fig. 1b
along with the employed external magnetic sources.

To allow the bistable mechanism to work, the distances
between the three IPMs magnets should be properly set (Fig.
2). Inside the capsule, there are 3 main compartments:
between the m; and m; (4:2), between the m, and m3 (A4z23),
and the fluid chamber (4.i4) between ms and the orifice. For
consistency, ms is the magnet closest to the fluid chamber.

The variables in parentheses correspond to longitudinal
distances. The carrier length is also affected by the magnets
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Figure 1.  Novel Magnetic Carrier for MMPs suspension delivery: (a)
carrier concept overview and components;(b) carrier in the loaded and
released configurations.
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Figure 2.  Carrier design specifications and dimensioning.

heights A., by the thickness of the piston 4, and of the
magnets fixers .. All magnets were assumed to be identical.
Therefore, the magnetic attraction force only varies with the
distance between them. Consequently, 4;2 < Azzis needed to
guarantee m; and piston being locked in the loaded
configuration. Additionally, Azs corresponds to the potential
piston displacement during actuation, which can be seen in
Fig. 2. Therefore, 423 = Ap.ia ensures efficient space use with
piston stroke corresponding to the reservoir length. If we
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Force balance analysis in different configurations of the carrier and in the presence of external permanent magnets: (a) loaded configuration at

rest, (b) navigation towards Mg, (c) release triggering of a magnetically fixed carrier, and (d) release triggering of a non-magnetically fixed carrier.

assume Az2= Az = Agia =4, then the total carrier length can
be calculated as:

Length = 32, + 34 + 2 + A )

The diameter is affected by carrier thickness and magnet
diameter, i.e., dearrier =thickness+ dpagner.

B. External permanent magnets dimensioning

An analytical model is aimed at understanding when the
carrier is stable and how it interacts with the two external
magnetic sources shown previously (F-fixing and R-
releasing), which should be properly dimensioned to prevent
interferences and guarantee correct operation. To this aim, the
force diagrams acting on the carrier were drawn (Fig. 3) to
derive the relevant equilibrium conditions.

The main variables in the analysis are magnet sizes and
grades, the distance between IPMs, orifice size, fixing
distance, and capsule material. Depending on available
components, a number of realizations are possible: the
prototype dimensions can be changed as long as we satisfy the
conditions set below.

Magnetic forces between magnets (both external and
internal) are approximated as dipole-dipole interaction and
can be calculated with such assumptions as (2) when
considering attraction between m; and my. Such
approximation stands valid since magnets are at least 24,
times distant [20].

F12= (3B ViB2Vy) /(2 por ris?), @

where B, corresponds to the remanent magnetic flux
density, V' is the volume of the magnet, py is the vacuum
permeability constant, and r is the distance between the
dipoles.

Starting with a loaded configuration (Fig. 3a), it is
important for m; and the connected piston to stay fixed in
space. As mentioned, this can be achieved if the attraction
force between m; and my is higher than the one acting between
mp and ms:

Fi2> F3 3)

Once we have a stable loaded carrier satisfying (3), it is
important to navigate it towards the site of interest. An
external driving magnet, either Mg or Mf, can be employed
for this purpose. The external magnet attracts all carrier
magnets and, hence, the carrier itself. The sum of these forces
(Fri1, Fr2, and Fr3) (4) allows us to understand how much

force can be exerted on the carrier to induce navigation. As
the carrier would move towards the external magnet Mg, the
latter should be placed close to the site of interest. Depending
on the usage and local environment, relevant effects should
be taken into account, such as gravity, buoyancy etc.

Locomotion Force = Fr; + Fry + Fr; 4)

Once a loaded carrier is at a target location, it should be
magnetically anchored using My and then triggered to release
the MMPs using Mg. This condition is illustrated in Fig. 3c-d
along with relevant acting forces. Fycr and Fierr correspond
to friction forces between the piston and carrier and between
the magnet and carrier, respectively. Fri-2-3 correspond to the
magnetic attraction forces between internal magnets m;, my,
m3 and the releasing external magnet Mg. Lastly, Fpuia
indicates how much force a piston needs to generate in order
to push the fluid, which is referenced from numerical
simulation results. It is important to ensure the stability of the
fixed loaded carrier: the force exerted by the releasing magnet
should not be higher than the fixing force (5).

Fri+ Fry + Frps> Frp+ Fro+ Frs3 (5)

If the above equation is not satisfied, the carrier would
simply detach and travel towards the releasing magnet.

At the same time, the magnetic field of the releasing magnet
should be strong enough for the m,, and hence the connected
piston, to be attracted toward it and to push the suspension out

(6).
FR2+F32>FF2+F12+chFr+chFr+Fﬂuid (6)

Alternatively, if the capsule is anchored non-magnetically
a single Mr would be sufficient to initiate the release:

Fro+ F32> Fiot Fpepr + Fnerr T Fiuia @)

In each configuration, it is also crucial to find out if the
released MMPs would escape the carrier magnetic field upon
release. The magnetic attraction of the MMPs toward the
releasing magnet (Framps) should be greater than the
cumulative action of fluid drag (6rzuvy), the magnetic
attraction of the MMPs toward the fixing magnet (Framps),
and the attraction of internal permanent magnets (F7puss-paps)
to leave the carrier. Essentially, escaping velocity vy can be
derived from the following relation:

Framps> 6 7w 1oy + Fipvs-vmps + Framps (8)



‘ o
. loaded |
‘carrier |

1 cm <

Figure 4.  Experimental settings: (a) prototype and (b) testing set up.

III. EXPERIMENTS AND RESULTS

By changing design parameters (IPM size, internal
distances, EPMs sizes), analytical model revealed a number
of possible carrier design realizations. Some trends were
evident. First, the bigger the internal magnets are, the longer
the capsule has to be in order to allow sufficient spacing
between them: if IPMS are too close to each other, it is almost
impossible to detach them with a counter-magnetic field
(MR). For example, if the overall carrier length has to be
within 40 mm, each internal magnet has an upper bound of 8
mm in diameter. Second, friction forces play a major role
when the carrier and its magnets become smaller: 3 mm in
diameter magnets were found to be approximately a lower
bound. Third, larger IPMs require the use of larger external
magnets, both for fixing and releasing. Therefore, the capsule
size is also governed by the external magnet sizes and
operative workspace.

The next step was to frame the analytical results within
certain practical conditions: available equipment and
commercially available magnets. The biggest — yet
manageable - available magnet was an N35 grade cylindrical
magnet, 60 mm in diameter and 70 mm in height, which can
work as either a releasing or fixing magnet. Iterations of
available commercial magnet dimensions resulted in the
choice of N35 grade ring IPMs that are 8 mm in diameter, 4

mm in height (4,), and with a 4.2 mm hole. Based on the
above considerations, prototyping was made. The carrier
components were fabricated using Form 3+ printer by
Formlabs with a grey pro resin. A sample prototype and its
components are displayed in Fig. 4a. Here, A =8 mm, 4, =2
mm, doq = 42 mm, and Az = 1 mm. Fluid chamber
accommodates 300 pl volume. Numerical simulations
revealed Fjiqa to be equal to 6.3 mN for this configuration.

Upon prototyping, both locomotion and MMPs suspension
release were tested. An aqueous environment was chosen for
a proof-of-concept validation as it is representative of major
possible applications where a carrier could be manipulated,
navigated, fixed, and triggered to release a MMPs suspension.

The testing platform (Fig. 4b) includes a water tank (10 x
10 x 30 cm) containing the carrier (41 x 10 mm), a fixing
magnet (N52 5 mm cuboidal magnet), and a
navigation/release-activation magnet (Mgr - cylindrical
magnet, 60 mm in diameter and 70 mm in height) mounted on
a robotic arm (Melfa RV-3SB, Mitsubishi) allowing multiple
degrees of freedom control.

A. Locomotion and MMPs Release Experiments

In this section, we validate the models and assess the
systems in terms of locomotion, release of magnetic non-
magnetic particle suspensions, and release of different
particle suspension concentrations.

To prove locomotion capabilities, several common
navigation modes were tested inside the water tank: magnetic
dragging at air-water interface and underwater swimming (see
the attached Video 1). A combination of navigation and fixing
was also achieved both at air-water interface and under water
(see Video 2). During navigation for target reaching, the
external magnet Mr was placed more than 10 cm apart from
the prototype, which coincides with analytical model
predictions within a 0.5 cm error margin. The speed is around
14 mm/s or 0.33 body-length/s.

To switch from locomotion to release control, the release-
triggering distance values were studied in order to validate the
analytical model. In this approach, the robotic arm gradually
moves Mg parallel to the carrier axis until the release
mechanism is activated. At that point, the distance between
Mg and the carrier was measured. A good accordance with the
analytical model (5.8 mm predicted distance) was evident, as
the minimal actuation distance was measured to be 6.4 + 0.5
mm based on 20 repetitions.

The release was tested for magnetic and non-magnetic
particles to demonstrate the suitability of the carrier to
perform on-demand release of different types of cargo and to
assess the suitability of the design (see Videos 3 and 4).
Indeed, carrier design should prevent MMPs from sticking
inside the internal carrier chamber due to magnetic attraction
and the release behavior should be comparable for magnetic
and non-magnetic cargoes.

5 pm NdFeB particles and 100 pm graphite particles were
used in aqueous suspension as magnetic and non-magnetic
cargoes, respectively. Fig. 5 shows the MMPs suspension
release progression. NdFeB particles were ejected from the
carrier and then attracted by Mg. On the other hand, non-
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Figure 6.  Release steps of a magnetically fixed carrier for different
weight concentrations of NdFeB magnetic particles: (a) 50, (b) 250,
and (¢) 500 wt%.
magnetic graphite particles in Fig. 5b are shown to be floating
once released.

Further analysis was performed to study the efficiency of
the carrier in expelling its cargo, i.e., to find the percentage of
released volume over the injected one. In the setting described
above, the carrier was first filled with the suspension of
MMPs or non-magnetic particles with the same concentration
and then weighed. After the release task, the carrier was
weighed again. It was then possible to find the difference in
volume and thus the amount of released solution per release
cycle. An average 25 + 2% released MMPs suspension
volume was calculated based on 20 repetitions. Regarding
graphite particles, an average released volume was found to
be 23 + 2%, which means an approximately similar
performance of the release actuation, i.e., magnetically
controlled piston pushing.

In order to study the correlation between release efficiency
and suspension features as well as to identify strategies to tune
the number of particles released; particle suspension
concentration was also varied over tests. For this purpose, the
carrier was fully loaded, which corresponds to 300 pl
reservoir, with a suspension of NdFeB particles in water with
different MMPs weight concentrations (50, 100, 250, and 500
wt%). The percentage of released particles was evaluated
through image analysis using the open-source software
ImageJ by studying the number of gray pixels, which
correspond to released particles, in an enclosed area. A
custom metric was introduced, namely the release coefficient
RC, which can be calculated as:

RC = (Area-BGV)/(1000-MGV), ©)

Progression of a magnetically fixed carriers release of (a) 5 um NdFeB and (b) 100 um graphite particles.
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graph. Each point rapresents the Release Coefficient at a specific
particles concetration.

where Area is the total number of pixels in the enclosed
area saturated with released MMPs, MGV is the mean gray
value within this area, and BGV is the mean gray value of a
background sample in an image to account for different
lighting.

The darker the ejected MMPs cluster is on the image, the
more saturated this region is (i.e., has more MMPs) which
would correspond to a small value of MGV (0 — dark, 255 —
white). Otherwise, if there are not many magnetic particles,
the MGV value would be higher, i.e., the area would be
brighter. Several release examples are given in Fig. 6. For
each concentration, the frames of 10 release repetitions were
analyzed to derive the mean RC value. In Fig. 7, the mean RC
values and standard deviations are given for different weight
concentrations. As evident in Fig. 7, the introduced metric RC
correlates with the number of loaded particles and increases
as the concentration increases. Furthermore, the results in the
figure suggest a stable and repeatable release profile.
Furthermore, no premature release was recorded during the
release experiments.

IV. DISCUSSIONS AND CONCLUSION

The proposed magnetic carrier proved able to perform
controlled target reaching due to remote magnetic control and
on-demand cargo release of both non-magnetic and magnetic
cargoes with different concentrations. The model-derived
design confirmed simulations and analytical predictions with
relatively low errors taking into account several assumptions
made during design. This gives us the opportunity to devise
size modifications in the carrier to better fit potential
application scenarios and to derive design series (internal and



external magnet sizes, carrier component dimensions) by
leveraging model predictions.

The carrier design proved to be efficient in releasing MMPs
even in high concentration suspensions despite the presence
of IPMs. Besides, the internal magnets presumably helped to
keep the particles inside the reservoir and to avoid premature
release, which is crucial for biomedical applications.
Nevertheless, the released MMPs were shown to escape the
magnetic field of the capsule, being available for further
remote actuation using external magnets (e.g. for
hyperthermia activation or deeper target reaching).

However, a relatively small release volume was recorded.
One of the major reasons for such performance is prototype
imperfections and consequent bad sealing of the MMPs
suspension chamber. As the piston is likely to not fully fit the
inner walls, some liquid may travel from the suspension
chamber toward internal magnets. However, the same
behavior was evident in the cases of both non-magnetic and
magnetic suspension releases. Therefore, the use of magnetic
particles does not change the performance of the proposed
carrier. At the same time, tight-fitting or interference is
undesired since the friction forces would rise dramatically.
Some modifications of the piston or suspension chamber are
thus needed to guarantee a higher suspension release volume.

A strong asset of the proposed carrier is its repeatability.
All the experiments were repeated consistently 20 times
revealing low variability (<5%). Furthermore, a
straightforward re-loading could be performed: a released
carrier simply needs to be approached from the rear with a
strong attracting magnet, which would move the m, and,
hence, the piston from an unloaded position back to the loaded
position. This opens up other possible venues and gives the
opportunity to use the carrier for sampling as well.

To further mitigate the risk of premature release, flexible
membrane or size modifications of the outlet orifice can be
foreseen in the future.

The proposed system stands as extremely flexible in terms
of actuation. Indeed, as demonstrated in Video 2, appropriate
dimensioning and distancing of fixing and releasing magnets
can result in locomotion and on-demand release in several
relevant scenarios.

Overall, in this work we proposed a versatile untethered
carrier with on-demand MMPs suspension release capabilities
and, hence, high targeting efficiency. To design it, numerical
simulations and analytical studies were implemented. A
parametrization was followed at each step with corresponding
variables indicated. The results demonstrate a fully functional
untethered system which is a novelty in the MMPs delivery
research.
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