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Abstract—Microscale robotics represents a promising future
for minimally invasive medicine. However, one of the biggest
challenges of microrobots moving through the human body is
represented by the complex 3D structure of biological lumina and
tissues, which obstructs the navigation of micron-sized devices.
Here, we fabricate ultra-deformable magnetic microrobots, con-
sisting of ferrofluid-loaded lipid vesicles, and we magnetically pull
them through chambers that exert upon them a gradually more
forceful confinement. We thus analyze their capability to face
interstices comparable to or smaller than their characteristic size
and their consequent behavior in terms of stability, velocity, and
deformation. The results show that the inherent compliance of
these vesicle-based magnetic microrobots allows them to infiltrate
successfully in interstices slightly smaller than their size. Further
enhancement of their compliance and the development of specific
control strategies may lead to microrobots able to move through
interstices and traverse complex biological environments.

Index Terms—Bio-inspired robotics, magnetic devices, mobile
robots, soft robotics, vesicles.

I. INTRODUCTION

HANKS to the advancements in technology, minimally

invasive medicine is increasingly gaining ground in medi-
cal practice. In this ever-evolving field, microscale robotics can
offer the revolutionary potential to build untethered devices
that can reach remote areas of the human body otherwise
inaccessible and perform diagnostic or therapeutic actions in
an extremely localized way, significantly reducing the damages
on tissues and the recovery time for patients [1].

However, to reach their target site, such devices need to
navigate through cavities as small as a few microns, such as
blood capillaries, and eventually extravasate and travel through
biological tissues. Such spaces are filled not only with various
concentrations of cells, but also with biological fluids and
extracellular matrices, made of networks of macromolecules
and other chemical compounds. This results in non-trivial
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rheological properties, interstices that are often in the sub-
micrometer scale [2]-[4], and possible interactions with the
molecules constituting the network [5].

A proposed solution to the challenge of infiltrating and
navigating such complex 3D environments is to reduce one
or more device dimension to the nanoscale: magnetically-
driven, helical propellers with sub-micron diameter, smaller
than typical tissue pores, have been proved to move effi-
ciently through different types of environments [6], possibly
facilitated by smart coatings that minimize interactions with
network structures [5]. The nanoscale, however, poses severe
limitations to the complexity and capabilities that a device
can be endowed with. This has partially been addressed by
designing dynamical swarms of nanoparticles [7], capable of
more degrees of freedom and higher loading capability than
single nano-devices; actuating these swarms, however, requires
complex and finely tuned control strategies.

Nanoparticle-based organic ferrofluid has been employed
for the fabrication of magnetically controlled liquid droplets
with remarkable capabilities of deformation (up to an aspect
ratio of 9 [8]) and shape adaptability [9]-[12]. However,
these droplets are in the millimeter scale and rely on splitting
into sub-droplets to navigate smaller spaces, thus losing body
integrity. Moreover, while the solid component of ferrofluid is
biocompatible and biodegradable, the organic carrier fluid can
compromise biocompatibility; hence an aqueous carrier would
be preferable for microrobotics applications [13].

The outstanding abilities of living microstructures can sug-
gest compromise solutions to these issues: leukocytes, for
example, are fundamental agents of our immune system,
capable of migrating in narrow vessels and through dense
tissues. They have been the inspiration to design swarms of
nanoparticles capable of rolling along channel walls [14].
In this work, we take inspiration from another remarkable
characteristic of leukocytes: their ability to squeeze through
interstices smaller than their characteristic size to extravasate
and navigate through tissues. This is thanks to a migration
strategy called amoeboid locomotion [2], [15], [16], based on
a continuous adaptation to and exploitation of the surround-
ing environment through large body deformations. We thus
design and fabricate ultra-deformable magnetic microrobots
by loading cell membrane-inspired vesicles with an aqueous
ferrofluid. This allows for significant deformation without loss
of integrity. The vesicle membrane consists of a phospholipid
bilayer just a few nanometers thick, imitating the structure and
composition of the plasma membrane of natural cells. This,
together with the liquid nature of the vesicle content, results
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in extreme compliance and adaptability of the microrobots.
We fabricate two types of micro-structured chambers with
a gradually narrowing channel, comparable or smaller than
the characteristic size of the microrobots. By employing a
magnetic field, we guide the microrobots through, imposing a
gradually more forceful confinement. We analyze the effects of
confinement on stability, velocity, and deformation, to under-
stand how the passive compliance given by the soft structure
can be exploited to navigate through restrictive environments.

II. MATERIALS AND METHODS
A. Materials

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) in chlo-
roform (CAS 4235-95-4), mineral oil (CAS 8042-47-5),
D-(+)-glucose and sucrose were purchased from Merck.
Custom-made aqueous ferrofluid (20% Iron Oxide nanopar-
ticles) was purchased from Qfluidics. For aqueous solutions,
MilliQ water is used unless differently stated (Elix® Advantage
10 Water Purification System). Permanent magnets (NdFeB,
N42 grade, 8mm x 15mm X 15mm) were purchased from
Supermagnete. Formlabs Surgical Guide Resin was used for
the production of chambers.

B. Characterization of ferrofluid

In order to build a descriptive model to quantify the effect of
the applied magnetic field on the microrobots, magnetic prop-
erties of ferrofluid are determined through vibrating-sample
magnetometry (VSM) (MicroSense EZ7 Vibrating Sample
Magnetometer) within a field of 1.9 T. The obtained raw
data are fitted with a 2-parameter sigmoidal function with the
Julia programming language on Visual Studio Code (LsqFit
package [17]):

M(B) = p; - arctan(paz). (1)

From this fitting equation, the magnetization at saturation Mg
and the volume susceptibility X;;, are obtained respectively
as the value of M (B) for B — 400 and the value of the first
derivative in B = 0.

C. Preparation of magnetic vesicles

Vesicles containing ferrofluid are prepared through the
droplet transfer method [18], [19]: 100ul of a pre-warmed
(50°C, 30min) oil phase containing 2.5mg/ml DOPC dis-
solved in mineral oil is pipetted on top of 300 ul of a 240 mM
glucose solution in a 1.5ml tube; then, a 2.5% water-in-oil
emulsion is prepared in another tube by vortexing 5ul of an
aqueous phase (2:1 240mM sucrose solution : ferrofluid) in
200 pl of the same oil phase and pipetted on top of the oil layer
in the first tube; the sample is then centrifuged (Sigma 1-14K
refrigerated microcentrifuge) at room temperature for 60 min
at 500 g. The passage of the emulsion droplets through the oil
film containing phospholipids allows for the formation of a
lipid bilayer encapsulating the aqueous phase. The remaining
oil phase is removed by pipetting and the sample is transferred
to a clean vial. To perform a size selection of the microrobots,
enough time is allowed for the larger ones to spontaneously

sediment due to gravity, after which the aqueous medium
is removed and substituted by fresh one. The suspension is
then topped up to 1ml to have an appropriate microrobot
concentration for the experiments. The samples can be stored
at 4°C for up to a week.

The lipidic membrane separates the aqueous ferrofluid from
the environment, preventing the dispersion of the ferrofluid and
of the hydrophilic nanoparticles in the aqueous environment
and ensuring microrobot integrity.

D. Infiltration experiments

We designed and performed infiltration experiments to un-
derstand whether the microrobots could move through narrow
spaces and to which extent. Moreover, we aimed to observe the
effect of different levels of restriction severity on the stability
of the microrobots and their behavior in terms of deformation
and velocity. For image acquisition, a Hirox digital microscope
(Hirox HRX-01) is used. The experiments consist in the
infiltration of the microrobots in restrictive chambers under
the magnetic force exerted by a permanent magnet. The setup
consists of two parts: a chamber and a support, which holds
the chamber and the magnet. The support allows to fix the
position of the magnet with respect to the sample and the
position of both with respect to the reference frame of the
microscope.

Preliminarily, non-restrictive experiments were performed
to confirm the hypothesis that the applied field could induce
deformation and movement of the microrobots, and to find
the optimal distance between the magnet and the sample to
observe such phenomena. For these experiments, the chamber
consisted of an adhesive frame (Gene Frame, 25ul, Ther-
moFischer Scientific) stuck on a microscopy slide, covered
by a glass cover slip; this created a channel with a fixed
height of 250 ym. We define this condition as “free space”,
as the height is at least 5 times the characteristic dimension
of observed microrobots. These experiments were also used
as control to validate the proposed model for the force and
velocity calculations.

Next, we performed restrictive experiments. Considering the
average dimensions of our microrobots, we designed two types
of chambers that we define as “soft confinement” and “hard
confinement” respectively. Both chambers were designed on
Autodesk Fusion 360 and printed with a Formlabs 3D printer
(Form 3B+) using Surgical Guide Resin, chosen for its translu-
cence. The design of a chamber is illustrated in Fig. 1 and
consists of a narrow channel of width 1.5mm and length
20 mm, confined by two supports for a microscopy cover slip.
We define two ends for the channel: a proximal one (closer to
the magnet) and a distal one (further from the magnet); at the
proximal end of the channel, a stopper element is designed for
the cover slip to lie against. The height of the supports grad-
ually decreases along the length of the channel, towards the
proximal end, creating a gradually more forceful confinement.
For the soft confinement condition, the height degrades from
hmaz = 500 um to A, = 25 um, which is comparable to the
typical diameter of a microrobot; for the hard confinement, it
degrades from h,,q,; = 500 um to A, = Opm. To ensure
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Fig. 1. Top: general design of a restriction chamber. Bottom: relevant
sections of the soft and hard confinement chambers respectively; for ease
of visualization, the sections are not at scale.

that the height of the channel corresponded to the design value,
the microscopy cover slip was glued on top of the supports
using cyanoacrylate glue (Loctite® Super Attak). The design
allows us to calculate the height of the channel at any point
along the z-axis as h(z) = (z — zp) - tan(a), where zg
is the position of the stopper (i.e. the proximal end of the
channel) and « is the tilt angle of the chambers, calculated as
a = arctan((hmaz — Amin)/L), with L the total length of the
supports. Hence, we are able to relate the observed behavior of
microrobots at any position to the corresponding confinement
level.

After the chamber is mounted on the support, the positions
of the magnet (z,7) and of the proximal end of the channel
(zo) are registered in the microscope reference system. Then,
2.5l of 240 mM glucose solution is pipetted in the channel,
then 5 pl of microrobots suspension is added, and finally more
glucose solution is added to ensure the chamber is completely
filled and thus avoid the formation of a meniscus in the
channel. When the sample is stable (no convection observed),
the magnet is inserted into the support and the movement of
the microrobots is imaged; multiple videos are taken for each
microrobot at a framerate of 12 fps, following its path until
its stopping point.

E. Field simulation

The magnetic field generated by the permanent magnet
is modeled with the Finite Element Method (COMSOL
Multiphysics® 6.1) to calculate the field and gradient values
at any observable point. The work plane is defined as the zy-
plane with the origin at the center of the magnet. The simu-
lation performs a 3D Stationary study of the Magnetic Fields,
No Currents physics module. The 3D magnetic flux density
B = (B,, By, B.) generated by the magnet is calculated at a
distance range covering the whole experimental setup, with
a step width of 0.1 mm. The setup allows to position the
chamber so that the channel is aligned with the axis of the
magnet (Fig. 2); considering the width and maximum height

‘ [40, 45] mm
| [20,25) mm

Fig. 2. Schematic of the experimental setup for infiltration experiments; the
positions of the chamber and channel (right) are represented with respect to
the magnet (left) and the resulting field streamlines.

of the channel (1.5mm and 0.5 mm respectively), it can be
assumed that any point on the observed space lies roughly on
the axis of the magnet (parallel to the z-axis), therefore the
y- and z-components are considered negligible.

F. Modeling of the microrobot movement

The model of the velocity of the microrobot is built in
Julia on Visual Studio Code. The theoretical velocity of the
microrobots is calculated through the Stokes equation for low
Reynolds number conditions:

1
- 6mur

Fn (), ©))

Utheor(x)

where p is the fluid dynamic viscosity, (~ 1mPas for a
240 mM glucose solution at a temperature of 25°C [20], [21]),
r is the radius of the section of the microrobot perpendicular
to the movement.

To calculate the magnetic force F,, applied to the micro-
robot, we consider the magnetic moment m,,,, which depends
on the volume of the microrobot V' and the volume susceptibil-
ity x. In general, x is a function of the field and consequently
of the position, but we assume it to be in the linear part of the
hysteresis curve and hence constant. The magnetic moment is
thus expressed as:

mm () = VxB(x), ©)

As regards the volume, considering the composition of the
microrobots core (2:1 sucrose : ferrofluid), the theoretical
effective volume of the ferrofluid is 1/3 of the total volume of
the microrobot, hence in (3) we have that V' = V.t ¢ theor =
‘/geom / 3.

Given these considerations, the force exerted on the micro-
robot by the magnetic field and gradient can be expressed as:

F(2) = 2VxB(z) - VB(), ©)

where VB(x) is the gradient of the magnetic flux density.
To obtain the field gradient, the magnetic flux density B(z)
is interpolated through a cubic spline of the simulated data
(Dierckx package [22], [23]); then the gradient is calculated as
the first derivative of the field along the z-axis: VB = dB/dx.
Lastly, to calculate the predicted velocity of the microrobot,
we consider two possible approximations for the radius r in
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(2). At first, we use a spherical approximation, where we
assume that the elongation along the x-axis corresponds to
a shortening that is equal on the y- and z-axes, such that
r, = ry; hence, we calculate r as the equivalent radius of
a sphere with the same volume as the microrobot (spherical

approximation) 1 = 7T = ,3/7"1.7‘5. Then, we consider
an ellipsoidal correction: due to the elongation, the radius
of the section perpendicular to the movement can become
significantly smaller than the equivalent radius; to account for

this, we consider r = r,,.

G. Data analysis

The data analysis is performed through Julia on Visual
Studio Code. The goal of the data analysis is to quantify the
empirical velocity of the microrobots and their deformation
at each point, and to relate them to the intensity of the
corresponding magnetic field and the entity of confinement.

The tracking of each microrobot is performed through a
frame-by-frame ellipse detection algorithm (OpenCV package
[24]); this gives the coordinates of the centroid of the ellipse
traced around the microrobot (x,,,y,, ), the sizes of the semi-
axes (ry(z), ry(x)) and the tilt angle of the ellipse with respect
to the z-axis 6(x). All ellipses are considered aligned with
their major axis along the z-axis (f(x) = 0).

In order to quantify the confinement that the microrobot
is subjected to at a given location, we define a parameter,
the relative height of the confinement ¢(x) = h(x)/d, which
relates the height of the channel at a given point h(x) to the
characteristic size of the microrobot, its diameter d = 2r. To
generalize this value with respect to the possible deformation
of the magnetic microrobot, the radius is calculated as per the
spherical approximation.

To quantify the deformation of the microrobot along its path,
we calculate its aspect ratio a, (x) = r(x)/ry(x); considering
the geometry of the problem, a, € [1, +00).

Finally, the position of the microrobot with respect to the
magnet is calculated as x = x, — x57. The empirical velocity
Vemp 18 calculated numerically at each point as:

Tj — Li—1

5
P &)

Vemp,i =
and smoothing is performed to remove the calculation noise
(Smoothing package [25], [26]).

To compare the empirical velocity with the theoretical
one, another phenomenon must be considered: the droplet
transfer method does not guarantee a homogenous distribution
of the ferrofluid; hence, a different and microrobot-specific
concentration of ferrofluid is expected. To account for this
dilution, a correction factor ~ is calculated for each microrobot
through linear regression between the theoretical and empirical
velocities; the effective volume of ferrofluid is then adjusted
through this correction factor: Verr = Veys theor /7 and the
theoretical velocity is recalculated considering V' = V¢ in
(4). The model error is calculated on free-space experiments
as the root mean square error (RMSE) between predicted and
measured values.
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Fig. 3. (a) Hysteresis curve of ferrofluid; the region highlighted in yellow

represents the portion of interest, corresponding to the field applied in the
experimental setup. (b) Simulation of the field applied in the experimental
setup and its corresponding cubic interpolation.

ITII. RESULTS AND DISCUSSION
A. Magnetic characterization

The magnetization curve obtained from the VSM analysis is
pictured in Fig. 3a. The profile of the curve confirms that the
ferrofluid displays superparamagnetic behavior. The saturation
magnetization is Mg = 3.18 x 10* A/m and the volume sus-
ceptibility in the linear section is x;n, = 1.39 x 105 A/(m T).
The experimental field is calculated for the optimal distance
from the magnet between 20 and 45 mm; the curve obtained
through COMSOL simulation and the corresponding interpola-
tion are shown in Fig. 3b. The field applied in the experimental
setup never allows to reach saturation magnetization but it is
entirely included in the linear section of the magnetization
profile (Fig. 3a), hence in (3) we can confirm that for our
experiments X = Xin-

B. Model validation

In order to validate the model described in paragraph II-F,
the theoretical and empirical velocities are compared for the
free-space condition. Both models make an accurate prediction
(relative RMSE < 6.5%); for a moderate deformation (median
a, = 1.65), the spherical approximation displays a slightly
lower RMSE than the ellipsoid approximation, with an RMSE
of £2.84 um/s and +3.99 pm /s respectively; this may be due
to the fact that the spherical model is less prone to errors
caused by fluctuations in the detection of the axes of the
microrobot. An example of free-space velocity comparison is
displayed in Fig. 4.

C. Infiltration capability

The microrobots obtained through the droplet-transfer
method ranged in size between 5 and 35um and displayed
various concentrations of ferrofluid (Fig. 5); size selection
removed microrobots under ~ 15 um. The mean diameter of
microrobots used for infiltration experiments was 23 + 5 um.

Free-space experiments confirmed that the applied field
induces both deformation and movement of microrobots. The
maximum velocity achieved by the microrobots depended not
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Fig. 4. Comparison between the predicted velocity profile of the microrobot
(after dilution correction) and the measured velocity.
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Fig. 5. Optical microscopy image of the microrobots, representative of the
sample before size selection and dilution. The nanometer-thick lipidic mem-
brane separates aqueous ferrofluid from the environment, ensuring integrity.
Darker color indicates higher ferrofluid concentration. Scalebar is 20 um.

only on the size, but also on the dilution factor: e.g. under
a field of 33.8mT a microrobot with r,; = 8.7um and
~v = 4.5 reached a maximum velocity of 60 um/s, while one
with 7¢4 = 10.2 um and -y = 2.2 reached a maximum velocity
of 101.1 um/s.

In the described experimental conditions, microrobots have
been observed to infiltrate interstices as small as 1/4 of their
characteristic size. Two distinct behaviors have been observed
in conditions of soft and hard confinement.

1) Microrobot stability: Breakage of microrobots along the
channel has been observed in only ~ 6% of the analyzed
cases, for any entity of deformation, and never in free space
condition. In order to test resistance to the constriction of
confinement, when microrobots reach their stopping point,
the magnet was moved closer to the chamber to increase the
magnetic force; applying a stronger field did not result in a
further infiltration, but showed that microrobots are able to
withstand a force of at least 2.78 nN in conditions of strict
confinement without breakage.

2) Soft confinement: In the case of soft confinement, the
most restrictive condition the microrobots undergo is compa-
rable to their characteristic size (h(zp) ~ d); the minimum
relative height of confinement ¢(z() ranged between 0.91 and
1.37.

The microrobots were successfully able to infiltrate the
channel throughout its entire length, only stopping in cor-
respondence of the stopper element. For c¢(z) > 1.5, the
empirical velocity roughly follows the profile of the predicted

\J
-

(@) (b)

Fig. 6. Sequences of frames depicting the deformation of microrobots in soft
confinement (a) and hard confinement (b) while they move along the channel.
Scalebars are 50 um and 100 um respectively. Frames have been shifted on
the horizontal axis for ease of visualization.

velocity, then the profiles diverge.

Here, extreme deformations, up to an aspect ratio of over 4.5
(Fig. 6a and 7), can be observed even in a condition of semi-
confinement, i.e. before microrobots are constricted directly
by the channel walls (1 < ¢(x) < 1.5); in turn, these extreme
deformations lead to a significant reduction of the diameter
of the microrobot section perpendicular to the movement
direction (r = 7, in (2)), with a consequent increase in
velocity above the predicted free-space value (Fig. 8a). When
microrobots eventually undergo a confinement comparable or
smaller than their diameter, a drop in velocity can be observed,
while the deformation reaches its maximum.

The observed deformation is comparable to values reported
for millimeter scale organic ferrofluid droplets [10]-[12], but
[27] reports experimental values up to a, ~ 20 for microscale
droplets. To understand whether this deformation is due solely
to the magnetic field, we compared this behavior to that of
microrobots subjected to the same field intensity but in free
space; in this case, only a moderate deformation is observed,
which, after a rapid increase, reaches a maximum value of 2.17
and then remains circa constant at any field intensity (Fig. 7).
This suggests that confinement, however soft, plays a crucial
role in the deformation.

3) Hard confinement: In the case of hard confinement,
at the proximal section of the channel the microrobots face
an interstice of dimension significantly smaller than their
diameter (h(x — zp) < d).

In this case, the microrobots were able to move into the
interstice but stopped before reaching o (h(xzg) = 0); the
maximum infiltration capability observed corresponded to a
minimum relative height of ¢(z) = 0.26. Here, the empirical
velocity again follows the predicted profile for ¢(z) > 1.5,
but the measured velocity starts decreasing in the semi-
confinement region (1 < c¢(z) < 1.5), while a steeper
drop is observed under direct confinement (c¢(z) < 1), until
the microrobot stops moving (Fig. 8b). Remarkably, before
stopping definitively, microrobots display small oscillations in
their z-positions, as if trying to infiltrate further. In terms
of deformation, when the field is applied, the aspect ratio
of the microrobots rapidly increases, but quickly reaches a
maximum value of 2.10, comparable to that of free space (see
III-C2). Remarkably, with the increase of confinement, the
deformation gradually decreases to a minimum of 1.81, and
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proximations) and empirical velocity in soft (a) and hard confinement (b)
conditions. The appended microscopy images display the deformation of
microrobots at the stopping point. Scalebars are 20 pm.

no extreme deformations are observed (Fig. 6b and 7). When
the microrobot stops, the aspect ratio again slightly increases
to 1.94, which could be interpreted as a further stretch in an
attempt to infiltrate the confined space under the pull of the
magnetic force.

IV. CONCLUSION

In this work, we tested and analyzed the capability of ultra-
deformable magnetic microrobots to infiltrate restrictive envi-
ronments. We demonstrated that the vesicle-based microrobots
are able to significantly and reversibly deform to move through
interstices with one dimension up to four times smaller than
their diameter without breakage.

While strict confinement consistently caused a rapid and
significant decrease in velocity, we observed two different
behaviors in terms of deformation, which in turn influenced
velocity in regions of milder confinement. We observed that
significant deformation, not explainable solely by the magnetic
field strength, occurs in case of soft confinement before the
microrobot is directly constricted by the channel walls; we
speculate this to be due to a type of wall effect influencing
the interaction of the microrobot with the thin fluid layer
interposed between its body and the channel walls. Further
investigating this phenomenon and its influence on deforma-
tion and velocity can help develop more complex models to
eventually induce controllable deformations. The design of
more complex test environments, such as obstacle courses and
irregular 3D cavities, will help assess the capability of the
microrobots to navigate 3D environments.

DOPC-based membranes are highly biocompatible and
stable in saline buffers [28], [29]; this, together with the
biocompatibility of the aqueous ferrofluid [13] makes these
microrobots promising candidates for medical applications.
Further study of the stability within more complex fluids and
cell cultures will help elucidate the possibility of interactions
with biological fluids and tissues, and the possible need for
optimization of the chemical composition of the microrobots.

Further enhancement of the compliance of lipid vesicle-
based microrobots and the development of specific magnetic
actuation and control strategies able to exploit it may lead to
a new generation of magnetic microrobots capable of moving
through network interstices and traverse complex biological
environments.
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