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Abstract— This paper presents a magnetic microrobot that
demonstrates the ability to travel through wet conditions inside
a murine colon. Under the influence of an external rotating mag-
netic field, it tumbles end-over-end to propel itself forward. The
microrobot’s real-time position can be accurately tracked using
ultrasound imaging to help guide it to a desired target location.
Diffusion tests were conducted and show that the microrobot
releases a fluorescein payload over a two hour time period
when it is applied as a coating. Cytotoxicity tests demonstrated
that the microrobot’s SU-8 body doped with magnetic NdFeB
particles is also biocompatible with murine fibroblasts. The
microrobot’s capabilities make it promising for targeted drug
delivery and other in vivo biomedical applications.

I. INTRODUCTION

Recent advances in microfabrication techniques have re-
sulted in a surge of growth in the variety and capabilities
of microrobots for biomedical applications [1], [2]. At this
scale, robots must be able to maintain functionality in spite
of a very small footprint, maintain forward motion through
low Reynolds number environments, and negotiate with
the increased impact of forces that scale with area and
distance [3], [4]. To this end, many innovative solutions
have been devised to make functionality at the microscale
possible, incorporating a variety of actuation methods that
take advantage of acoustic, ultrasound, optical, thermal,
chemical, or magnetic stimulus [5]. Due to their relatively
small dimensions, approximately the size of a human cell,
microrobots have unparalleled access to areas of the body
that are difficult or impossible to reach using conventional
macroscale tools. Their diminutive size makes them espe-
cially advantageous for minimally invasive operations and
precise, localized treatment. These qualities could result in
reduced patient trauma, a lower risk of side effects, and
higher drug retention rates compared to traditional surgical
techniques and passive drug diffusion. Critical applications
such as targeted drug delivery, precision surgery, biosensing,
and detoxification have already been demonstrated to be
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feasible in both in vitro and in vivo test cases. For example,
Gao et al. introduced an acid-driven micromotor that presses
a drug payload directly against the stomach walls of live
mice [6]. Tetherless microgrippers have also been developed
that respond to fluctuations in local temperature, acidity,
or enzyme stimuli [7] and high-speed, ultrasound actuated
microbullets have been shown to be capable of deep tissue
penetration [8]. Functionalizing microrobots with different
bioreceptors allows desired proteins and cells to bind to them
and incorporating features such as nanosponges into their
design allows microrobots to absorb and neutralize toxins
within the body [9].

Of particular interest are colonoscopies, which are neces-
sary to examine and diagnose colorectal cancer and inflam-
matory bowel disease. These two ailments affect millions
worldwide and can cause fatigue, bloody diarrhea, weight
loss, and abdominal pain [10]. Due to the invasiveness of the
colonoscopy procedure, patients often experience extreme
discomfort and reluctance to undergo further examination
[11]. Additionally, colonoscopies themselves have the poten-
tial to exacerbate existing disease symptoms [12]. The use
of ultra-thin colonoscopes has been shown to significantly
improve tolerability in patients [13]. Non-invasive options
such as bowel ultrasounds [14] and quantitative fecal im-
munochemical tests [15] also exist and can provide partial
colon screening. Despite these options, no solution has fully
eliminated the need for colonoscopies. The introduction of
a microrobotic alternative, however, could lead to new non-
invasive procedures that reduce patient discomfort and open
new possibilities in disease diagnosis.

For microrobots aimed towards biomedical applications,
magnetic actuation continues to be a widely used choice.
It does not require a controlled, specialized environment to
operate and external magnetic fields harmlessly penetrate
living tissue. Helical magnetic microswimmers have already
been shown to capture and deliver sperm cells for potential
applications in treating infertility [16]. Rolling magnetic
microrobots such as “RodBot” [17] are able to trap and
manipulate objects using non-contact methods in fluid envi-
ronments. Elastomeric, nonuniformly-aligned magnetic mil-
libots have also been shown to be capable of a wide variety of
locomotive gaits [18]. This paper will focus on a robust, rigid
magnetic microrobot that moves by tumbling end-over-end
to traverse through both wet and dry environments. Section II
discusses the background and overview of the robot design,
as well as the fabrication methods. Section III presents the
experimental setup, results, and discussion of using these
microrobots for biomedical applications. These experiments



include locomotion tests conducted inside murine colons and
phantom tissue tubes, real-time ultrasound imaging, payload
diffusion over time studies, and cytotoxicity tests of the
robot’s constituent material. Finally, several conclusions and
a future outlook is provided in Section IV.

II. DESIGN OF MICROROBOT
A. Background

While the majority of microrobots for biomedical applica-
tions are intended to operate in liquid environments, there are
numerous areas in the human body containing a combination
of both liquid and dry environments, posing challenges for
microrobot movement. These areas include pockets of air
and mucous within the lungs and along the digestive tract.
Many existing magnetic microrobot designs use external field
gradients to move, but this form of actuation is not viable
in dry environments. The pulling force induced from the
field gradients is often not strong enough to overcome the
high stiction forces, a combination of frictional and adhesive
forces, between the microrobots and the surfaces they rest on.
Other forms of magnetic actuation and locomotion are more
practical for overcoming this increased stiction. Drawing
inspiration from living organisms, these forms include crawl-
ing, rolling, walking, and jumping. Hu et al. demonstrated a
magneto-elastic millirobot capable of many of these locomo-
tive gaits [18], but the technology has yet to be miniaturized
to the microscale. At this smaller scale, some solutions
for magnetic locomotion through dry environments include
stick-slip motion [19] and oscillating micro-swing hammers
[20], but many of these methods include a point along the
locomotive gait where the microrobot loses contact with the
surface and the resulting motion becomes uncontrolled over
rough terrain. This behavior makes it difficult for these robots
to travel over the complex surfaces present throughout the
body.

Jing et al. introduced a dumbbell-shaped microrobot that
moves in a tumbling motion and maintains constant contact
with the surface [21]. The robot is actuated by an external
magnetic field that alternates between a vertical and hor-
izontal alignment, inducing magnetic torque on the robot
and causing it to rotate. By tumbling instead of sliding or
slipping forward, the microrobot uses stiction to its advantage
and grips onto the surface. The design was improved upon
in [22], where the alternating field was replaced with a
rotating field. This change allowed the robot’s fabrication
process to be simplified, where the entire magnetic body
could be aligned uniformly while still moving in the same
manner as before. The newer design was shown to be capable
of moving predictably in dry environments over multiple
complex terrains and climb inclines of up to 45°.

B. Microrobot Design

Fig. 1(a) illustrates the microrobot used in this paper, a
solid 800 x 400 x 120 um polymeric block that is doped with
magnetic neodymium iron boron (NdFeB) microparticles.
This doping process can generate hard magnets that can
be magnetically aligned irrespective of geometry or particle
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Fig. 1. (a) Dimensions of tumbling magnetic microrobot (b) Diagram of
magnetic alignments and induced magnetic torque.
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orientation. Two circular cut-outs 200 ym in diameter allow
the robot to store additional payload material in addition to
any material coating the outer surface. The magnetic particles
are aligned along the length of the robot by exposing them to
a 9 T uniform magnetic field oriented in the same direction.
Due to orientation differences between the microrobot’s
magnetic alignment and that of the external actuating field,
seen in Fig. 1(b), a magnetic torque is induced on the robot:

T, =V,M x B 1)

Eq. 1 describes the general working principle of this
torque, where V), is the magnetic volume of the robot, M is
the magnetization of the robot, and B is the external magnetic
field strength. Under a time-varying rotating magnetic field,
the torque causes the microrobot to undergo a forward
tumbling motion.

Fig. 2 depicts the resulting motion of the microrobot over
a flat surface with no-slip conditions. While a cylindrical
design would result in a more uniform rolling motion,
standard MEMS fabrication techniques limit the thickness
of the polymer block. A thin, rolling cylinder tends to tip
over on rough surfaces, where small disturbances upset the
stability of the cylinder, making a tumbling block better
suited for biomedical applications.

C. Fabrication Method

Fig. 3 summarizes the entire fabrication and magnetization
procedure for the new microrobot design. First, SU-8 50
photoresist is doped with NdFeB particles (Magnequench
MQFT 5 um, Neo Magnequench) at a concentration of
15g/50mL. The doped SU-8 is then spin-coated at 1000 rpm
for 60 s and undergoes a two-step soft-baking process of 10
min at 65°C and 30 min at 95°C. These steps are used to
obtain a thick layer of SU-8, approximately 120 pum, and
to evaporate the excess solvent. Next, the wafer is exposed
to UV light in a mask aligner (Suss MA6 Mask Aligner,
SUSS MicroTec AG) using a mask corresponding to the
geometry of the microrobot for 70 s. A post-exposure bake
of 1 min at 65°C and 10 min at 95°C is then performed to
selectively cross-link the exposed areas of the film. Lastly,
the non-polymerized SU-8 is removed with SU-8 developer
(Microchem Inc.) in a bath for 10 min and then the wafer is
cured in an oven at 160°C. Unlike previous versions of this
microrobot [22], the fabrication process has been reduced
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Fig. 2. (a) Depiction of microrobot tumbling movement (b) Motion lapse
of tumbling movement over aluminum surface. Scale bar is 1 mm.

Mask
SU-8 + NdFeB
Particles

Silicon

@)

Baking and Curing

Manual Release and
Exposure to 9 Tesla
Uniform Magnetic Field

3) PR

Fig. 3. Photolithography and magnetization process for the fabrication of
the microscale magnetic robot.

to a simple, one-step photolithography process. In this case,
the middle portion of the robot that required an additional
photolithography step is not necessary to store a payload.

Once the microrobot fabrication is complete, the robot is
manually removed from the wafer using tweezers and a util-
ity knife. The magnetic particles are then aligned along the
same direction using a strong external magnetic field, greatly
improving the magnetic polarity of the microrobot and their
responsiveness under lower magnetic field strengths. The
robot is secured in the desired orientation during the magneti-
zation process on a quartz sample holder using Kapton tape
(Dupont). The external field is generated using the PPMS
Dynacool machine (Quantum Design), which is capable of
applying uniform magnetic fields of up to 9 T.
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Fig. 4. Fluorescent images taken of cell proliferation for four different test
cases. Green fluorescent cells indicate living cells that have adhered to the
well plate and are viable.

III. BIOMEDICAL APPLICATIONS TESTING
A. Cytotoxicity Tests

To assess the short-term cytotoxicity of the doped SU-
8 used to fabricate the microrobots, the cell viability of
NIH3T3 murine fibroblasts in direct contact with the ma-
terials was studied over the course of 3 days, with day
0 measurements taken 12 hours after initial seeding. The
NIH3T3 fibroblasts were seeded on surfaces of both SU-
8 and SU-8 with NdFeB particles, and were compared to
negative and positive controls consisting of tissue culture
polystyrene and cells cultured in 70% ethanol, respectively,
to elicit a cytotoxic response. Proliferation was examined us-
ing fluorescence microscopy (BioTek Cytation5 Cell Imaging
Multi-Mode Reader). Fig. 4 indicates cell proliferation on
doped SU-8 and the cells do not exhibit signs of short-term
toxicity. As expected, the negative control experienced cell
proliferation while the positive control had no living cells
after 3 days.

B. Payload Diffusion Tests

The diffusion characteristics of a fluorescent payload coat-
ing the microrobot were quantified to explore targeted drug
delivery applications. The microrobots were coated with a
PLGA solution consisting of N-methyl pyrrilidone (NMP),
poly(lactic-co-glycolic acid) (PLGA), and fluorescein. The
coated microrobots were then placed into 1 mL of phosphate
buffered saline (PBS) in a 2 mL serum vial. These were
kept at 37°C on a shaker at 100 rpm. Samples were taken
from the bath-side solution at 0.25, 0.5, 1, 2, 4, 6, 24, 48,
96, and 120 hours after initial coating. The bath solution
was replaced with fresh PBS at all sampling time points to
maintain conditions. After 168 hours (7 days), the coated mi-
crorobots were dissolved in NaOH to determine any residual
drug mass. The fluorescence of each sample was quantified
afterwards using a SpectraMax M35 microplate reader. The
samples were read at an excitation wavelength of 485 nm and
emission wavelength of 525 nm. The results shown in Fig. 5
were obtained by comparing experimental measurements
against a standard curve of absorbance values, which itself
was generated by making solutions with known fluorescence
concentrations. The experiment was ran in triplicate to reduce
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Fig. 5. (a) Cumulative mass data of diffusion study (for the first 24 hours)
(b) Microrobot initially placed in glass vial (c) Microrobot in vial and PBS
24 hours later. Green solution is fluorescein released from PLGA coating.

the possibility of experimental bias or random error. It can be
observed that most of the payload diffuses within the first two
hours of resting in the PBS bath. This should be a sufficiently
long time for the microrobot to travel from desired point of
entry in the body to a nearby target location.

C. Murine Locomotion Tests

Real-time videos of the microrobots were acquired using
a high-frequency ultrasound system (Vevo3100, FUJIFILM
VisualSonics). A linear array ultrasound probe (MX700) with
a frequency range of 30 to 70 MHz and a central frequency
of 50 MHz was used to image euthanized C57BL/6 female
apolipoprotein E (apoE”") knockout mice at 12 weeks of
age. A cylindrical NdFeB permanent magnet (1" diameter x
0.875" thick, Cyl1875, SuperMagnetMan) was rotated at a
frequency of 1 Hz underneath the animal, applying torque
on a microrobot inserted inside the animal’s colon. Using the
model presented in [23], the magnetic field strength of the
magnet at the location of the microrobot is approximately
21.4 mT. The direction of the robot’s movement can be con-
trolled by reversing the rotation of the magnet or changing
its axis of rotation. Fig. 6 illustrates the imaging setup with
the probe placed above the specimen and the magnet placed
below it. Microrobot movement was tested for in vitro, in situ
dissected, and in situ intact conditions. Average velocities, 7,
were calculated for each condition using Eq. 2,

g N Xf—X0
At tr—to

V= 2
where Ax represents the change in position, from the final
position, xy, to the initial position, xp, and At represents the
change in time, from the final timepoint, ¢, to the initial
timepoint, #p, as shown in Table 1 [24].

1) in vitro Tests: The in vitro tests consisted of a 1%
agarose gel block with a 3.175 mm in diameter hole trav-
eling through the the block. A glass dish filled with water
contained the agarose gel, and the robot was subsequently
placed inside the hole. The magnet was rotated as B-mode
images were acquired. Fig. 7 shows the microrobot traveling
through the water-filled agarose tube with ease at 2.2 mm/s.

TABLE 1

MICROROBOT VELOCITIES IN DIFFERENT TEST CONDITIONS

Saline 1% Tylose
.. Water A L
Test Condition in vitro | situ in situ
dissected | intact
Trial 1 (mm/s) 2.23 1.96 0.19
Trial 2 (mm/s) 2.21 1.89 0.19
Trial 3 (mm/s) 2.23 1.87 0.25
Average Velocity (mm/s) 2.23 1.91 0.21
Standard Deviation (mm/s) 0.01 0.05 0.04

2) in situ Dissected Tests: For the in situ dissected tests,
tissue anterior to the colon was removed and the robot was
placed inside the colon of the mouse through the anus. The in
situ tests involved filling the colon retrograde with solution
and acquiring B-mode long-axis images of the mid and distal
regions [25]. Saline was used as the solution for the dissected
tests and the colon was subsequently sutured on both ends in
order to ensure the liquid remained within the colon. Fig. 8
shows the microrobot traveling through the colon at roughly
1.9 mm/s.

3) in situ Intact Tests: For the in situ intact tests, the tissue
anterior to the colon was left in place while the robot was
again inserted into the anus of the mouse. The colon was
filled with a 1% Tylose solution [26] and the robot moved
through the colon via the rotating magnet. This solution
was much more viscous than water or saline, which allowed
for the solution to support the shape of the colon without
the need of other constructs such as sutures. Solutions that
are even more viscous than 1% Tylose, such as standard
ultrasound gel, posed problems for microrobot movement.
Within these substances, the robot has difficulty translating

o

Fig. 6. The imaging acquisition setup with a (a) probe, (b) specimen
platform, (c) magnet, and (d) magnet motor.
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Fig. 7. in vitro Tests: Ultrasound B-mode motion lapse of microrobot
moving through water in a 1% agarose tube over a 4 second time period.
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Fig. 8.  in situ Dissected Tests: Ultrasound B-mode motion lapse of
microrobot traveling within the sutured off colon filled with saline over
a 3 second time period.

along the length of the tissue. Fig. 9 displays the robot
moving through the colon at roughly 0.2 mm/s.

As displayed in Table 1, the velocities varied greatly
among the different conditions. The aqueous in vitro tests
had the largest velocity, the in situ dissected experiments
in saline had a slightly smaller velocity, while the in sifu
intact tests in 1% Tylose demonstrated the smallest velocity.
This is likely due to the differences in viscosity of the
solutions as well as the terrain of the test environment. In
other words, the robot was slowed, in part, due to viscous
drag. The 1% Tylose solution is much more viscous than the
aqueous environments used in the in the other tests. While
the viscosity of water is about 0.89 mPa.s, the 1% Tylose
solution is more viscous at a value of 4500 mPa.s [27].
The environment of each test also needs to be accounted
for with differences in the heterogeneity of the terrain and
the coefficient of friction, thereby creating a difference in
the ability of the robot to grip the surface, travel across the
surface, as well as travel through the solution. Looking at
the standard deviations, they were greater in the in situ tests
than the in vitro tests. This makes sense as the in vitro tests
provide a homogeneous surface for the robot, while the in
situ tests had a varying surface down the length of the colon.
In summary, the microrobot maintained its ability to move
due to a rotating magnet through a wide variety of in vitro
and in situ conditions.

IV. CONCLUSIONS

This paper presented a magnetic tumbling microrobot
capable of locomotion in multiple biological environments.

Fig. 9. in situ Intact Tests: Ultrasound B-mode image sequence of
microrobot traveling through a 1% Tylose solution in the colon over an
18 second time period. Scale bar is 1 mm.

Its ability to traverse through an intact in sifu murine colon
demonstrates potential for similar capabilities inside human
colons that are substantially larger. Ultrasound imaging al-
lowed for real-time tracking of the robot’s position and
orientation even when it was optically occluded. The micro-
robot was able to retain a fluorescent imaging payload and
gradually release it over a 10 hour period. The microrobot
was also found to be biocompatible with murine fibroblasts
after a short-term cytoxicity test. The biomedical applications
for this robot will vary depending on its outer coating and
surface treatment. The ability to travel non-invasively to a
desired location within the colon will be useful for targeted
drug delivery, tissue biopsies, and detoxification applications
within the surrounding area. The microrobot may prove
to be valuable in treating disorders in other parts of the
body as well, given its ability to traverse through difficult
environments while being tracked in real-time.

Future work will consider non-uniform magnetic align-
ment to allow for multi-modal locomotion, closed-loop con-
trol of the robot with computer vision algorithms, and in vivo
testing of targeted drug delivery in live mice.
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