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Electroosmotic Self-Propelled Microswimmer With
Magnetic Steering

Toshiro Yamanaka

Abstract—Microswimmers have significant potential for medical
applications such as long-term on-demand medication, painless
microscale surgery, and so on. The outstanding challenge is to
realize power supply, propulsion, and steering mechanisms suitable
for operations within the human body and microscale fluids. We
propose the microswimmer composed of a self-propulsive disk-
shaped module with multiple channels using biofuel cell (BFC) and
electroosmotic propulsion (EOP) and a magnetic rod using mag-
netic steering (MS). The BFC produces an open-circuit potential
(OCP) between a bioanode and a biocathode by redox reactions.
The EOP generates a self-propulsive velocity due to counteracting
forces of electroosmotic flows produced by the OCP in the channels
arranged between the electrodes. The MS works by aligning the
magnetic rod in a controlled magnetic field direction. The pro-
totype was designed and fabricated using an insulating polymer
layer, two conductive layers incorporating silver nanoparticles
with anodic/cathodic enzymes, and a magnetic layer containing
magnetic nanoparticles. The fast self-propulsion of continuously
rotating 30 pum prototypes by the steering in a glucose solution
was demonstrated as expected theoretically. This concept has the
potential to be used as microrobots for future medical applications
such as a pulling mechanism to assist in guidewire insertion or
agents delivering drugs.

Index Terms—Micro/nano robots, microswimmer, biofuel cell,
electroosmotic flow, magnetic steering.

1. INTRODUCTION

IOMEDICAL swimming microrobots are expected to have
B innovative and noninvasive medical applications, such as
long-term on-demand medication, painless microscale surgery,
single-cell level diagnosis, cell-mimicking detoxification, and
so on [1], [2], [3], [4]. Microrobots have been discussed that
autonomously move within the human body through the blood-
vascular system and carry out various medical missions [1], [2],
[3]. Such microrobots require microscale mechanisms such as
energy supply, propulsion, control, navigation, communication,
and manipulation. Energy supply and propulsion mechanisms
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through biofluids are the most essential challenges. These mech-
anisms should utilize energy conversion and propulsion that can
effectively work within microscale regions of the human body.
Additionally, robots capable of movement within blood vessels
against flow velocity and fluid torque are ideal because they can
reach most tiny spaces within the body and perform a variety
of missions requiring access to specific targets. More particu-
larly, mechanisms movable against capillary flows require a size
of several 10 um or less and propulsion velocities of several
100 pm/s or more [1].

Numerous microscale propulsion mechanisms have been de-
veloped, including external-fields-powered propulsions [5], [6],
[71, [8], [9], [10], microorganism-powered propulsions [11],
and catalytic self-propulsions [12], [13], [14], [15] by bubbles
and/or phoretic flows. Conventional mechanisms generally have
potential issues with energy supply and fast propulsion in the
body. External magnetic fields are useful as a propulsion source
because they can penetrate the entire human body [6]. Various
motion control methods for small magnetic robots are also
being studied [16], [17], [18]. However, magnetically propelled
microswimmers require a larger magnetic field and its gradient
due to their smaller size. Control systems steering and propelling
microswimmers with magnetic fields alone tend to be complex
and large.

We have proposed the new concept of the self-propelled
tube-shaped microswimmer using biofuel cell (BFC) and elec-
troosmotic propulsion (EOP) [19]. In the BFC mechanism, an
open-circuit potential (OCP) is produced by decomposing bio-
fuels such as glucose and oxygen that can be supplied within the
human body. In the EOP mechanism, self-propulsion velocity is
caused by a counteraction of electroosmotic flow (EOF), with the
OCP as the energy source. According to the derived theoretical
EOP model, its self-propulsion velocity is proportional to the
OCP regardless of the tube size and inversely proportional
to the tube length. Therefore, faster self-propulsion velocity
can be expected with smaller tube size for the microswimmer
using both BFC and EOP mechanisms. This notable feature
makes this concept a feasible solution to those requirements.
We demonstrated the self-propulsions of 100 psm prototypes [19]
with several 10 pm/s velocity and 10 pm prototypes [20] with
more than 100 pm/s velocity in a glucose solution. Thus we
proved the concept and the smaller and faster feature. However,
it did not include the steering function required to propel against
the fluid torque.

In this research, we report a new concept of a self-propelled
microswimmer using EOP and BFC with magnetic steering.
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Fig. 1. Concept of electroosmotic self-propelled microswimmer with mag-
netic steering.

This concept satisfies the requirements of fast self-propulsion
and steering. We established design and performance estimates
based on theoretical models derived for the propulsion velocity
and steering angular velocity. Then we evaluated self-propulsion
velocity of fabricated prototypes during rotation by steering
experimentally to prove the validity of the concept.

II. CONCEPT DESCRIPTION
A. Concept

Fig. 1 shows the concept of the microswimmer using EOP and
BFC mechanisms with magnetic steering. This microswimmer
consists of a disk-shaped self-propulsion module with multiple
through-holes and a magnetic rod. The self-propulsion module
includes BFC and EOP mechanisms. The BFC consists of a
redox-electrode pair. One electrode acts as a bioanode to oxidize
glucose, while the other acts as a biocathode to reduce oxygen.
In the BFC mechanism, the redox reactions produce an OCP
between the electrodes. The EOP consists of multiple electrically
insulating channels placed between them. Electric force by the
OCP causes a plug flow of electrolytes within each channel (i.e.,
EOF). The total counteracting force in the multiple channels
then drives the swimmer in the opposite direction of the EOFs.
Due to the EOF characteristics, this EOP mechanism can work
effectively in microscale fluids. The magnetic rod is soft mag-
netic [21] and cylindrical in shape. When a uniform magnetic
field is applied to it, magnetic torque is generated according
to the difference between the directions of the magnetic field
and the cylindrical axis. The rod then rotates to align with the
direction of the magnetic field. Thus the swimmer can then be
steered in that direction. If a microswimmer is not only steered
but also propelled by a magnetic field, a smaller one requires
a larger magnetic field and its gradient. There is a trade-off
relationship between the workspace and the propulsion velocity
due to the force [6], and the number and size of the coils
generating the magnetic field increase, making its whole system
more complex. Our concept uses EOP and magnetic steering
with only a uniform magnetic field, which simplifies the system
compared to the magnetic propulsion method.
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B. Configuration and Parameters

The details of main parameters are given in Fig. 2. L, [, and
l,, are the lengths of the total body, the insulating channels, and
the magnetic rod, respectively. D, d, and d,,, are the diameters of
the body, the channel, and the rod, respectively. A¢ is the OCP
generated by the BFC. Self-propulsion velocity v, is generated
along the body axis at the center of gravity (CG). Rotational
angular velocity w is generated at the CG depending on the
difference between directions of magnetic field B and v,. The
body axis is aligned synchronously with the direction of the
external magnetic field B with w =27 f. f is the steering
frequency.

The design and configuration are shown in Fig. 3. The layer
of the insulating channels was made from the UV-curable
photoresist SU-8 suitable for photolithography. The bioanode
and biocathode were made of conductive polymer composites
(CPCs) [20] incorporating SU-8 and enzyme-immobilized silver
nanoparticles (AgNPs). Glucose oxidase (GOx) was used as
the anodic enzyme and laccase (LAC) as the cathodic enzyme.
GOx promotes the reaction with glucose and LAC with oxygen.
The magnetic rod was made of magnetic polymer composites
(MPCs) [22], [23] incorporating SU-8 and magnetic nanopar-
ticles (MNPs). Magnetite nanoparticles (Fe3O4NPs) were used
as MNPs. The outer size (D, L) of the body was set to about
30 pm as the minimum value that can be fabricated by UV mask
photolithography. All parameters are summarized in Table I.
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TABLE I
PARAMETERS
Meaning Part Symbol Value (Units) Material
Boltzmann 03
constant kp 1.38x107** (J/K)
Tempereture - To 310 (K)
Permeability Free space Mo 4x1077 (T m/A) -
Permittivity Fluid € 6.580x10~'0 (F/m) Water
Viscosity Fluid n 0.692 (mPa s) Water
Mass density Fluid Pr 993 (kg/m?) Water
- . Insulating 3
Mass density channels P 1190 (kg/m”) SU-8 [24]
. Insulating
Zeta potential channelsb ¢ -30 (mV) SU-8 [25]
ocp BFC A¢ 200 - 400 (mV) [19], [26]
Diameter Swimmer D 27 (um) -
Length Swimmer L 30 (um)
Diameter Channel d 7 (um)
Number Channel n 6(-)
Self-propulsion
Length module 1 10 (um)
Length Magnetic rod L 20 (um)
Diameter Magnetic rod dy 10 (um) -
Saturation
magnetization MNP M; 0.6/1 (A/m) Fe304 [27]
Diameter MNP dynp 10 (nm) Fe3;O4NP [27]
MNP concentration Fe;04NP
in polymer MPC omnp 7 (Vol%) in SU-8
Magnetic field Free space |B| <6 (mT) -

C. Theoretical Model of Biofuel Cell

The BFC function is performed by a bioanode with GOx and
a biocathode with LAC. On the electrodes, the redox reactions
occur as follows [19]:

(Bioanode) : CgH1206 =2 CgHy006 + 2H + 2¢7, (1)

Glucose

1
(Biocathode) : 7Oy +2H" + 2¢ S H,0. 2)

By the above reactions, the OCP A¢ is generated between the
electrodes. Therefore, this swimmer can be supplied with energy
in fluids containing glucose and oxygen, such as biological flu-
ids. The Gibbs free energy of the reactions provides a theoretical
suppremum for the OCP, with an estimated value of 1.18 V [28],
and the OCP is independent of the electrode size. We have
confirmed an OCP of 200400 mV using test substrates [19]
and film-shaped prototypes [26] with the same configuration.

D. Theoretical Model of Electroosmotic Self-Propulsion

The EOF reaction force is much larger than the drag force
acting on the outer surface as theoretically proved in [19]. There-
fore, the outer drag force is negligibly small, and momentum
conservation stands between the swimmer (with the mass of
m and the velocity of v,,) and the inner bulk electrolyte inside
all channels (with the mass of m; and the velocity of u.,) as
follows:

Mup + Myleo = 0. 3)

Their relative velocity is equal to the so-called EOF velocity as
follows: [29]

A0

0 “

Ur,eo = Ueo — Up =
where ( is the charged potential of the inner surface of the
channels (so-called “zeta potential”). € and 7 are the permittivity
and viscosity of the electrolytic solution.
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Self-propulsion velocity model v, of the swimmer can be
derived from (3) and (4) as follows: [19]

B 1 e Ag
Up__l—l—m/mf n 1’ )
m p [ D? lmd?,
Pl = (1 1
o = () O

where p and py are the mass densities of the swimmer and
the electrolyte, respectively. n = 6 is the number of channels.
(14 m/mys)~! means the conversion rate from the EOF ve-
locity 1, ¢, to the self-propulsion velocity v,,. The minimized
volume and small mass density p are effective in increasing
(1+m/myg)~t. From (5), faster v, is clearly expected by
thinner length [. The swimmer of previous work [19] was tube-
shaped and it has a smaller and faster effect [20]. Disc-shaped
Self-propulsive module has also a thinner and faster effect.
Therefore, the proposed propulsion mechanism is theoretically
suitable and advantageous for use as the self-propulsive micro-
robot.

E. Theoretical Model of Magnetic Steering

Assuming planar movements of the swimmer, the trajectory
radius R is proportional to the ratio of the propulsion velocity
v, to the steering frequency f as follows:

v
R= 2. 7

o @)

Steering frequency f is determined from the equilibrium be-

tween magnetic torque 7' [21] and hydrodynamic torque [30] as
follows:

T 3
= = anD?, 8
f BC,” Gr =7 (8
T=Q,MxB, Q,= %lmdfm )

where (., B, M and ),,, are hydrodynamic torque coefficient,
magnetic field, magnetization and the volume of the magnetic
rod, respectively. The magnetic field was assumed to be uniform
inside the rod. For (8), (, for a sphere of diameter D was
approximately used.

Magnetization of soft magnetic material is described as fol-
lows [31]:

M = (N +2xI)"" B/uo (10)

(11)

A is a Lagrange multiplier minimizing magnetic energy.
Fe;O4NPs are regarded as superparamagnetic [21] without
hysteresis, and the upper limit m,,,, of magnetization of the
composite with them is described by the Langevin equation [21],
[27] as follows:

A:BT (N 420D 2B — p2m? =0

1
ms = oprnpMs (coth(a|B) — aB|> (12)

_ Wd‘}ngp M,
6 kgTy
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Fig. 4. Theoretical estimates of the maximum steering frequency f that can
be generated by the magnitude of the magnetic field B.

TABLE I
THEORETICAL PERFORMANCES

Meaning Symbol Value (Units) Condition
Velocity conversion ratio  (1-+m/my)~T 0.28 (-)
Relative EOF velocity [ttr,e0] 571-1141 (um/s)  A¢=200-400 (mV)
Self-propulsion velocity [yl 159-318 (um/s)
Max. steering frequency fonax 2.1 (Hz) |B| <6 (mT)
Min. trajectory radius Rinin 12-24 (um)

Demagnetizing tensor N can be calculated assuming a magnet-
ically equivalent ellipsoid [32] to the cylinder with [,,, /d,,, = 2
as follows:

N = diag(0.4091, 0.4091, 0.1819) (13)

To generate magnetic torque, the magnetic object must be asym-
metric along the rotation axis. A slender cylinder like this design
is effective for magnetic torque due to its asymmetry and for
self-propulsion velocity due to its small mass. Using (8)—(13)
and parameters in Table I, the maximum steering frequency f
that can be generated by the magnitude of the magnetic field B
was theoretically estimated as shown in Fig. 4.

F. Performance Estimates

Theoretical performances are summarized in Table IT. Assum-
ing A¢ = 200-400 mV [19], [26], the relative EOF velocity
Up o 15 estimated to be 571-1141 pm/s by (4). Under these
conditions, about 28% of the w, ¢, is converted to v,, which
is expected to be 159-318 pum/s by (5) and (6). The small
distance between the electrodes contributed to large . ., and the
volume-minimized body contributed to large (1 +m/mg)~'.
Considering a tube-shaped swimmer with the same length of
30 pm, its propulsion velocity is calculated to be 76152 pm/s.
Therefore, the disk-shaped design with a rod is superior to the
previous tube-shaped design.

The maximum of the steering frequency fp,ax is estimated
as several Hz under a magnetic field of several mT as shown in
Fig. 4. Even if the magnetic field | B| is increased above 100 mT,
a few 100 Hz is the upper limit of the steering frequency due
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Fig.5. Planar moving system.

to the magnetization saturation of Fe3O4NPs. When assuming
motion against the flow in the vessel, a rotational angular fre-
quency disturbance due to maximum fluid torque [30] acts on
the swimmer near the wall surface. These estimates can be used
to determine the required steering frequency and magnetic field
due to those environmental conditions. In this paper, we used
Jmaz = 2.1 Hz under |B| < 6 mT. In that case, the minimum
trajectory radius R, is estimated to be 12-24 pm by (7).
From the above, the design of this concept is considered to
meet the requirements of fast self-propulsion and steering.

G. Position Control Possibility

Assuming a simple planar moving system with no distur-
bances, we consider the possibility of position control by this
concept. The system shown in Fig. 5 can be described as fol-
lowing the kinematic model:

a1l cosf 0 "
@ — g P
ar sng 0 [% f} (14)

x, y, and 0 represent the swimmer’s position and rotation angle
in the plane, respectively. v, is assumed to be non-adjustable,
so f is the only input to stabilize position x,y. It is assumed
that x, y, 0, and v, at each time can be identified from imaging
methods such as the microscope.

The driftless system (14) is mathematically equivalent to a
two-wheeled vehicle moving straight ahead with no brakes and
only steering, which is uncontrollable by linear approximation.
It can be transformed into the chained form [33] as follows:

1 0
d %
|2l =|0 1 {ﬂ , (15)
z3 Z9 0 2
where the state vector z and input vector v are as follows:
z1 0
z2=1 2z | = |—(xcosf+ysinb)|, (16)

z3 —xsinf + ycos
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2 f } a7

v=|" =
v | (vp 23 2Wf)
Although there are various solutions for the chained form, the
control method can be used by transforming it into the time-state
control form [34], [35] as follows:

le

i (18)
d zZ3| 01 z3 0
o = ol B e
2r f
M)
r= LQ] n [— (2% +23) ’ 20)

where (18) is the time-control part, (19) is the state-control part
with the rotation angle z; = 6 as the virtual time scale, and
in (20) is the new input vector for each part. Equation (19) is
linear, so the position feedback controller for f can be designed
as follows:

Up

= 21
fa 27 Ry D
Ry = sign(f)kaza + (ks — 1)z3 — ks Rpnin, (22)

where the subscripts “d” and “msin” represent the desired value
and minimum value, respectively. kg, k3 > 0 are the feedback
gains. Fig. 6 shows numerical simulation results of position
feedback control to stabilize the swimmer toward the origin by
(7), (14)—(22). In the initial state, the swimmer increases the
trajectory radius R at a small steering frequency f for a large
movement. In the final state, it minimizes R at the maximum
f and it continues to rotate around the origin. Thus, position
control is theoretically possible.

III. PROOF OF CONCEPT
A. Prototype

Fig. 7 shows the fabrication process of prototypes. First,
enzymes (GOx or LAC) were covalently immobilized on the sur-
face of AgNPs (Fig. 7(al)) to facilitate direct electron transfer,
and CPC was prepared by dispersing the enzyme-immobilized
AgNPs in uncured SU-8 (Fig. 7(a2)) [20], [26]. MPC was also
prepared by dispersing FesO4NPs in uncured SU-8 (Fig. 7(b)).
As in the previous research [19], [26], prototypes were fabri-
cated by pattern transfer with UV mask photolithography using
the prepared CPCs and MPC. In the photolithography process
(Fig. 7(c)), a sacrificial layer made of dextran was coated on a
glass substrate. An anodic CPC layer was spin-coated onto the
glass substrate, and the pattern of the self-propulsion module
shown in Fig. 3 was transferred to it. The same pattern was
transferred to an SU-8 layer and a cathodic CPC layer in turn.
The rod pattern was then transferred to an MPC layer. All
subsequent processes required a baking temperature of less than
65 °C to avoid deactivation of the enzymes [36]. Finally, through
chemical development and cleaning, 30 pm prototypes on the
substrate were obtained. A top view of a fabricated prototype by
optical microscopy is shown in Fig. 8. However, the fabrication
yield was not good, because this design was the smallest size
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Fig. 6.  Numerical simulation results of position feedback control under con-
ditions of v, = 200 um/s, sampling time=10 ms, finqz = 1.43 Hz, Rpin
= 22 pum, ko = 1.415, and k3 = 0.100. (a) Time series results of feedback
input frequency f and trajectory radius R. (b) Planar trajectory stabilizing to
the origin by feedback input f.

that could be fabricated by UV mask photolithography. Also,
the channel diameter was 3—4 pm, which was smaller than the
nominal value of 7 pm.

B. Experimental Setup

Fig. 9 shows the experimental setup for evaluating the mobil-
ity of the fabricated prototypes in glucose solution. A Helmholtz
coil system was used to generate a uniform rotating magnetic
field in the xy plane. The desired magnetic field can be gen-
erated by applying current to the Helmholtz coil system via
a computer, real-time controller, DA converters, and bipolar
amplifiers. Using a microscope and camera, the mobility of
the prototype on the surface of a dish immersed in glucose
solution (67 mM f-D-glucose and 150 mM NaCl in 10 mM,
7.4 pH phosphate buffered saline (PBS)) can be observed and
verified. All experiments were performed at room temperature
of approximately 27 °C.
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Fig. 10. Measured OCP according to glucose concentration using film-shaped

prototypes [26]. The points and bars represent the mean (M) and standard
deviation (o) of OCP time series data continuously generated for more than
30 s by three film-shaped prototypes, respectively.

C. Preliminary BFC Evaluation for Glucose Concentration

Using the film-shaped prototypes developed in the previous
research [26], we measured OCP in response to glucose solutions
(B-D-glucose, 150 mM NaCl in 10 mM, 7.4 pH phosphate
buffered saline (PBS)) of different concentrations. The BFC
electrodes of those prototypes were fabricated using the same
process as shown in Fig. 7. The tested glucose concentrations of
4mM, 8 mM, and 67 mM are approximately the same as those in
the blood of human adults (median) and diabetic patients (lower
and upper limits), respectively [1]. Fig. 10 shows the mean
and standard deviation of OCP time series data continuously
generated for more than 30 s by three film-shaped prototypes,
depending on the glucose concentrations. At each concentra-
tion, OCP fluctuated significantly with a standard deviation of
approximately 100 mV. Even at concentrations of 4 mM and
8 mM, the mean OCP value was approximately 200 mV. The
mean OCP value increased gently with concentration, reaching
approximately 400 mV at a concentration of 67 mM. From the
above, the BFC of this concept has the potential to generate OCP
in adult human biological fluids. In subsequent experiments, we
adopted a glucose concentration of 67 mM as the maximum
value in vivo.

D. “proof-of-Concept” (PoC) Experiment

Using the prototypes (Fig. 8) and the experimental setup
(Fig. 9), we carried out experiments to evaluate their self-
propulsion velocity during magnetic rotation. As mentioned
earlier, the fabrication yield was very low and there were few
prototypes with self-propulsion, but we could confirm several
self-propelled prototypes while rotating at a constant steering
frequency f = 2 Hz. One prototype in Fig. 11(a) showed
rotations with relatively stable v, and R. Fig. 11(al) shows the
snapshots extracted from an acquired movie for 1.0 s. The red
points and white curves added by “OpenCV” represent the CG
and its trajectory, respectively. Fig. 11(a2) is the trajectory plot
of the prototype CG for 10 s. Fig. 11(a3) shows the identified
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Fig. 1. Experimental results of moving prototypes with constant steering frequency f = 2 Hz in 67 mM glucose solution. For all data, the sampling time was

50 ms and moving mean processing was performed for 4 points. (al)—(a3) Rotations with relatively stable v, and R of one prototype. (b1)—(b3) Rotations with
translations of another prototype. (al),(bl) Snapshots of the moving prototype. The red points and white curves added by “OpenCV” represent the CG and its
trajectory, respectively. (a2),(b2) Trajectory of the prototype CG for 10 s. (a3),(b3) Propulsion velocity v;, and trajectory radius R of the prototype CG for 10 s.

self-propulsion velocity v, and the corresponding trajectory
radius R for 10 s. Another prototype in Fig. 11(b) showed rota-
tions with random translations. Fig. 11(b1) shows the snapshots
extracted from an acquired movie for 10.0 s. Fig. 11(b2) is the
trajectory plot of the prototype CG for 10 s. Fig. 11(b3) shows
the identified self-propulsion velocity v,, and the corresponding
trajectory radius R for 10 s.

IV. DISCUSSION

As shown in Fig. 11(al),(a2), relatively stable self-propulsion
with magnetic rotations was observed for 10 s. Mean trajectory
radius and mean self-propulsion velocities were identified as
9.4 pm and 118 pm/s, respectively (Fig. 11(a3)). This velocity is
comparable to the maximum velocity of the 10 um tube-shaped
microswimmer demonstrated in the previous research [20].
Thus, this microswimmer concept for fast self-propulsion ve-
locity and magnetic steering was demonstrated. The reason for
the decrease in velocity relative to the theoretically expected
velocity 159-318 pim/s is not clear but might be due to the chan-
nel diameter of 3—4 pm smaller than the nominal value of 7 pm.
Random translations with magnetic rotations were also observed
as shown in Fig. 11(bl),(b2). This is due to self-propulsion
velocity fluctuations under the constant rotational frequency
because there were no other convective flows in the surrounding
environment. The mean and maximum self-propulsion veloc-
ity were identified as 56 pm/s and 170 pm/s, respectively

(Fig. 11(b3)). Corresponding trajectory radius (mean 3.9 pm,
maximum 11.8 pm) varied with the unstable self-propulsion
velocity and constant steering frequency. Then, the trajectory
radius variations generated the random translations. Although
this behavior was caused by open-loop inputs with the constant
magnetic rotational frequency, it suggests the position feed-
back control possibility by changing the trajectory radius, as
described in the subsection II-G. The unstable self-propulsion
velocity might be due to the OCP and zeta potential of EOP
channels. The next challenge is to improve the fabrication yield
in order to enhance its velocity stability. Instead of the mask
lithography used in this research, two-dimensional direct laser
writing lithography or two-photon absorption polymerization
lithography [20] by three-dimensional scanning of a femtosec-
ond laser are considered suitable for higher fabrication yield,
and are the next solutions to be performed.

V. CONCLUSION

In this research, we proposed a new concept of a self-propelled
microswimmer using EOP and BFC with magnetic steering.
We established design and performance estimates based on
theoretical models. Then we proved the validity of the concept
by demonstrating the fast self-propulsion velocity of the fabri-
cated prototype during magnetic steering. The ultimate goal of
this research is to realize an autonomous microrobot capable
of performing medical tasks inside the human body. Many
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issues remain, such as improving yield, controlling velocity,
preventing adhesion to blood cells or vessels, avoiding rejection
by the immune system, ensuring biocompatibility, and so on.
Nevertheless, this concept has great potential as a configuration
integrating energy supply, propulsion, and steering for micro-
robots operating in environments similar to biological fluids.
Future medical applications expected for the self-propulsive
microrobots with steering include a pulling mechanism to assist
in guidewire insertion into blood vessels prior to catheter intro-
duction, agents delivering drugs to dissolve blood clots, and so
on. Such applications have the potential to improve the safety
and reliability of many medical procedures.
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