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Abstract. Remote-controlled swimming microrobots are promising
tools for future biomedical applications. Magnetically actuated helical
microrobots that mimic the propulsion mechanism of E. coli bacteria
are one example, and presented here is a novel method to fabricate such
microrobots. They consist of a polymer-nanoparticle composite, which
is patterned using a direct laser writing tool. The iron-oxide nanopar-
ticles respond to the externally applied low-strength rotating magnetic
field, which is used for the actuation of the microrobots. It is shown that
a helical filament can be rotated around its axis without the addition
of a body part and without structuring the magnetization direction of
the composite. The influence of the helicity angle on the swim behav-
ior of the microrobots is examined and experimental results show that
a small helicity angle of 20 degrees is preferred for weakly magnetized
microstructures.

Keywords: Bio-inspired microrobots, swimming microrobots, magnetic
actuation, magnetic polymer composite.

1 Introduction

Remote controlled swimming microrobots are an emerging field of research as
they are promising tools in medical applications, such as targeted drug delivery
[1], or for in wvitro experimentation, such as single cell manipulation and char-
acterization [2]. The design challenges revolve around the fact that these robots
are only a few micrometers in size. Firstly, they navigate at a low Reynolds (Re)
number regime, which dictates the type of suitable locomotion method that can
be employed. Secondly, the question of power supply has to be solved. Thirdly,
the microrobots should be non-toxic and be able to interact safely with living
cells. And finally, fabrication methods have to be found to make devices that
fulfill the previous three criteria.

There are a number of recently published micro-devices that have successfully
addressed some of these design challenges, although not necessarily solving all
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of them at once. For example, possible means of power supply include the use
of temporal and spatially varying magnetic fields or chemical gradients [3],[4].
Chemically fueled devices have been used for in vitro experiments and can reach
high velocities of several body lengths per second. The difficulty is to establish the
chemical gradients in the experimental environment, which is why they cannot
easily be implemented in vivo or when handling sensitive cells. Low-strength and
low-frequency magnetic fields, on the other hand, can be employed in vitro as
well as in vivo. The magnetic field strengths necessary for actuating microrobots
lie in order of a few milli Tesla, which is much lower than the field strength of a
magnetic resonance imaging (MRI) system (reaching up to 3 Tesla).

Due to their size, microrobots swim at a low Reynolds (Re) number, which is
a measure for inertial versus viscous forces in a liquid. Baceria, such as E. coli,
move in this viscous environment by rotating one or several helical filaments with
a molecular rotary motor [I0]. The helical filament transforms rotational into
translatory motion, similar to a corkscrew (see Fig. [Il). Microrobots employing
this bio-mimicking helical locomotion method have been published previously,
such as the first artificial bacterial flagella (ABFs) by Bell [5], the propellers by
Ghosh [6], and more recently the polymer ABFs by Tottori [7]. All these devices
are actuated by uniform rotating magnetic fields.

The first two reported prototypes were manufactured by batch fabrication
methods that limit the type of shapes that can be achieved [5], [6]. Tottori em-
ployed a direct laser writing (DLW) method, which allows the fabrication of
almost arbitrarily-shaped structures from a variety of photosensitive polymers
[7. The magnetic material necessary for the robot actuation has to be deposited
in a second fabrication step. Recently, Suter et al. developed a magnetic poly-
mer composite (MPC) with superparamagnetic properties [§]. This MPC can
be patterned by the same DLW tool. The advantage of using MPC is that the
magnetic material is already incorporated into the polymer. Furthermore, the
material has been shown to be non-cytotoxic [9].

This paper presents the characterization and modeling of the swim behavior
of MPC helical microrobots fabricated using the DLW method and actuated by

Fig. 1. Schematic of a magnetic helical microrobot. A magnetic field By, is rotated
around the helical axis at a frequency f. The magnetic torque rotates the robot and
its helical shape transforms the rotation into a linear velocity wu.
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uniform rotating magnetic fields. Several prototypes were fabricated and their
swim performance tested. It is shown that the helicity angle plays an important
role in how the structures magnetize, and this determines the success or failure
at achieving corkscrew-type swimming motion.

2 Magnetic Helical Microrobots

2.1 Helical Propulsion

Helical propulsion at low Re numbers has been studied for several decades by
biologists interested in the locomotion of microorganisms [I1],[12], and recently
with respect to microrobots [13]. The linear relationship between the drag forces
Fy and torques Ty and the object’s velocity U and rotational speed §2 can be
represented by a 6 X 6 resistance matrix.

() (#5)(G)

A, B, and C are 3x3 matrices and are functions of the object’s geometry and
fluid viscosity only. A number of methods have been employed to model low
Re flows and resistance matrices, such as the method of fundamental solutions,
the boundary element method, or the method of regularized stokeslets, which
is the method chosen in this paper (see Section B3]). The resistance matrix of
a helix contains non-zero elements in B, which model the coupling between the
rotational and translatory motion.

2.2 Magnetic Actuation

Using helical filaments brings advantages when considering the magnetic
actuation of microrobots. Abbott et al. investigated the scaling of magnetically
actuated swimming microrobots and compared magnetic force-driven with mag-
netic torque-driven devices [I4]. It was shown that torque-driven devices scale
favorably over force-driven devices as the size of the device decreases to the
microscale. This supports the use of helical propulsion for magnetic microrobots
as it only relies on the application of a torque to rotate the device rather than
on a force to pull it.

A magnetized body aligns itself with the direction of an external magnetic
field, in the same manner as a compass needle aligns with the earth’s magnetic
field lines. This magnetic torque can be used to rotate microstructures in a
controlled manner. The magnetic torque T, acting on a body with volume V" is

Ty, =V -M x By, (2)

where M is the magnetization and B,,, the external magnetic field. The magnetic
field vector By, is rotated at a frequency f. The magnetization M is constant
for a permanently magnetized body or it is a function of the applied field and the
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body geometry for soft-magnetic materials. For simple shapes, such as bodies of
revolution, the magnetization can be modeled analytically, but no such solutions
exist for a helical body.

In order to actuate the ABF a torque has to be applied in the direction of the
helical axis. This can only be achieved if the magnetization is not parallel to the
helical axis and is optimal for a magnetization perpendicular to the helical axis.
Many previous publications used special means to influence the magnetization of
their helical microrobots, such as adding a magnetic head plate [5], permanently
magnetizing the structure [6], or aligning the nanoparticles [16]. It is, however,
possible to generate an actuation torque even for a helix without aligned magneti-
zation [7]. The structures presented here do not have a pre-aligned magnetization
and their response to the magnetic actuation will be discussed in Section

2.3 Microrobot Propulsion Model

To model the behavior of the microrobot, the magnetic and fluid mechanical
model of Eq. (I) and (@), respectively, are combined. The equation can be sim-
plified by considering only the rotation around and the translation along the
helical axis. This results in a simple 2 x 2 resistant matrix with scalar entries
a,b and c. Furthermore, the external force is assumed to be zero because the
helix moves in a horizontal, unobstructed plane, and without the application of

magnetic gradient forces.
0 ab U
(r.) = (i) (5er) ®

At any given low rotational frequency f < fstepout Of the magnetic field B, (see
Fig. ), the magnetic torque T}, is such that it counterbalances the fluidic drag
Ty = —(bu+ 27 f), and the velocity is linearly related to f:

b
u=— 2nf=pess-f (4)

The ‘effective pitch’ p.rr = —27wb/a describes how far the helix advances forward
per rotation. Unlike a corkscrew in solid material, the helix slips when moving in
the fluid and pe¢y is, therefore, only a small fraction of the actual, i.e. geometric,
pitch length of the helix.

If the frequency is increased above the step-out frequency fstepout, the fluidic
drag exceeds the maximal available magnetic torque T}y, maz. The robot falls out
of sync with the magnetic field and starts to oscillate backwards and forwards
around its axis, which leads to a decrease in velocity. It is therefore desirable to
have microrobots with large step-out frequencies.
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3 Experimental Methods

3.1 Fabrication

The magnetic polymer composite (MPC) was developed by Suter and consists of
SU-8 50 and a magnetite nanoparticle (FesO4) suspension. Details on the process
for creating a uniform suspension of the nanoparticles in the viscous SU-8 can
be found in this publication [§]. In order to create 3D helical structures, a DLW
tool by Nanoscribe Inc. was used. The fabrication process is based on the two-
photon polymerization of the photosensitive SU-8 at the focal point of the laser.
A piezoelectric stage moves the substrate along the predefined helical trajectory.
The nanoparticles introduced in the polymer scatter and absorb the laser beam,
and inhibit the polymerization reaction if the concentration is too large [9]. The
line resolution is on the order of a few hundred nanometers. Composite structures
were written with 4 vol.% and 2 vol.% nanopatricle fill factors, but reproducible
results were only accomplished with the 2 vol.% composite. Figure 2 shows SEM
images of a 2 vol.% and 4 vol.% 3-turn helix. In order to increase stability, several
lines were written to achieve a filament thickness of 1.8um. Helices with helicity
angles of ¥ = (20, 30,40, 50) degrees were fabricated from the 2 vol.% MPC,
while the helix radius was kept constant at R = 2.25um.

Fig. 2. Helical microrobot prototypes. (a) SEM image of an MPC microrobot with
a nanoparticle fill factor of 2 vol.%. (b) SEM image of an MPC microrobot with a
nanoparticle fill factor of 4 vol.%. Due to the increased quantity of nanoparticles the
4 vol.% MPC does not get polymerized uniformly. The polymerization depends on the
polymer layer depth, which results in a different filament thickness along the structure.
(c) Corresponding CAD model. The main design parameters are the helix radius R,
the filament radius r, the helicity angle ¥, and the pitch p.

3.2 Experimental Setup

The swim tests were conducted in deionized water in a small tank at the center
of three orthogonally placed Helmholtz coil pairs. Helmholtz coils achieve an
almost uniform magnetic field in their center. Hence, the magnetic forces acting
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on the microrobot are negligible. The setup can generate rotating magnetic fields
with strengths up to |Bp,| = 10mT. All the experiments are performed under a
microscope and the images recorded at 30 fps by a camera with a resolution of
640 x 480 pixels. More details of the experimental setup can be found in previous
publications [17].

3.3 Numerical Model

Resistance Matrix. In order to solve Eq. Bl the entries of the resistance
matrix have to be known. As mentioned previously, they are only a function
of the geometrical parameters and the viscosity of the fluid. There are analytical
solutions for a slender helix [I3]. The MPC microrobots, however, do not fulfill
the slenderness criteria and numerical methods have to be employed. It is possi-
ble to superimpose singularity solutions due to linearity of the Stokes equation
that governs low Re fluid mechanics. The problem with the superposition of
fundamental solutions, of which the most famous is called the stokeslet, is that
the solutions are singular at their source point. Cortez adapted this method by
introducing a spreading function to regularize the stokeslet, and other funda-
mental solutions, and thereby removing the singularity at the source point [I§].
The resistance of an object can be approximated by a distribution of regularized
stokeslets over the surface of the body. The surface of the microrobot was dis-
cretized (see Fig. [M) and Cortez’s algorithm implemented in C++ to calculate
the entries of the resistance matrix.

Magnetization. In order to capture the basic actuation behavior for an
optimal microrobot, soft-magnetic properties were assigned to the robot with
the easy magnetization axis being perpendicular to the helical axis. This does not
represent the non-ideal magnetization direction in the different robot
designs, but is sufficient to model the step-out behavior as a function of dif-
ferent externally applied magnetic field strengths. The magnetization model as
well as the motion model Eq. Bl were implemented in MATLAB®.

4 Experimental Results

4.1 Frequency-Dependent Swim Behavior

Microrobots with helicity angles of ¥ = (20, 30,40, 50) degrees were tested and
their swim behavior recorded. It has previously been reported that magneti-
cally actuated microswimmers show a dynamic behavior where they exhibit a
wobbling around the helical axis with a frequency-dependent precession angle
[15]. It was shown that motion changes from tumbling, i.e. a precession angle
of 90 degrees, to corkscrew-type motion around the helical axis when the actu-
ation frequency is increased. Fig. Bl shows video excerpts from the swim tests of
the different prototypes. Fig. Bl (a) and (b) show the same microrobot (¥ = 20
degree) at different frequencies and the change in wobbling angle £ is apparent.
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The other microrobots (¥ = 30,40, 50 degree) all rotate with a precession angle
of 90 degrees. Increasing the actuation frequency did not result in a decreasing
wobbling angle. These designs were abandoned and the following experiments
were conducted only with 20-degree prototypes.
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Fig. 3. Tumbling motion of robot prototypes with helicity angles of 20 (a) and (b),
30 (c), 40 (d), and 50 (e) degrees. Each image sequence (top to bottom) shows a half
turn; T denotes the period time T = 1/f. The dash-dotted line indicates the axis
of rotation. (a) and (b) show the same 20-degree helicity angle microrobot at two
different frequencies. This prototype exhibits typical frequency-dependent wobbling,
which decreases with increasing frequency; i.e., the precession angle decreases from (a)
approximately 45 degrees at a f = 0.5Hz to (b) approximately 20 degrees at f = 1Hz.
(c) - (e) shows microrobots with a helicity angles of 30, 40 and 50 degrees, respectively.
They tumble at all input frequencies without reorienting to a screw-type motion.

4.2 Influence of Magnetic Actuation

The wobbling angles for several 20-degree microrobot prototype were measured
for different frequencies and different magnetic field strengths. As expected, the
wobbling decreased with frequency but increased with magnetic field strength
(see Fig. M)). With small wobbling angles, the microrobots achieved a corkscrew-
type motion, where they were propelled forward. Fig. [l shows the successful
propulsion of two prototypes. They moved simultaneously because they received
the same magnetic input. They were steered by changing the direction of the
rotating magnetic field.

Fig. [@l shows how the magnetic field strength influences the velocity of the
swimmer. The velocity increased with frequency until the step-out frequency
fstepour Was reached, where the velocity suddenly dropped. The step-out fre-
quency increased with the magnetic field strength. Additionally, a shift of the
linear frequency-velocity region to the right was observed when the field strength
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Fig.4. The precession angle at different actuation frequencies and magnetic field

strengths. The precession angle is measured between the axis of the helix and the
axis of rotation (see Fig. B).

Fig. 5. Video sequence showing the simultaneous steering of two microrobots (¥ = 20

degree). They are steered through two adjacent tunnels on the substrate. The inset
shows an SEM image of the two tunnels.
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Fig. 6. Frequency-velocity plot at magnetic field strengths |By,| = 3, 6, and 9 mT.

was increased. Finally, Fig. [7l contains the result from a 4vol.% MPC microrobot
in comparison to a 2vol.% prototype. The simulation results in Fig. [ and all
the experimental results will be discussed in detail in the next section.

5 Discussion

5.1 Frequency-Dependent Swim Behavior

There have been a number of previous publications that reported the frequency-
dependent swim behavior of magnetic helical microrobots [15],[7]. It was, there-
fore, expected that similar results with the MPC structures presented in this
paper would be seen. Instead, the helices with the helicity angles larger than
20 degrees did not stabilize to a corkscrew motion even as the frequency was
increased. It appears that the direction and magnitude of the microrobot’s mag-
netization play an important role. Fig. 8 shows a schematic representation of a
typical experimental result. At low frequencies, there is a large precession angle,
which minimizes the forward motion. Only when the precession angle decreases
does the linear frequency-velocity behavior appear. The change from tumbling
to a corkscrew-type motion occurs at the stabilization frequency fsiapie, indi-
cated by the vertical dash-dot line in Fig. Bl At high frequencies the step-out
frequency fstepout, indicated by the vertical dotted line, is reached and the mi-
crorobot loses speed again. For fgtabie < fstepout, there exists a linear velocity
region where screw-type locomotion occurs.

The wobbling is increased when the magnetization of the microrobot is not
perfectly perpendicular to the helical axis. The results published by Tottori
indicate that magnetization of helical structures is strongly influenced by the
helicity angle [7]. The further away the magnetization vector is from the desired
90 degrees to the helical axis, the higher the stabilization frequency fsiqpie. If
fstable becomes too large, i.e. fstapie > fstepout, the corkscrew motion disappears
and the microrobot goes from tumbling directly into step-out behavior, which is
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Fig. 7. Comparison of 2vol.% and 4vol.% MPC structures with experimental and sim-
ulation results. At |Bn,| = 3mT the step-out frequency of the 4vol.% MPC is approxi-
mately double to the 2vol.% MPC. Increasing the external magnetic field has a larger
impact than increasing the amount of magnetic material.

the behavior observed with the 30-, 40-, and 50-degree helicity angle structures
in Fig. Bl The helicity angle is not the only factor that influences fsqp1e. For
example, an overall slender microrobot design can decrease fsiqpre as well.

5.2 Influence of Magnetic Actuation

The magnetic field strength influences the tumbling behavior by increasing the
stabilization frequency fsiapie (from approximately 2Hz to around 4Hz in Fig. [).
A strong magnetic field also increases fstepour and therefore still allows for a
screw-type swimming region. Fig. [0l shows the resulting forward velocity gained
by increasing the magnetic field strength. The linear corkscrew region is shifted
to higher frequencies. It is important to note that the magnetic field does not
influence the frequency-velocity slope, i.e. the ‘effective pitch’ pesy, in the linear
corkscrew region. The same holds true for increasing the magnetization of the mi-
crorobot. Fig. [ shows the 2vol.% MPC microrobot in comparison to the 4vol.%
MPC. The figure also contains the simulation data of the velocity and step-out
frequency from Eq.[Bl The simulation assumes a magnetization perpendicular to
the helical axis, which is why it predicts a fstapie = 0 unlike the experimental
data. The magnetic material properties of the simulation were tuned to achieve
a step-out frequency of approximately 2Hz for the 2vol.% MPC at 3mT.

The simulation predicts that doubling the amount of magnetic nano-particles
in the polymer results in approximately double the step-out frequency, which cor-
responds well to the experimental results. Doubling the applied magnetic field to
6mT should quadruple the step-out frequency. This can also be seen from exam-
ining Eq. 2l The maximum magnetic torque is a function of the applied field and
the magnetization of the microrobot. For soft-magnetic or super-paramagnetic
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Fig. 8. Schematic representation of magnetic helical swimmers. At low frequency tum-
bling occurs. Increasing the frequency beyond fsiqpie stabilizes the motion into a screw-
type motion. At the limit of the available magnetic torque, the step-out frequency
fstepout is reached. The helicity angle ¥ increases fstapie, Which eventually leads to
Sstable > fstepout, where no corkscrew motion appears as observed in Fig. 3 (c)-(e).

materials, the magnetization itself is a function of the applied field. For small
magnetic field strengths this relationship is approximately linear, which results
in a quadrupling of T}, mae, and therefore fsiepout, when |By,| is doubled. In
the experiments, the step-out frequency for |B,,| = 6mT is, however, smaller
than that. This may be explained by the different magnetic saturation behavior
of nanoparticle composited compared to bulk material.

6 Conclusion

Bacteria-inspired swimming microrobots can be actuated and guided remotely
via low-strength rotating magnetic fields. Helical swimming microbots made of
a nanoparticle-polymer composite have been fabricated and investigated. One of
their main advantages is the straightforward fabrication method by direct laser
writing and their non-cytotoxicity. It was shown that the helicity angle plays
an important role for the swimming behavior. Designs with helicity angles of
30 degrees or larger were not able to achieve corkscrew motion. The 20-degree
prototypes, on the other hand, stabilized from tumbling to a screw-type motion,
and their maneuverability was demonstrated Fig. Bl
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