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Characterization of Three-dimensional Steering for Helical Swimmers
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Abstract— Helical microswimmers capable of propulsion at
low Reynolds numbers have been proposed for many applica-
tions. However, closed-loop controlled helical swimmers are still
challenging because of the limits of optical tracking, and a lack
of control parameters lying on the swimming characteristics
of both linear propulsion and steering. Although the linear
propulsion characteristics of helical swimmers were extensively
studied, the steering characteristics have not yet been clearly
shown. Helical microswimmers are efficient in propulsion,
whereas their high surface-to-volume ratio limits the steering
performances. In this paper, we characterized both the direction
and inclination steering using a real-time visual tracking of
orientation. The direction steering efficiency could be increased
in terms of response time with a higher inclination angle
both in floating conditions and on a sticky substrate. We thus
developed a 3D steering strategy by combining direction and
inclination steering to improve the steering performance. We
further expect that the characterization of steering performance
can contribute to defining the control parameters for future
closed-loop control.

I. INTRODUCTION

Helical microrobots capable of propulsion at low Reynolds
number have been proposed for numerous applications rang-
ing from in vitro tasks on lab-on-a-chip (e.g. transporting and
sorting micro objects [1], [2], [3]; mechanical components
micro assembly [4]...) to in vivo applications for minimally
invasive medicine (e.g. targeted drug delivery; brachyther-
apy; hyperthermia [5], [6]...), due to their micro sizes and
accessibility to tiny and clustered environments.

Helical propellers inspired by E.coli bacterial swimming
behaviors are promising for swimming at low Reynolds
numbers, because helical propulsion is non-reciprocal motion
[71, [8], [9]. An E.coli bacterium consists of a rod-shaped
head and a bundle of passive flagella driven by a rotary motor
into a helical shape to generate a corkscrew-like motion [10].
Therefore, a rigid helical tail fixed to a magnetic head or a
magnetic-coated helical tail actuated by a rotating magnetic
field, which convert rotary motion to linear motion, are
approaches to propulsion at low Reynolds numbers.

Since recent decades, researchers have developed several
different magnetically actuated helical swimmers. Honda
[11] and Ishiyama [12] proposed the first magnetically ac-
tuated helical swimmers. The first helical swimmers, overall
several centimetres long, could swim linearly in viscous lig-
uid or soft tissue. Bell fabricated micron-sized helical swim-
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mers, by using a self-scrolling fabrication technique which
relies on the controlled internal stress of thin GaAs/InGaAs
bilayers [13]. Zhang then characterized their linear propul-
sion properties [14], [15]. By deviating the plane of the rotat-
ing field, the helical swimmer would reorient itself to become
perpendicular again to the plane of the rotating field. The
steering both in the horizontal and vertical planes was tested.
Ghosh fabricated an even smaller helical swimmer with a
length of 2 um, using glancing angle deposition (GLAD)
[16]. This helical swimmer could follow a curved trajectory,
for example "R@H”, under the action of a preprogrammed
magnetic field. This curved trajectory was not parametrized.
Hwang proposed a helical swimmer actuated by electro-
osmosis force with an overall length of 74 um [17], [18].
These helical swimmers were pulled by electrical gradient
and showed high swimming performance. The steering was
realized by the gradient direction which was different from
magnetically actuated helical swimmers. Mahoney showed
open-loop controlled swimming of a helical swimmer with an
overall length of 5 mm, which enabled a ”U-turn” trajectory
in the vertical plane [19]. He proposed a method to calcu-
late the inclination angle of the helical swimmer with the
horizontal plane, so that the helical swimmer could generate
a propulsion force in the upward direction to compensate
its own gravity. Tottori fabricated helical swimmers ranging
from 4 um to 64.5 um using 3D direct laser writing (DLW)
[3]. The helical swimmers enabling 3D motion could carry
a sphere as well as raise it up.

However, closed-loop controlled helical swimmers are
still challenging because of several reasons such as the
limits of optical tracking, and lack of control strategies.
The control strategy lies on the swimming characteriza-
tions of both linear propulsion and steering. Although the
linear propulsion was extensively studied, the steering has
never been characterized. In this paper, we characterized the
steering of a helical swimmer using a real-time orientation
visual tracking method, including steering of direction and
inclination angle. We later compared the performances of
direction steering with different inclination angles by their
response times to step angle steering commands. We thus
proposed a 3D steering strategy by combining inclination
and direction steering to improve the steering performance.
Finally, we characterized the direction steering and tested
the proposed strategy on a sticky substrate to simulate high
surface friction at the microscale.

In this paper, Section II defines the direction and inclina-
tion angles of the helical swimmer. Compared to our previous
works [20], [21], we designed a new helical swimmer and
developed Helmholtz coils for uniform rotating magnetic
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field generation in Section III. The real-time visual tracking
of the helical swimmer’s axis is also introduced in this
section. Section IV shows the direction and inclination
steering characteristics of the helical swimmer. The steering
performances respectively in floating conditions and on a
sticky substrate are compared in this section.

IT. MODELLING OF MAGNETICALLY ACTUATED HELICAL
SWIMMER STEERING

A. Magnetic force and torque

All magnetized objects are exerted both force and torque
within an externally imposed magnetic field. The magnetic
force and torque induced on a magnetized object are ex-
pressed as follows [22]:

fo= | (-)Bav, (1)

f_,;:/ MxBav, 2)

where V,, is the volume of the magnetized object, ? is the
flux density of the applied field (T ), M is the magnetization
of the object (A/m ). The magnetic field to actuate the helical
swimmer is considered as uniform. There is no magnetic
force exerted on the helical swimmer.

B. Inclination angle and direction angle

Fig. 1: Magnetic helical swimmer steering model. The incli-
nation angle and direction angle of steering are respectively
9,' and Gd.

The inclination angle 6; is defined as the angle between
the axis of helical swimmer and the horizontal plane yOz,
as shown in Fig. 1. This inclination angle is very important
to control the height of the helical swimmer. The propulsive
force projected to the upward direction can be increased by
increasing the inclination angle or rotation frequency. If the
propulsive force created by the helical swimmer projected on
the upward direction is higher than its own gravity, the helical
swimmer will go upwards. Otherwise, the helical swimmer
will go downwards.

The direction angle 6, is defined as the angle between
the z axis and the projection of the helical swimmer axis on

the horizontal plane, as shown in Fig. 1. By controlling the
direction angle of the helical swimmer, we can control its
forward direction projected on the horizontal plane.

C. Modelling of steering

At the equilibrium regime, the helical swimmer rotates
synchronously with the external rotating magnetic field
around 7,) The axis direction of the SHM should be in the
direction of u;. The magnetization of the SHM is noted as

i, and the magnetic field is noted as B?; Both M, and B; are
perpendicular to the axis u;. The magnetic torque exerted on
the SHM 7, can be expressed as:

T =M, xB, 3)

should be also in the direction of ﬁ,) which keep the SHM
rotating around e

At time ¢, the axis of the rotating magnetic field changes
to Lﬁ The magnetic field B,y becomes perpendicular to
ut_+>. However, the magnetization of the SHM M, is still
perpendicular to the initial axis u;. The magnetic torque T;.{
exerted on the SHM after the axis change of the rotating
magnetic field can be now expressed as:

—
T =M. x B )

where the magnetic field can be decomposed in the directions
perpendicular and parallel to the direction of u;. Then, the
magnetic field B;y can be expressed as:

— =
B =B, +5, (5)

Therefore, the magnetic torque exerted on the SHM after
the axis of the rotating magnetic field changes can then be
written as:

s = = — —
T = Mpy X By, +Mi X By, (6)
%ﬂ %ﬂ
— —
Ul Tl

As the magnetization m is perpendicular to the u di-
rection, this magnetic torque can be decomposed in the
directions perpendicular and parallel to u as well. The
torque 7, is the magnetic torque in the direction of u,
which makes the SHM rotate around its actual axis ﬁ; The
magnetic torque ’Tu,) is the magnetic torque perpendicular
to E) which makes the SHM rotate around the direction of
ﬁ; x M,. That means the direction of the axis of the SHM
changes. The axis direction change of the SHM is called the
3D steering of the SHM.

III. SYSTEM OVERVIEW
A. Magnetic actuation system

We developed three orthogonally arranged Helmbholtz coil
pairs to generate an uniform rotating field. Each Helmholtz
coil pair generates the uniform magnetic field in one direc-
tion. As shown in Fig. 2a, the axis of small coils is x, the
axis of medium coils is y, and the axis of big coils is z. The
Helmholtz coils are designed for a maximum field strength
generation of 10 mT. The specifications of the three coil pairs
are depicted in Table L.
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TABLE I: Specifications of 3 orthogonal arranged Helmholtz
coil pairs design.

Radius Nb of Witch Thickness
(mm) turns (mm) (mm)
Small 50 500 24 13.3
Medium 80 600 24 16
big 110 600 24 16

top camera

(b)

Fig. 2: (a) Three orthogonal Helmholtz coil pairs CAD
design with corresponding axes. (b) System setup: Helmholtz
coils, top camera, side camera with endoscope.

Each set of Helmholtz coils is driven by an ADS 50/5
4-Q-DC servoamplifier of Maxon Motor Control amplifier,
capable of 5 A continuous current and 10 A peak current. The
amplifiers are alimented by a TDK-Lambda SWS300-48 DC
power supply, capable of 6.7 A current. The output tension
of the power supply is 48 V. The amplifiers are used on
current control mode, the output currents are thus constant.
Analog communication between the PC and the amplifiers is
accomplished with a Sensoray 626 Analog and Digital I/O
card. The magnetic fields generated by three coil pairs were
measured and calibrated by a gaussmeter Hirst GMOS.

Two cameras were used. As shown in Fig. 2b, one was
on the top, while the other was beside the Helmholtz coils.
The direction angle of the helical swimmer was detected by a
firewire camera on the top (Pike FO32B), through the opening
on the top of the Helmholtz coils. The inclination angle was
detected by a side camera (Guppy Pro F032). Due to the
limited side opening, an endoscope (Bipol) with diameter of
2.7 mm was mounted on the camera instead of a simple lens.
The angle tracking method will be introduced in III-D. The
videos were recorded at 25 frames per second.

B. Magnetic actuated helical swimmer in viscous liquid

We designed a helical swimmer with a magnetic head
to characterize steering performances. The helical swimmer
were made of resin by 3d prod (http://www.3dprod.com/),
as shown in Fig. 3b. The advantages of the resin helical
swimmer are the low cost and the quick fabrication. The
helical swimmer is black in order to have a good image
contrast for tracking. The helical swimmer has an overall
length of 17.8 mm with 3.5 turns. The length of each pitch is

4 mm. The width of the helical tail is 1.4 mm. The thickness
of the helical swimmer is 0.3 mm. A permanent magnet with
diameter of 1.5 mm and 0.5 mm thick was set in the head.
The magnet is magnetized in the direction of the diameter,
so that the helical swimmer will rotate around its own axis
in a rotating magnetic field.

3mm

resin
magnet

(a) (b) (©

Fig. 3: (a) CAD design of the helical swimmer with a
magnetic head. (b) The fabricated helical swimmer viewed
by the top camera. (c) The helical swimmer tracked by ViSP.
The red cross is the online calculated barycentre and the red
line is the online calculated axis of the helical swimmer.

C. Reynolds numbers and cut-off frequency

The magnetically actuated helical swimmers with a mag-
netic head show a cut-off frequency [21]. Below the cut-
off frequency, the helical swimmer rotates in sync with
the external rotating magnetic field. Beyond this cut-off
frequency, the rotation frequency of the helical swimmer
decreases. The cut-off frequency depends on the Reynolds
number.

In the following experiments, the helical swimmer is
put in pure glycerol liquid. The glycerol density, which is
1.26 x 103 kg/m?, was measured by a portable density meter
(DMA 35). The viscosity of glycerol at about 23 °C was
measured by a falling ball viscometer (Brookfield KF10),
which yielded 1350 mPa-s. The helical swimmer used in the
experiments swims at 0.1 mm/s to 0.5 mm/s. The calculated
Reynolds number is 0.001 —0.008. Swimming at Re < 1 is
defined as swimming at low Reynolds numbers. Therefore,
the helical swimmer swims at low Reynold numbers in the
following experiments. The cut-off frequency of the helical
swimmer in the pure glycerol is 5 Hz. In the following
experiment, the magnetic field rotation frequency is below
the cut-off frequency. The helical swimmer is supposed to
rotate synchronously with the magnetic field.

D. Helical swimmer tracking and axis calculation

A robust extraction and real-time tracking of the helical
swimmer is important for steering performance characteriza-
tion and eventually for visual servoing tasks. The tracking
of the helical swimmer in the following experiments was
realised by ViSP [23]. The helical swimmer is considered
as a blob (vpDot class in ViSP) in images, defined by a set
of connected pixels with the same gray level. The helical
swimmer viewed by the top camera is shown in Fig. 3b, and
the helical swimmer tracked by ViSP is presented in Fig. 3c
in green.
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The barycentre and the axis of a helical swimmer can be
calculated from image moments. The general 2D (p + q)"
order moments of a grey-level image f(x,y) are defined as
[24]:

Mlpg = / / xPy1 £ (x,y) dxdy )
1

with p,g=0,1,2...

The barycentre of an object is defined as the center of mass
of a figure of the same shape with constant mass per unit
area. The center of the mass, in turn, is that point where
all the mass of the object could be concentrated without
changing the first moment of the object about any axis.
Therefore, the barycentre of the helical swimmer (X,¥) can

be expressed by:
(%.5) = (m”’,mo'> )
moo 100

which is presented in Fig. 3c by red cross.

The orientation of a object in the image can be defined
by the direction of the axis of least inertia. It means that the
line for which the integral of the square of the distance to
points in the object is a minimum. From this, the angle 6
between the axis of the helical swimmer and the u axis of
the image can be expressed by [24]:

b

tan20 = &)
(a—c)
with
a = (10)
moo
b = 2<m”—xy> (11
moo
c o= 2y (12)
moo

Thanks to the calculated barycentre and the orientation of
the helical swimmer, its axis can be drawn by a line passing
by its barycentre and with a slope of 6, which is presented
in Fig. 3c.

IV. STEERING CHARACTERIZATION OF HELICAL
SWIMMER

In this section, we characterize the steering by the heli-
cal swimmer orientation response to a step angle steering
command. The steering performance refers to the response
time to a step angle steering command. The response time is
defined as the time that a helical swimmer uses to establish
a steady state regime from the step angle steering command.

A. Direction steering characterization

The direction steering of the helical swimmer was charac-
terized with different inclination angles (0°, 45°, and 65°).
The direction angle of the helical swimmer was detected by
the top camera, and the inclination angle was monitored by
the side camera. The helical swimmer was initially floating in
the liquid with a direction angle of 0°. The rotation frequency
of the helical swimmer was 3 Hz. The clockwise direction

is defined as the positive direction of steering. At the end of
2 s, the axis of the rotating magnetic field was changed to
give a steering command.

1) Inclination angle of 0°: It is well-known that, with
the inclination angle of 0°, if the direction angle changes
by 180°, the helical swimmer will just reverse its rotation
direction to reverse the advance direction. However, the
position of the head relative to its body does not change.
In other words, the head can not be always kept in the front
of or at the back of the helical swimmer.
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Fig. 4: Step response to the 30° direction steering with a 0°
inclination angle.

The step response to small angle steering, such as a
30° angle, is shown in Fig. 4. The response shows first
order system characteristics. The response time is 4.6 s. The
magnetic torque is not high enough to steer the helical
swimmer direction with 90°. The helical swimmer stopped its
self-rotation, because its axis was no longer along the axis
of the rotating magnetic field. The direction of the helical
swimmer’s axis stayed at 0°.

An oscillation of 3 Hz appeared, which was caused by the
dissymmetry of helical morphology relative to its axis. The
oscillation could allow to analyse the phase of the helical
swimmer in its self-rotation.

2) Inclination angle of 45°: Then, the helical swimmer
was inclined up with an inclination angle of 45°. The
direction steering at 30°, 90°, 180°, and —90° angles were
respectively studied. The step responses of steering are
shown in Fig. 5. After a 180° angle direction steering with
45° inclination angle, not only the advance direction, but also
the head position changed. The head stayed at the back of
the helical swimmer no matter what the advance direction
was. The 90° angle direction steering can be easily achieved
with a 45° inclination angle. Compare to 0° inclination angle,
less energy is required for a 90° angle direction steering. The
energy efficiency increased with the inclination angle. The
response times are summarized in Table II. It shows that the
steering performance is improved in terms of response time
by inclining the helical swimmer at 45°.

The responses to the 30°, —90°, and 180° angle direction
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Fig. 5: Step responses of 30°, 90°, 180°, and —90° angle
direction steering with a 45° inclination angle.

TABLE II: Response times of direction steering of the helical
swimmer with different inclination angles (unit: s).

Inclination Command angle of direction steering
angle 30° 90° 180° —90°
0° 4.6 oo - 0o
45° 2.6 5.8 5.6 42
65° 2.3 4.4 4.8 3.5

steering show first order system characteristics. However,
the 90° angle direction steering shows second order system
characteristics. Fig. 6 and 7 depict the images sequences
of 90° and —90° angle direction steering respectively from
the top camera and side camera. From the apparent length
of the helical swimmer in the top view, we deduced that
the inclination angle of the helical swimmer did not change
during the —90° angle steering, but increased during the 90°
angle steering. It was caused by the inertia of the helical
swimmer self-rotation, which was in the counter clockwise
direction. This explains why the helical swimmer turned
towards the counter clockwise direction for the 180° angle
direction steering.

(a) 7s (b) 7.5s (c) 8s (d) 8.5s () 9s ) 10s
¢ ; J % p
T 7 C ) \
I, A B R
(g 7s (h) 7.5 (1) 8s (G) 8.5 (k) 9s 1 10s

Fig. 6: Images sequence of 90° angle direction steering with
45° inclination angle. (a)-(f) show the top view of the helical
swimer, and (g)-(1) show the side view.

3) Inclination angle of 65°: The direction steering of the
helical swimmer was tested with even higher inclination
angle like 65°. The characteristics of direction steering
responses with a 65° inclination angle are similar as those
with a 45° inclination angle. Their response times are sum-

E Y \\ ’ g Tre . g

(a) 7s (b) 7.5 (c) 8s (d) 8.5s () 9s ) 10s
(&) 7s (h) 7.5s (1)85 )855 (k)9s 1 10s

Fig. 7: Images sequence of —90° angle direction steering
with 45° inclination angle. (a)-(f) show the top view of the
helical swimmer, and (g)-(1) show the side view.

marized in Table II. It shows that the direction steering
with a 65° inclination angle is more efficient than with a
45° inclination angle. Increasing the inclination angle of
helical swimmer can not only increase the propulsive force
in upward direction, but also increase the efficiency of the
direction steering.

B. Inclination steering characterization
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Fig. 8: Step responses of 20°, 50°, and 80° angle inclination
steering. The initial inclination angle was 10°.

The inclination steering was studied with the direction
angle kept at 0°. The helical swimmer was floating in the
liquid at 3 Hz with an initial inclination angle of 10°. After
1s, steering commands of 20°, 50°, and 80° were given.
The inclination angle of the helical swimmer should end at
30°, 60°, 90° at the end of the steering. Fig. 8 shows the step
responses of the 20°, 50°, and 80° angle inclination steering.
All the responses exhibit first order system characteristics.

We developed a 3D steering strategy by combining incli-
nation and direction steering. If the magnetic torque is not
sufficient to steer the direction angle of the helical swimmer,
we can at first increase its inclination angle, and then steer it.
The optimal inclination angle which leads to the best steering
performance in terms of response time will be studied in
future works.

C. Steering on a sticky substrate

Floating conditions are ideal swimming conditions. If the
generated propulsive force in the upward direction is not
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enough to balance the gravity of the helical swimmer, it
will sink down onto the substrate. At the microscale, the
surface forces are important. Therefore, we use a sticky
substrate, such as PDMS (Polydimethylsiloxane), to simulate
high surface friction.

TABLE III: Response times of direction steering of the
helical swimmer with different inclination angles on PDMS
(unit: s).

Inclination Command angle of direction steering
angle 30° 90° 180° -90°
0° 7.8 oo - oo
45° 4.0 6.9 8.5 5.6
65° 2.7 5.6 4.6 3.9

Table III summarizes the response times for 30°, 90°,
180°, and —90° angle direction steering on a PDMS sub-
strate. The response time of the 30° angle direction steering
with a 0° inclination angle on PDMS is much greater than
that in floating conditions, which reveals that the steering
performance is limited by high surface friction. The direction
steering performances are greatly improved by increasing the
inclination angle of the helical swimmer.

The 90° angle direction steering of the helical swimmer
with a 0° inclination angle did not succeed because the
magnetic torque was not strong enough. By the use of the
proposed 3D steering strategy, we first increased the inclina-
tion angle to 45°. Then, the 90° angle direction steering was
achieved. We predict that this strategy can improve steering
performances at the microscale.

V. CONCLUSION

In this paper, we characterized the direction and incli-
nation steering of a helical swimmer, by its orientation
responses to step angle steering commands using real-time
visual tracking of its orientation. The helical morphology is
advantageous for linear propulsion but disadvantageous for
steering performances due to the increased surface friction
and interaction from the high surface to volume ratio. The
steering performance characterizations clearly revealed that
the direction steering performance of a helical swimmer
was improved in terms of response time by increasing its
inclination angle both in floating conditions and on a sticky
substrate. Therefore, we proposed a 3D steering strategy by
combing inclination and direction steering to improve the
steering performance. This strategy was tested for a 90°
angle direction steering with a 0° initial inclination angle.
We predict that this strategy can help improve the steering
performance for helical swimmers at the microscale. We fur-
ther expect that the characterizations of steering performance
can contribute to define the control parameters for future
closed-loop control.
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