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Abstract

Bacteria with helical flagella show an ideal mechanism to swim at low Reynolds number. For application of artificial mi-
croswimmers, it is desirable to identify effects of structural and geometrical parameters on the swimming performance. In this
study, a double-end helical swimmer is proposed based on the usual single-end helical one to improve the forward-backward

motion symmetry. The propulsion model of the artificial helical microswimmer is described. Influences of each helix parameter
on the swimming velocity and propulsion efficiency are further analyzed. The optimal design for achieving a maximum pro-
pulsion velocity of submillimeter scale swimmers is performed based on some constraints. An experimental setup consisting of
three-pair of Helmholtz coils is built for the helical microswimmers. Experiments of microswimmers with several groups of

parameters were performed, and the results show the validity of the analysis and design.

Keywords: double-end helical microswimmers, magnetic actuation, swimming velocity, optimal design
Copyright © 2017, Jilin University. Published by Elsevier Limited and Science Press. All rights reserved.

doi: 10.1016/S1672-6529(16)60375-X

1 Introduction

Microswimmers have numerous potential applica-
tions in biomedical engineering and microfluidic sys-
tems. In biomedical fields, they can be used for in vivo
diagnosis, targeted drug delivery and minimally invasive

1-4 . ..
1 In  microfluidic

microsurgery! systems, mi-
croswimmers can be utilized to manipulate various mi-
croobjects for specific tasks'”. For the power supply of
microswimmers, there have been several methods pro-
posed®”. Among them, the use of external magnetic
fields has several advantages, such as the magnetic fields
are biocompatible at low power levels, the speed and
direction of the swimmers are easy to control'".

For the magnetic actuation, several actuation
mechanisms have been used, such as pulling with field

gradient), swimming with a helical propeller'>"],

swimming with an elastic tail'"*",

Among these
mechanisms, gradient-based pulling is direct but the
propulsive force and the maximum speed of the swim-
mer are small in high-viscosity liquids. Elastic flagellum
and rigid helical flagella can produce comparable

maximum speed assuming the same cross section and
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flagella length!'®). Compared to the flexible flagella, the
rigid helical flagella is easy to change the motion direc-
tion by changing the direction of the rotating magnetic
field. Swimmers with helical propellers have been
proven to be effective in low-Reynolds-number condi-
tions. Much work has been done on the helical swim-
mers. Zhang et al. developed an artificial bacteria fla-
gella with dimensions of several micrometers. It consists
of a helical tail and a soft magnetic head"”. Xu et al.
investigated scaled-up helical swimmers with dimen-
sions of several millimeters''®. The rotational propul-
sion characteristics of several helical swimmers with
different head shapes and tail dimensions were clarified.
However, effects of structural and geometrical parame-
ters on motion performances at sub-millimeter scale
have not been studied in detail, and the optimal design of
the helical parameters have to be explored for future
applications.

Due to the manufacturing and measurement limits,
it is difficult to characterize the performances of
swimmers with only several micrometer size system-
atically. Although centimeter or millimeter swimmers
are easy to be fabricated or characterized, the effect of
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gravitation may bring some differences with real mi-
croswimmers. In this paper, we focus on the design and
characterization of submillimeter-scale swimmers.

This paper is organized as follows. Section 2 de-
scribes structures of two artificial microswimmers. Sec-
tion 3 models the helical swimmer, and the swimming
velocity and propulsion efficiency were given based on
the resistive force theory. Section 4 analyzes the effects
of geometrical parameters, including wire radius, helix
pitch and helix length, on the swimming speed and ef-
ficiency. The optimal design of the swimmer to achieve
a maximum speed at some constraints is also executed.
Section 5 presents the experimental system for the
helical swimmer actuation. Characterization of the mi-
croswmimmer is shown by experiments and compared
with the theoretical results. Conclusion remarks are
given in section 6.

2 Structure of the artificial helical swimmer
at submillimeter-scale

The basic structure of the single-end helical mi-
croswimmer is shown in Fig. la. A cylindrical magnet
that is radically magnetized is adopted as the swimmer
head for its easy fabrication. A helical structure is fixed
on the end surface of the magnet. When a rotational
magnetic field is generated in the plane normal to the
axis of the cylinder, it rotates due to the applied magnetic
torque. As a result, the spiral wave propagates and the
swimmer propels itself. The helical microswimmers
have been widely investigated in the last few years for
their better swimming performances than gradient-

pulling robots as their sizes decrease!'®.

2.1.3 Experiment procedures
Motivated by the amphitrichous bacteria, a Double-

(b) Double-end helical swimmer

Fig. 1 Helical swimmer structures.

End Helical Swimmer (DEHS) is proposed here, as
shown in Fig. 1b. Comparing to the single-end helical
swimmer, the double-end one has two helixes arranged
at the two sides of the magnetic head. This structure is
supposed to be advantageous due to the symmetry of the
swimmer structure, and hence helpful to improve the
forward-backward swimming symmetry.

3 Modeling the artificial helical swimmers

Firstly, the model of a single-end helical mi-
croswimmer is considered. Parameters of the swimmer
are shown in Fig. 2. The Reynolds number is defined as
the ratio of inertial force to viscous force, thus it quan-
tifies the relative importance of the two types of forces
for given flow conditions. The Reynolds number can be
written as:

Re= p_vd’ 1)
n
where p is the fluid density, v is the flow velocity, # is the
fluid viscosity, d is the characteristic size of the object.
For submillimeter-scale swimmer, the Reynolds
number in viscous fluid is much less than 1. In this case,
the Navier-Stokes equation turns into the Stokes equa-
tion:

Vp+nViv=0, )

where p(r, f) is the pressure field.

3.1 Swimming velocity of the artificial helical mi-
croswimmer
For steady-state motion of the microswimmer, the
drag on the swimmer balances the externally applied
force and torque. A symmetric matrix was adopted to

describe the helical movement by Purcell"”:

AL e

where f'is the applied non-fluidic force, 7 is the applied
non-fluidic torque, v is the propulsion velocity, and o is
the rotational angular velocity. The coefficients in the

propulsion matrix can be got by the resistive force the-
[16].

ory
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Fig. 2 Parameters of the helical swimmer.
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where 7 is the turns number of the helix, o is the helix
diameter, ¢ is the pitch angle of the helix. C,
and C, denote the viscous coefficient parallel and nor-
mal to the cylindrical axis respectively. Lighthill pro-

posed the following resistive coefficients*”':
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Gray and Hancock proposed the following coefficients
[21].
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where A is the pitch of the helix,  is the radius of the
helix wire. When the magnetic head is included, the
propulsion matrix can be written as:

Tl
T b cty, || @

where i, and y, denote the resistive coefficient for the
head in the translational and rotational directions re-
spectively. The above equation can also be written as:

L T

where

a=— (13)
a+y,
-b
B = , (14)
a+y,
2
ey, ———. (15)
aty,

3.2 Propulsive force and efficiency of the artificial

swimmer

As shown in Fig. 3, when a magnetic field with
frequency w is applied on the magnetized head of the
microswimmer, the linear velocity of each element on
the tail is Vy=wo, thus the normal and tangential velocity
is V,=Vycos0 and V=Vsinf respectively.

According to the resistive force theory, the normal
and tangential components of drag force dF), and dF; on
each element ds is:

dF:« = _CLVndS’dF; = —C”des, (16)

In the Z direction, the propulsive force can be expressed
as:

dF, =dF, cos@—dF, sind, 17)
The total propulsive force F, can be got by integration:
F.=["dF. =niwosin6(C, - C,), (18)

The torque element along the Z axis is:

dM_ =—o(dF,sin@ —dF, cos0). (19)
The total generated torque M. can be got by integration:
ni
M. =(["dMm,
0 (20)
=niwo’ (c, cos’ 6 + G sin® @)/ cos 8,
The propulsion efficiency # can be expressed as:
Fv

=z 21
Uiy 21

Fig. 3 Forces acting the helical swimmer.
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3.3 The double-end helical microswimmer case

For the low Reynolds number condition, the
propulsion matrix is linear™. Thus the double-end
helical microswimmer with axial helix length of L,
and L, at two ends can be treated as a single-end
helical swimmer with tail length of L,+ L,. Accord-
ingly, the model of single-end helical swimmer is also
suitable for the double-end one.

4 Analysis and design of the helical mi-
croswimmer

The propulsion velocity and efficiency of the mi-
croswimmer have been got in Eqs. (12) and (21). For the
analysis and design of a helical swimmer at submilli-
meter scale, a group of typical geometrical parameters of
the swimmer were selected firstly. The parameters were
selected mainly according to the latter experimental
parameters. The diameter of the magnetic head is d=
0.8 mm, the height of it is #=0.4 mm. The helix radius
is selected as 0.4 mm for convenient adhering with the
magnetic head. The pitch =3 mm, the total helix length
L=5 mm, the wire radius =0.075 mm. The liquid vis-
cosity is #=1000 mPa-s. The rotational angle velocity of
the magnetic field is w=20m rad‘s . The meanings of
these parameters are shown in Fig. 2.

Fig. 4 shows effects of the wire radius on the ve-
locity and propulsion efficiency of the microswimmer
while keeping other parameters invariable. From the
figure, the velocity and efficiency decrease with the
increase of the wire radius. Thus it is preferable to
choose a small wire radius to get a high propulsion speed
or efficiency. However, considering the stiffness of the
helix tail, the wire radius should not be too small.

Fig. 5 shows effects of the helix pitch on the pro-
pulsion velocity and efficiency of the microswimmer.
From the figure, a peak value in the propulsion velocity
occurs at about 1=2.7 mm. The velocity increases with
the increasing pitch at first, then it decreases gradually
with the increasing pitch after achieving a maximum
velocity. The propulsion efficiency has a similar
changing trend with the velocity, but the maximum ef-
ficiency occurs at about A=2.5 mm.

Fig. 6 shows effects of the helix length on the ve-
locity and propulsion efficiency of the microswimmer.
From the figure, the velocity and efficiency increase
with the increasing helix length. This indicates that a

longer helix is advantageous to achieve a high propul-
sion velocity and efficiency.

Figs. 4-6 are based on the Lighthill’s resistive co-
efficients, and similar results can be got by the coeffi-
cients of Gray and Hancock. From the above analysis, to
achieve a high velocity and efficiency for the specific
configuration, the wire diameter should be as small as
possible while keeping the helix rigid, the pitch should
be at 2.7 mm, and the tail length should be as large as
possible when a geometrical constraint is satisfied.
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5 Experiments

5.1 Experimental system

The experimental system of helical swimmers is
shown in Fig. 7. It consists of three pairs of Helmoholtz
coils which are placed orthogonally along the )X, Y and Z
axes. The Helmoholtz coils are driven by three Maxon
servo controllers. The controllers are connected to a
computer with a NI PCI-6733 analog output device. Two
digital microscopes were used to observe the motion the
swimmer from the top and side directions with recording
rates of 100 frames per second.

To achieve a rotating magnetic field along an arbi-
trary axis, alternating currents are applied on each group
of coils. For example, to get a rotating magnetic field B
along the X axis, the magnetic field B, along the Y axis
and B, along the Z axis need to be controlled:

{B | = B, cos(2mft)

. ; (22)
B_ = B, sin(2nft + im)

where f is the rotational frequency. i=0, 1 control the
magnetic field rotating along +X or —X direction.

5.2 Swimming performances of the single-end helical
swimmer

A cylindrical magnet (NdFeB, diameter 0.8 mm,
height 0.4 mm) magnetized in radial direction was se-
lected as the swimmer head. For the helix tail, the di-
ameter of the tungsten wire was 0.075 mm. The helix
was formed by winding the tungsten wire on a winding
machine. The magnetic head and the helix tail were
adhered by the UV-curable adhesive.

For the helical microswimmer, the velocity is in-
fluenced by the helix pitch. Five groups of mi-
croswimmers were fabricated. They have the same
magnetic heads, the same helix length L=5 mm. The
swimmer velocities were measured at 10 Hz. Fig. 8
shows the effect of helical pitch on the swimming ve-
locity. It can be seen that the maximum velocity is
achieved when the pitch is 2.7 mm. From the figure, the
experimental results are almost agree with the theoreti-
cal one, which indicates that there is an optimal value of
the helix pitch to make the microswimmer get a maxi-
mum velocity.

Fig. 9 shows the effect of helical length on the
swimming velocity. It can be seen that the velocity in-
creases with the increasing helical length. From the

figure, the real velocities are somewhat smaller than the
theoretical ones. Besides the fabrication error, the resist
theory may produce some error. According to the
analysis in Ref. [23], when the ratio of the helix pitch to
the helix radius is smaller than 8, the fluid interaction
between each pitch can not be completely neglected, and
the resistive force theory will bring some error. In this
group of experiments, the ratio of the pitch to the radius
of the microswimmer helix is about 6, so that some error
may occur when the resistive force theory is adopted.

Helmholtz
coils

Connecting
piece

Fig. 7 Experimental system.
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Fig. 8 Measured velocities for different helix pitches.
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Fig. 9 Measured velocities for different helix lengths.
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5.3 Swimming performances of the double-end
helical swimmer

To compare the performance of the double-end
helical swimmer to that of the sing-end one, the helix
length of the former is made equal to that of the latter.
The pictures of them are shown in Fig. 10. Here the helix
length L=5 mm, the helix pitch 4=0.7 mm, the wire ra-
dius 7=0.075 mm, the magnetic head is the same as the
single-end helical swimmer in section 5.2.

The performance of the double-end helical swim-
mer is shown in Fig. 11. From the figure, the velocity of
the double-end swimmer approximately equals to the

(a) Double-end helical swimmer

(b) Single-end helical swimmer

Fig. 10 Double-end and single-end helical swimmer.

Velocity (mm-s™")

Frequency (Hz)

Fig. 11 Performance comparison of double-end helical swimmer
and single-end one. Vpg, Vpg denote the forward and backward
velocity of the double-end helical swimmer respectively. Vs, Vs
denote the forward and backward velocity of the single-end
helical swimmer respectively.

velocity of the single-end one, which indicates that the
double-end swimmer can be thought as a superimposi-
tion of two single-end helical swimmers. To characterize
the deviation of the forward velocity and backward ve-
locity, the following deviation rate ¢ is defined as:
V™%
& =[-—=|x100%, (23)
v, +,
where vy and v, denote the forward and backward ve-
locity respectively.

The deviations of the double-end helical swimmer
and the single-end one are shown in Fig. 12. From the
figure, the double-end helical swimmer has a smaller
deviation comparing to the single-end one at high- fre-
quency magnetic field. This is attributed to its sym-
metric geometric structure. When the frequency is
smaller than 15 Hz, there are some velocity deviations
for both swimmers, which is probably from the fabri-
cation process. The forward-backward swimming
asymmetry of single-end helical robots was also re-
ported in Ref. [24]. For in vivo operations inside vessels,
the precise motion control of the robot is highly desired
and challenging. When the robot moves in the tiny tube,
there is possibly no enough space for the swimmer to
change directions abruptly, therefore the backward mo-
tion of the robot is necessary. At this case, the dou-
ble-end helical swimmer is supposed to be advanta-
geous for its easy control due to its forward-backward
motion symmetry.
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Fig. 12 Velocity deviation of the double-end helical swimmer and
single-end one.
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6 Conclusion

In this paper, the optimal design and motion char-
acteristics of helical swimmers at submillimeter scale
were investigated. Based on the conventional single-end
helical swimmer, a double-end helical swimmer was
proposed to improve the symmetry of the swimmer
structure. The propulsion model of the artificial swim-
mer was described based on the resistive force theory.
Influences of helix parameters on the swimming speed
and propulsion efficiency were further analyzed. Then
the optimal design for achieving a maximum speed was
performed based on some constraints. An experimental
system was built to control the motion of the helical
swimmers. For single-end helical swimmer with dif-
ferent helix pitches, the effect curve of the pitch on the
velocity has a maximum value. For single-end helical
swimmer with different helix lengths, the effect trend of
the length on the velocity was almost agree with the
theoretical result. The measurement results of the dou-
ble-end helical swimmer indicate that the superimposi-
tion of the helix length is suitable to model it. The ve-
locity measurements also show that the double-end
helical swimmer has better forward-backward motion
agreement comparing to the single-end one. These re-
sults are helpful to design helical microswimmer for
biomedical or micromanipulation applications. In the
near future, the results will be verified on smaller helical
microswimmers.
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