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Rotating Magnetic Miniature Swimming Robots
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Abstract—Recent studies have been carried out for rotating sin-
gle flexible flagellum: a possible propelling mechanism that has
been adopted by several artificial microswimmers due to its rel-
atively simple structure yet considerable propulsive force gener-
ation. In this paper, we introduce a miniature swimming robot
design with multiple flexible artificial flagella that benefits from
the increased number of flagella. The characteristic length of the
robot body is less than 1 mm. Experimental characterization of
swimming of the robot shows that swimming speed can be lin-
early improved solely by increasing the number of attached flag-
ella, suggesting a new way for speed enhancement besides flagel-
lum geometry optimization. In addition, a numerical model mod-
ified from the single, straight flexible flagellum case is further
established to study propulsive force generation by nonstraight,
flexible flagellum. A robot with multiple, sinusoidal flagella de-
sign is fabricated to demonstrate the capability of the proposed
two-step photolithography-based microfabrication method to han-
dle more complex flagella designs, which may enhance swimming
performance.

Index Terms—Magnetic actuation, microrobotics, multiple arti-
ficial flagella, swimming robot.

1. INTRODUCTION

HREE-DIMENSIONAL (3-D) swimming locomotion of

miniature robots has been an ongoing interest for many
researchers due to its potential biomedical and microfluidic
applications such as targeted drug delivery, microsurgery, and
micromanipulation [1]-[5]. One of the major challenges for
these mobile miniature robots is miniaturization limitation on
on-board power sources and actuators [6]. Magnetic actuation
using external electromagnetic coils or permanent magnets has
been used as one of the promising solutions to such a chal-
lenge by remotely actuating miniature robots for various ap-
plications [7]-[16]. A weak magnetic field up to tens of mT
is sufficient to actuate most of these magnetic microrobot de-
signs, which makes it easy and safe to generate toward medical
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applications inside human body [17]. Besides magnetic actua-
tion, several other powering methods have also been explored,
including actuation by chemical reactions [18], [19] and living
microorganisms [20]-[23]. However, magnetic actuation has a
significant advantage comparing with these methods, which is
that the motions of magnetically actuated robots are much more
controllable than the ones actuated by other mechanisms.

Three-dimensional locomotion of magnetically actuated
miniature robots in liquids is achieved using mainly two ap-
proaches. First, magnetic miniature robots are directly pulled
by magnetic forces exerted by external magnetic field gradi-
ents, and thus, the robot’s motion is purely translational. This
mechanism is simple and straightforward, but the maximum
force that can be exerted onto the robot and the resulting max-
imum velocity that the robot can achieve decreases drastically
as the size of the robot decreases [24]. The second approach
is based on small-scale propulsion mechanisms inspired by
microorganisms, which are significantly different from those
at the macroscale due to the dominant viscous forces at low
Reynolds number (Re). Various small-scale propulsion mecha-
nisms have evolved for microorganisms to confront this prob-
lem, among which two major mechanisms have been widely
duplicated on many artificial miniature swimmers. For the first
mechanism, thrust is generated by rotation of rigid helical flag-
ella [25]. Zhang et al. [26] developed a 38-pm-long rigid he-
lical artificial flagellum which swam at the maximum speed of
Umax = 18 pm/s, while Ghosh and Fischer [27] fabricated a
similar helical swimmer that was more than ten times smaller
in size (2 pm in length) with improved swimming performance
(Umax = 40 pm/s). For the second mechanism, propulsion is re-
alized by propagation of periodic traveling waves, either planar
or 3-D, along the long flexible flagella [25]. Dreyfus et al. [28]
first reported a 24-pum-long flexible swimmer propelling by
propagating a plane wave through its long tail consisting of
colloidal magnetic particles. Cheang et al. [29] later reported a
microswimmer that propelled itself by rotating a thin flexible
flagellar filament (5.8 um long) attached to a 150-nm magnetic
nanoparticle at one end and a 3-um polystyrene microbead at
the other. Gao et al. [30] fabricated a rotation-based flexible
nanowire motor that had three metal sections and a length of
6.5 pm, which swam at vy, .« = 6 pum/s, while Pak et al. [31]
improved the swimming performance (v, = 21 pum/s) by a
new design that was 5.8 pum in length and theoretically charac-
terized the mechanism by an asymptotic analysis.

It is studied that in theory, using either a rigid helical arti-
ficial flagellum or a flexible artificial flagellum would lead to
similar peak swimming velocities and energy efficiency assum-
ing the same cross section and length and the same maximum
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driving torque [24], [32]. On one hand, the advantage of using
a rigid helical flagellum is that the propulsive force generated,
the driving torque required, and the resulting swimming speed
are linearly related to the driving rotation frequency [24]. In
addition, the swimming direction can be reversed simply by
switching the rotation direction [26]. Therefore, the control of
swimming is relatively simple. On the other hand, one signif-
icant advantage of using a flexible flagellum design is that the
flexibility of nonrigid flagella brings compliance to the swim-
mer, which would be desired for many biomedical applications
for improved safety, especially when operating inside the hu-
man body [33]. Moreover, the structural simplicity of straight
flexible artificial flagella could make fabrication simpler and
less expensive as well.

All of the microscale swimming robots mentioned previously
have only one artificial flagellum on each. At a larger scale of
several millimeters, Garstecki et al. [34] reported a swimmer that
had two flexible wings using a similar mechanism of rotating
these wings to propel itself at low and medium Re. Experiments
on mesoscale fixed-end artificial flagella have demonstrated that
an increase in the number of flexible flagella under some con-
ditions leads to extra propulsion [35]. However, real miniature
swimming robots taking full advantage of multiple artificial
flexible flagella have yet to be developed.

In this study, we introduce a submillimeter-scale swimming
robot design that equips with flexible straight flagella, which
could improve swimming speeds almost linearly with the num-
ber of attached flagella of up to four. The numerical simulation
results based on single-flexible-flagellum models derived from
previous works [31], [36]-[41] with modified boundary condi-
tions provide the guideline for our flagella design. Optimization
is then performed to examine the influence of each design pa-
rameter on the generated propulsive force and to search for an
optimized flagellum design, which produces a large propulsive
force per unit length of robot. A numerical model modified from
the straight flagellum case is further established to preliminar-
ily examine the effect of flagellum’s intrinsic curvature on the
propulsive force generated. We apply this model on a flagel-
lum with planar sinusoidal shape, the result of which indicates
that flagellum curvature could increase propulsive force. All
the flagellated robots are fabricated via a simple, inexpensive,
yet repeatable method, which includes two steps of micromold-
ing with a manual assembly step to combine two-dimensional
(2-D) structures into a 3-D structure, inspired by [42]. Besides
the simple straight flagella design, we demonstrate that the pro-
posed fabrication method has the capability to fabricate flag-
ella with more complex planar geometries, for instance, sinu-
soidal curves. Experimental characterization is carried out for
the translational speeds of swimming robots with different num-
bers of flagella under different rotation frequencies at low Re
(Re <« 1), which shows that swimming performance could be
improved by increasing the number of flagella. The propulsion
mechanism is also demonstrated to work in a large range of
viscosities.

While the numerical simulations in this study are based on
models regardless of actual robot and flagella dimensions, the
experimental results are derived from mesoscale swimming

IEEE TRANSACTIONS ON ROBOTICS

) Deforms when rotating
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Fig. 1. Schematic of a magnetic single-flagellum swimming robot. The dark
square represents the magnetic cylindrical body, while the solid blue line shows
the undeformed, nonmagnetic artificial flagellum. When the robot body rotates,
it conveys the rotation to the flexible flagellum, which then passively bends into
chiral shape, as shown by the curved dotted blue line.

robot prototypes, which may not be suitable for some of the
proposed potential applications, especially those inside human
body, due to the relatively up-scaled size. However, these ex-
perimental results are expected to be applicable for micrometer-
scale robots as well, considering that the Re of the motions of
the proposed robots in highly viscous fluid is similar to that
of micrometer-scale robots in fluids with low viscosity such
as water and human blood plasma. Re, which is the ratio be-
tween inertial forces and viscous forces, can be used to deter-
mine hydrodynamic similarity between different flows. In the
nondimensional form of the Navier—Stokes equations for in-
compressible flows, Re is the only parameter to measure the
relative magnitude of terms in the equations [43]. Therefore, as
long as the Re of two geometrically similar systems at differ-
ent scales are the same, the flow patterns would be identical.
Researchers have taken advantage of such hydrodynamic simi-
larity between flows at different scales with similar Re. For ex-
ample, scaled-up experimental setups have been well exploited
to study hydrodynamics for micrometer-scale single-flagellum
propulsion and proven to be valid [37], [39], [40]. In addition,
mesoscale experiments have also been adopted to study hy-
drodynamic interactions at low Re, and good agreement with
theoretical modeling was found [44], [45]. Considering that the
hydrodynamic interactions are direct results from flow patterns,
they are directly scalable between different flows with similar
Re. Therefore, the modeling and experimental results from our
mesoscale prototypes also provide design and actuation guide-
lines and swimming models for micrometer-scale swimmers.

II. MODELING AND DESIGN

The magnetic miniature swimming robot consists of a cylin-
drical body made of a permanent-magnet-based composite
(Neodymium—Iron—Boron (NdFeB) and polyurethane), which
rotates under an applied rotating magnetic field. Flexible poly-
mer flagella with length L are attached to the end of the body
with an anchoring angle ¢; and an offset s, with respect to
the body’s long axis, as shown in Fig. 1. When the robot body
rotates about its long axis, the rotation is conveyed to the at-
tached flagella. The originally straight, tilted, and offset flagella
are then bent into chiral shapes in fluids by viscous drag, which
results in a net axial force to propel the robot body in fluid.
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The hydrodynamic models introduced in the following sec-
tions are established for the regime where Re < 1, regardless
of the actual size of the structures, and, hence, are applicable to
swimming robots not only at the scale of the current prototypes
but at micrometer scales, as long as Re < 1.

A. Magnetic Actuation

A magnetic miniature swimming robot body is rotated along
its body axis by an applied rotating magnetic field. Similar
magnetic control techniques have been reported in the literature
[46]-[48] and are applicable to swimming robots made of not
only hard but of soft magnetic materials as well. The magnetic
torque applied on the robot body is given by

Tm = ‘/;HM x B (1)

where V;, and M are the volume and magnetization of the robot
body, respectively, and B is the applied field. Considering the
composite robot body made of magnetic NdFeB particles and
polyurethane, its magnetization would be different from a solid
magnetic material. As the mass ratio of NdFeB particles and
polymer in the mixture, ¢, , can be adjusted during fabrication
process, the magnetization can be determined as

_ My areB
1+ deFeB/ (am ppoly)

where pxgrep and ppoly are the densities of NdFeB and
polyurethane, respectively, and M xqrep is the magnetization
of a solid NdFeB material. Therefore, the maximum magnetic
torque that can be applied on a cylindrical robot body is

I Tax| = Vi | M| |Bsin~ = = D?H |Myares||B|
max m 2 41+ deFcB/ (am ppoly)
(3

2

Considering that the planar parts are made of nonmagnetic
materials in the first step of fabrication, the effective volume V,
of NdFeB in the final robot body would be less than the total
body volume V/,, i.e., typically about 60—80% of V},,, depending
on the geometry of the planar part cross sections.

B. Fluidic Drag Force and Torque on Robot Body

The robot body is modeled as a cylinder with a cross-sectional
diameter D and a height H, and the aspect ratio (H /D) is larger
than 1. During swimming, the robot body undergoes two simul-
taneous motions: rotation around its body axis and translation
along the same axis. Due to low Re, these two motions can be
decoupled and analyzed separately, and the complete motion is
the linear superposition of the two. The resistive fluidic drag
force due to the translational motion of the cylindrical body is
approximated by [49]

Farag = —8mNDVgyim (1.0276 + 0.3963(H/D)
—0.0259(H/D)* 4 0.0014(H/D)?)
= Cdrag Uswim (4)

where 7 is the viscosity of the fluid, and vgyip, 1S the swimming
speed of the robot. The resistive fluidic drag torque due to the

rotational motion of the cylindrical body is approximated by the
Stokes drag as

Tdrag = 7777HD2‘U- (5)

For the magnetic body without any flagella attached to rotate
with the applied rotating magnetic field in synchrony, the driving
magnetic torque must balance the resistive torque on the body:

Trn + Tdrag =0. (6)

Therefore, from (3) and (5), we can obtain the minimum mag-
netic field required to rotate a robot body with determined ge-
ometry at any given frequency, or we can design the robot body
dimensions, given a rotation speed and magnetic field strength.

C. Propulsive Force and Fluidic Drag Torque From
the Flexible Flagellum

When the robot body is rotated by the applied magnetic field
about its body axis, it conveys the rotation to the attached flagella
that are originally straight. These rotating flagella then experi-
ence drag forces from the surrounding viscous fluid as a result
of their relative movements to the background fluid. Due to the
flexibility of the flagella, they can bend into chiral shapes under
these drag forces and, thus, produce net thrust. To simplify the
problem, we focus on a single flagellum without considering
the hydrodynamic interactions between multiple flagella [50].
Under such an assumption, the total propulsive force or fluidic
drag torques of multiple flagella are just linear sum of those
generated by each single flagellum. We are also only interested
in steady-state motions, and hence, the model would be time
invariant. Further ignoring the hydrodynamic interactions be-
tween distant parts of the flagellum, the resistive-force theory
gives the viscous drag force per unit length as

.fvis -

where r(s) is the position vector at arc-length s and w, (s) is
the velocity of the flagellum at s relative to the background flow
vy. If the hydrodynamic interactions between the body and the
flagellum are further ignored for simplification and the fluid at
distance is assumed quiescent, then ug, = wz X r.£, and 5” are
the normal and tangential drag coefficients given approximately
by resistive-force theory as [51]

- I:gL (I — T ® rs) + ers ®T‘s:| ufg (7)

B 47
~log(L/a)+1/2’

2mn
log (L/a) —1/2

where a is the radius of a flagellum with circular cross section.
Since the flagella on the robots have rectangular cross sections
instead of circular, an effective radius that gives the same cross-
sectional area is used to approximate the drag coefficients:

§L and §| = ®)

bxw

(C))

Qeff =
e

Since the swimming robot operates inside a container in-
stead of an open space, wall effects are also considered as the



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

coefficients are multiplied by a correction term of [25]

& (1

€
where &, is the drag coefficient without presence of walls, &*
is the drag coefficient adjusted for wall effects, and h is the

distance to the walls. The bending force for the elastic flagellum
is given by

-1
- 2.1044500L> (10)

6mnh
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bend 0s3

an
where A is the bending stiffness of the flagellum. Ignoring the
body weight of the flagellum, the steady-state shape of the bent
flagella is determined by balance of viscous and elastic forces,
OFvenda/0s + fis = 0, which gives the governing equation of
elastohydrodynamics as

O*r

[@ (I-r,@7ry) +§rs ® rs} Uy = —A@.

(12)

The boundary conditions are 1) at the attached end, r(0) =
(50, 0, 0) and r,(0) = & sin 0y + 2 cosfy, where & and 2 are
unit vectors in - and z-directions, respectively; and 2) at the free
end, both elastic force and torque should be zero, which gives r
(L) =0(rys = 0°r/0s?) and 745 (L) = 0 (1555 = O*1r/0s).

Equation (12) can be solved numerically by the shooting
method to find the steady-state shape r of the rotating flag-
ellum [52]. In addition, the propulsive force generated by the
deformed flagellum can be obtained from the solution as f, =
—Fhena(0) - 2, and the viscous torque experienced by the whole
flagellumis Ty = —AZ - r; X 145(0) + 2 - Fiena x 7(0).

When the robot body diameter is large or when the rotation
frequency is high, the flow generated by the body’s rotation
would be significant, hence altering the hydrodynamics on the
flagella. A further modification to the previous introduced model
can be made to preliminarily examine the effect of hydrody-
namic interactions between the robot body and the flagellum
when the deflection of flagellum is not significant. The rota-
tional motion of the body induces a rotational flow field around
it, and the attached flagellum is also affected by this flow field
as the relative velocity of the flagellum to the background fluid
is changed. To simplify the problem, we consider a rotational
flow field induced by an infinitely long cylinder to approximate
the actual flow field:

(D/2)*

sze,

vy = w (13)
where [ is the distance from the axis of the cylinder to the
point of interest, and e; is the unit vector in the direction of
[. Such an approximation would result in a stronger flow field
in the vicinity of the flagellum than the actual field, especially
at the far end away from body, and thus, the propulsive force
derived would give a lower bound to the actual propulsive force.
Such inclusion of influence of body rotation was only applied
to analyze the flagella that are slightly bent during rotation.
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D. Swimming Speed

When the robot is swimming with a steady-state speed, the
total forces and torques that it experiences should vanish such
that

fp+fdrag:O (14)

and

15)

Equation (15), together with (3), gives the requirement on
the strength of the applied magnetic field to rotate the swim-
ming robot in synchrony with the rotating field. In addition,
by solving (14) numerically, we can find the value of steady-
state swimming speed |vgyin | for every rotation frequency f.
The comparison between numerical solutions and experimental
result will be presented in Section IV-A.

T, + Tdrag + Tf =0.

E. Flagellum Geometry Analysis and Optimization

The previously established model can be used to find the
optimal design of flagellum for the swimming robots. There
are various parameters of a flagellum that can be modified,
among which the major ones that are easy to adjust are length
of the flagella L, anchoring tilt angle at the base ¢/;, connection
offset distance sy, and the material elastic modulus E. These
parameters could have significant influences on the resulting
propulsive force and fluidic drag torque. To find a flagellum
design that generates large propulsive force, we first look at how
each of these four parameters individually influences propulsive
force by varying only one parameter at a time while keeping
others constant, and examine the output propulsive forces from
numerical calculation. Such results are plotted in Fig. 2(a)—(d),
where each subplot shows how the propulsive force generated
changes as the value of each of the four parameters varies. It is
observed that f, increases monotonically as s, increases. For
the other three parameters, f, shows a peaking behavior as the
parameters increase. This means that an optimization search on
L, E, and 6 would be necessary. To find the optimal design that
gives a global maximum of propulsive force, the patternsearch
function built in MATLAB, which finds minimum of function
using pattern search algorithm, was applied with four input
variables L, F/, 0, and s,. The stopping criteria for the search
function were set as a minimum tolerance of 1072 for the
objective function. It should be noted that although f,, increases
with s, the minimum robot body diameter D required to provide
such sy becomes larger as well. Therefore, according to (4),
the smallest possible cq,ag also increases, resulting in a less-
significant change in swimming speed. This influence of c4;ag
is also considered during the search for the optimal flagellum,
and the optimization goal is modified so as to find the largest
fp/Cdrag based on the smallest possible c4rae. The optimization
search was carried out for two different flagellum cross-sectional
geometries: 120 um (w)x 100 ym (b) and 60 pm (w) x50 pm
(b). All of the calculations assume the surrounding fluid has
a dynamic viscosity of 0.343 N-s-m 2, so as to keep Re far
below unity. The range of rotation frequency f in which the
optimization search was carried out was from 0 to 15 Hz. The
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TABLE I
OPTIMAL FLAGELLUM DESIGN FOR CROSS-SECTIONAL GEOMETRY OF 120 pym (w)x 100 pm (b)
Rotation frequency f Flagellum L  Flagellum £ 6y So fo Ty
15Hz 2.2 mm 10 MPa 53° Opum 4.79uN 5.78x10 °N-m
TABLE II
OPTIMAL FLAGELLUM DESIGN FOR CROSS-SECTIONAL GEOMETRY OF 60 pm (w)x50 pm (b)
Rotation frequency f Flagellum L Flagellum £ 0y So fo Ty
15Hz 1.1 mm 10 MPa 53° Opm 1.15uN  0.71x10"°N-m
TABLE III
OPTIMAL FLAGELLUM DESIGN FOR CROSS-SECTIONAL GEOMETRY OF 100 nm (w)x 100 nm (b)
Rotation frequency f  Flagellum L Flagellum A [ So o Ty
30Hz 3.72 um 3.6x107*Nm? 5290° Opm 9.78x10~"N 1.13x10"™N.m

ranges of L, I/, 0, and sy within which the optimization search
was carried out were [0.3 mm, 2.5 mm] for L, [0.05 MPa,
10 MPa,] for F, [0°, 70°] for 0, and [0, 200 pm] for sy. The
results are listed in Tables I and II.

Optimization results show that the optimal flagellum would be
anchored on the rotation axis of the robot body with zero offset,
i.e., so = 0. In that case, the maximum swimming speed would
be achieved by attaching the flagellum to a robot body with
diameter D = w. The maximum swimming speed achievable
at f = 15 Hz would be about 12 mm/s for w = 120 um and
5 mm/s for w = 60 um. Such performance is comparable with
the existing microswimmers [31]. However, according to (3), to
provide enough driving torque to rotate such optimal flagellum
with the hardware currently available, the aspect ratio of the
body needs to be greater than 20:1, and hence, the fabrication of
such body would be difficult. Therefore, in this study, we did not
adopt the optimal flagellum design. However, the optimization
does give insight to how large an f,, we could possibly obtain
by varying flagellum geometry and could be beneficial to the
design of flagellum.

Although we only applied the previous models on mesoscale
robot prototypes, they are also valid for micrometer-scale swim-
mers using single or multiple flexible straight tails. Therefore,
the optimization process can also be performed for micrometer-
scale swimming robots. As a demonstration, we additionally
performed the optimization for a flagellum with cross-sectional
dimensions of 100 nmx 100 nm, and the result is listed in
Table III. The optimization assumed an aquatic environment of
a dynamic viscosity of 0.001 N-s-m~2, with the range of rotation
frequency f to be from 1 to 30 Hz. In this optimization, we set
the bending stiffness of the flagellum to 3.6x 10724 N-m? [31],
because at such a small scale, the bending stiffness calculated by
material’s bulk modulus could be much higher than the actual
value. The ranges of L, 0, and sy within which the optimiza-
tion search was carried out were [0.5 um, 15 um] for L, [0°,
70°] for 6, and [0, 2 pim] for sy. We assume that the flagellum
rotates near a bottom surface (5 ym above it), where such wall
effect phenomenon has been observed typically in swimming of
not neutrally buoyant or magnetically nonlevitated microswim-
mers [26], [29], [31]. The underlying surface acts to increase
hydrodynamic drag on the flagellum and, hence, the propulsive
force. The optimization result is listed in Table III. It is estimated
that the swimming speed of a swimming microrobot with this

optimized flagellum attached to a 1.5 ym (H) x 200 nm (D)
cylindrical body is about 22 pm/s at 30 Hz, which surpasses that
of the existing artificial microswimmers in the literature [31].

F. Flagellum With Intrinsic Planar Curvatures

As another design variable and a significant advantage, the
proposed fabrication method is capable of fabricating flagella
that have much more complex planar shapes other than the sim-
ple straight shape. Therefore, it would be helpful if we can model
the bending behavior of flexible flagella that have intrinsic pla-
nar curvatures and exam the hydrodynamics, like we have done
for the straight ones. We achieved this based on the previous
numerical model of the straight and flexible flagellum, but with
additional modifications to capture the intrinsic curvatures of
the nonstraight flagella. The following iteration is established
to model the bending of a nonstraight flagellum. 1) The origi-
nal curved flagellum is divided into N, consecutive segments,
labeled from first to N, between the anchoring point of the
flagellum on the body (s = 0) and the free end (s = L). Each
segment is treated as a short, straight, and flexible flagellum that
is fixed at one end and free at the other. 2) The boundary condi-
tions at s = 0 of the original curved flagellum is applied onto the
first segment with a set of guessed boundary conditions applied
on the free end, and then the same governing equations, (12) is
solved for this segment. 3) The solutions of r, ry, and r at
the free end of the (k — 1)th segment, withk = 2,3,..., N, are
directly applied as the boundary conditions at the fixed end for
the &2 segment, while r; is revised to capture the intrinsic cur-
vature of the original flagellum and then added to the boundary
conditions. 4) Equation (12) is then solved for the k" segment.
5) A shooting method as previously introduced is used, iterating
from steps 1 to 4, to finally obtain a set of solutions for the N, ‘!
segment at the free end that matches the boundary conditions
of the original flagellum at s = L. One key step to establish the
numerical model for nonstraight flagellum is to modify r in
step 3 of the above iteration to capture the intrinsic curvature of
the curved flagellum. This is accomplished by applying to 7,
a rotation transformation between the tangential vector at the
free end of the deformed (k — 1)'" segment and the tangential
vector at the fixed end of the k'" segment from the original,
undeformed flagellum:

TST — Tr,r.SOIl

(16)
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Fig.2.  Simulation results to show the influence of L, E, ;, and s on propul-

sive force. Propulsive force results as a function of rotation frequency when
(a) changing only L, with £ = 1 MPa, §; = 35°, and 59 = 190 um; (b) chang-
ing only E, with L = 1 mm, 0y = 35°, and 59 = 190 um; (c) changing only
0, with L = 1 mm, E' = 1 MPa, and sg = 190 um; and (d) changing only s,
with L = 1 mm, E = 1 MPa, and 0; = 35°.
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Fig. 3. Comparison between the propulsive force (f),) generated by a sinu-
soidal flagellum and a straight flagellum that differ in shape as a function of
rotation frequency. Both results are numerical solutions from the models estab-
lished in this study.

with (17), shown at the bottom of the page, and

=717 xr

= arccos < T Ty )

o o]

where 7" is the revised r, for the k" segment, r,°” and r,°"
are 1, calculated from the original flagellum before deformation
of the (k — 1) and k'" segment, respectively, and 7,° is 7,
at the free end from solutions of the (k — 1)'" segment, k =
2,3,...,N.. 7; with ¢ = z,y, z denotes the ¢ component of
vector 7.

The established model was solved for a flagellum of planar
sinusoidal shape. The peak amplitude of the sinusoidal curve is
75 pm, and there are 3.5 wavelengths within the flagellum with
a length of 1500 pum. The propulsive force generated by this
nonstraight flagellum was compared with the force generated
by a straight flagellum that has the same effective length, the
same anchoring angle 0, and the same bending modulus. The
results are plotted in Fig. 3. It is observed that, theoretically,
an improvement can be achieved in propulsive force genera-
tion by having a more complex planar curvature in the flexible
flagellum.

(18)

19)

III. EXPERIMENTAL SETUP AND SWIMMING
ROBOT FABRICATION

A six-coil electromagnetic-coil system was used to generate
a uniform rotating magnetic field in the workspace [53]. The
maximum field strength this system can generate is about 12 mT,
with 6% uniformity over a 30-mm space.

';'iJr( +7 )COSWr 7.7y (1—cos @, )= |7|sin o, 7. 7. (1—cos p, )+7, |7]sin ¢,

7 2
|7 7| |
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IR o el s P JT 22 (A2 a2

7, 7. (L—cos @, ) =7, |7|sin ¢, 7y 7. (L—cos @, )+ 7, |7|sin ¢, 7‘;+(”‘,+ 7,)00q99r
|7 Il 7
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Fig. 4. Fabrication procedure for the miniature swimming robots with mul-
tiple flexible flagella. Step 1: (a) Flexible negative mold for the planar parts is
fabricated via a typical soft-lithography process. (b) Planar parts are fabricated
through a micromolding process. (¢) Such planar parts are assembled manually
into 3-D structures. Step 2: (d) Mixture of magnetic particles (NdFeB) and
polyurethane is poured into the cylindrical cavities on another negative mold.
(e) Assembly is vertically inserted into the filled cavities and left to cure. During
curing, a horizontal magnetic field is applied to magnetize the robot body in the
direction perpendicular to its long axis. (f) Molded robot with multiple flagella
is peeled from the mold.

Fabricated miniature swimming robots in this study consist
of two parts: a magnetic body that can respond to an externally
applied magnetic field for actuation and control and flexible
flagella, which act as the propulsive element during swimming.
Three-dimensional microstructures are necessary in order to
equip the robots with multiple flexible and tilted flagella, and
thus, conventional single step 2-D lithography-based fabrication
techniques would not be adequate [54]. Therefore, our swim-
ming robots were fabricated by a two-step micromolding pro-
cess (see Fig. 4), which is based on simple and inexpensive
planar photolithography methods, micromolding, and manual
assembly. The first step was a typical soft-photolithography-
based micromolding process: Photolithography was first used
to transfer the desired planar patterns that have notches at de-
sired positions for assembling to the SU-8 photoresist substrate;
then, a mold-making elastomer (silicone rubber, Dow Corn-
ing HS II RTYV, or polydimethylsiloxane, Dow Corning Sylgard
184) was poured over the patterned substrate to form a negative
mold; the planar parts, which are made of polymer (ST-1060 or
ST-1087, BJB Enterprises), were cured and pulled off from the
negative mold. After the planar parts were fabricated, we manu-
ally assembled them into 3-D shapes, each consisting of two to
three (only for robots with six flagella) planar parts. Afterward,
a mixture of NdFeB permanent magnet particles (MQP-15-7,
Magnequench) and polyurethane (TC-892, BJB Enterprises)
was poured into another negative rubber mold with blind-ended
cylindrical cavities, prepared via a process similar to the first
step but using a multicoating technique to build up a SU-8 layer
of 600-pm thickness. The assemblies were then inserted verti-
cally into the cavities filled with magnetic mixture and allowed
to cure for the final 3-D shapes. The walls of the cavities as well
as the high viscosity of the magnetic mixture helped to maintain
the vertical postures of the inserted assemblies. During curing,
the negative rubber mold was exposed under a strong horizontal

500 pm

Fig. 5. Optical microscope images of fabricated miniature swimming robots
with different designs. (a)—(d) Robots with a cylindrical body of 500 pm
(D)x600 um (H) and flagella of 120 pm (w)x100 pm (b)x1.5 mm (L)
made of ST-1087 (BJB Enterprises, £/ = 9.8 MPa). (e) Robot with a cylindri-
cal body of 500 ym (D)x600 pum (H), and flagella of 60 pym (w)x50 pm
(b)x1 mm (L) made of ST-1060 (BJB Enterprises, & = 2.9 MPa). (f) Robot
with a cylindrical body of 180 pum (D)x700 pum (H), and flagella of 60 pm
(w)x50 pm (b)x 1 mm (L) made of ST-1060 (E = 2.9 MPa). (g) Robot with
a cylindrical body of 500 pm (D)x600 pm (H), and sinusoidal flagella made
of ST-1087 (E = 9.8 MPa). (h) Robot with two flagella that has a cylindrical
body of 50 pm (D)x50 pm (H) and a total length of 90 pm.

magnetic field to magnetize the magnetic robot bodies in the
direction perpendicular to their axes.

The fabricated swimming robots with straight and flexible
flagella can be grouped into three different sets of dimensions
and materials. Set I [see Fig. 5(a)—(d)] has a cylindrical body
of 500 pm (diameter, D)x600 pm (height, H), and flagella of
120 pm (width, w)x100 pm (thickness, b)x 1.5 mm (length,
L) made of ST-1087 (Young’s modulus of 9.8 MPa, e.g., £ =
9.8 MPa). Set II [see Fig. 5(e)] has the same cylindrical body
as Set I, but with flagella of 60 pym (w)x50 pm (b)x 1 mm (L)
made of ST-1060 (E = 2.9 MPa). Set III [see Fig. 5(f)] has a
cylindrical body of 180 pum (D)x700 pm (H) and flagella of
60 um (w)x50 pm (b)x1 mm (L) made of ST-1060. Besides
straight flagella, robots with four planar sinusoidal flagella [see
Fig. 5(g)] were also fabricated to demonstrate the capability
of the proposed fabrication method for creating more complex
flagella shapes.

Robots with even smaller body diameter, about 100 zm, could
be fabricated using the same process, but guaranteeing the man-
ual assembly precision would be more challenging. Avoiding
such a manual assembly process step, swimming robots with
up to two artificial flagella that are under 100 pm in length
and several tens of micrometers in diameter can still be fabri-
cated via the proposed fabrication process. As a demonstration,
a swimming microrobot with two straight flexible flagella that
is about 90 pm long and has a body diameter of 50 pym was
fabricated [see Fig. 5(h)]. For microswimmers that are less than
10 pm in size, there are existing techniques that can be adopted
to fabricate multiflagellated robots, such as multiphoton lithog-
raphy [55] and self-scrolling or self-folding [26], [56].

IV. EXPERIMENTAL RESULTS AND DISCUSSION

All experiments were carried out in a cylindrical open-top
container with an inner diameter of 33 mm and a height of
37 mm, filled with silicone oils. Actuation of the swimming
robots was realized by the rotating magnetic field of |B| =
12 mT generated by the electromagnetic-coil system with iron
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Fig. 6. Comparison between the swimming speeds solved from the original
model, the modified model that includes the body influence, and those obtained
experimentally at various rotation frequencies. The swimming speeds are nor-

malized to |v? . | by the robot body height H of 600 pm.

cores inserted into the coils to magnify the field. Three velocity
measurements were taken for each set of data, and the error
bars on the result plots indicate standard deviation of the mea-
sured values. The position differentiated over time was used to
calculate the average swimming speed of a robot.

A. Verification of the Established Model

An experiment was carried out to examine the validity of
previously established single-flagellum model. The compari-
son of swimming speeds of a single-flagellum swimming robot
that were solved from the original model, the model modified
with body rotation and obtained from experiments, is illustrated
in Fig. 6. The robot’s parameters are listed in Table IV. All the
swimming speed data were normalized by the robot body height
H, which is 600 pm. In the experimental result, the swimming
speed drops after the rotation frequency reaches 12 Hz because
the rotation of robot body steps out of synchrony with the rotat-
ing magnetic field due to lack of enough driving torque.

The comparison shows that the solutions from both models
bound the experimental measurements well. This demonstrates
that, in the small-deformation case, the original model would
give an upper bound to the swimming speed of the miniature
swimming robot, while the modified model would give a lower
bound.

B. Effect of Number of Artificial Flagella

Swimming speed measurements were taken on the Set I
miniature swimming robots in a silicone oil of 350 cSt vis-
cosity (Re~107%), and the results are plotted in Fig. 7. It is
observed that the swimming speed is significantly improved
by increasing the number of attached flagella (Ny;) from one
to four. The swimming speed is linearly increasing with Ny;.
However, as the number of flagella increases to six, the result-
ing swimming speed decreases significantly. This may be due
to the hydrodynamic interactions between flagella becoming
stronger as the spacing between flagella becomes smaller when
the number of flagella increases. Each flagellum is affected by
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Fig.7. Experimental comparison on swimming speed as a function of rotation
frequency of swimming robots with one, two, and four artificial flagella in
Set I dimension (Robot body: 500 pm (D)x600 pm (H); flagella: 120 pm
(w)x100 pm (b)x1.5mm (L),and £ = 9.8 MPa, 0y =35°,and sy = 190 ym).
VUi | 18 the swimming speed, [vgim |, normalized by the robot body height
H of 600 pm.
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Fig.8. Experimental comparison on swimming speed as a function of rotation
frequency of single-flagellum swimming robots in Set I (Robot body: 500 pm
(D)x600 pm (H); flagella: 120 pm (w)x 100 pm (b)x 1.5 mm (L), and E =
9.8 MPa, 0y = 35°, and sy = 190 pm) and Set I (Robot body: 180 pm
(D)x700 pm (H); flagella: 60 pm (w)x50 pm (b)x1 mm (L), and F =
2.9 MPa, y = 35°, and sp = 60 ym).

the fluid flow generated by the motion of nearby flagella, and
hence, the relative speed us, decreases. As a result, the propul-
sive force one flagellum can generate becomes much weaker
than the force generated by isolated flagella, which leads to a
slower swimming speed. The speed declines after certain f’s
are the results of stepping out of synchronous rotation with the
applied magnetic field.

C. Effect of Flagella Geometry and Reynolds Number

Comparisons of the swimming speed of swimming robots
with single flagellum in Set I (L = 1.5 mm, £ = 9.8 MPa,
0; = 30°, and sy = 190 pm) and Set IIl (L = 1 mm, E =
2.9 MPa, 6y = 35°, and sp = 60 pm) were also carried out,
and the results are illustrated in Fig. 8. It can be seen that the
swimming speed can be improved by varying the robot design,
as analyzed in Section II-E. However, even if the dimensions
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TABLE IV
PARAMETERS OF THE SINGLE-FLAGELLUM ROBOT, THE STEADY-STATE SWIMMING SPEED OF WHICH WAS MEASURED EXPERIMENTALLY
AS WELL AS SOLVED BY BOTH THE ORIGINAL MODEL AND MODEL WITH BACKGROUND FLOW MODIFICATION

Body H Body D Flagellum L Flagellum w Flagellum b Flagellum £ 0y S0 n
600 pm 500 pum 1500 um 120 pm 100 pm 9.8 MPa 30° 190um 0.343Nsm >
3 i 25 = e
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Fig.9. Experimental comparison of swimming speed as a function of rotation
frequency of swimming robots with four flagella in silicone oil with viscosities
of 5 ¢St and 350 cSt, respectively.

of the body and attached flagellum, as well as the material used
for flagellum, are significantly changed, the swimming speed
is improved only by a limited margin. In addition, even if the
optimal design of flagella is used, by increasing the number of
flagella can still significantly improve swimming performance,
which is illustrated in Section IV-B. This demonstrates the ad-
vantage of having multiple artificial flagella on a swimming
robot. Measurements were also taken for miniature swimming
robots in Set II with four flagella in silicone oil with two dif-
ferent kinematic viscosities of 5 ¢St and 350 cSt, respectively,
and the results are plotted in Fig. 9. It is observed that even
at mid Re environment (5 ¢St oil, Re up to 0.5), the artificial
flagella can still generate a strong enough propulsive force for
the robot to swim. Therefore, the miniature swimming robots
would be potentially capable to work in a wide range of fluids
with different viscosities. A stepout was not observed in 5 cSt
oil within the range of rotating frequency tested due to the low
fluidic torque experienced by the robot in this less viscous fluid.
However, a stepout is always expected but would be at a much
higher frequency than that in the 350 cSt oil. Measurement in
fluids with even lower viscosities, such as water, is not achiev-
able in this study as the robot sinks too fast in such a fluid
before any measurement on translational swimming speed can
be taken in suspension. However, the mechanism is expected to
work in water, and we also present a video demonstration from
the top view of the miniature swimming robot swimming inside
a water-filled glass tube with diameter of 5.5 mm. The video
can be found in supplementary materials.

D. Flagella With More Complex Two-Dimensional Shape

As previously mentioned, the proposed fabrication method
is capable of fabricating more complex planar shapes than the
simple straight shape for flagella. Miniature robots with four
sinusoidal flagella attached were fabricated, and their swim-

Fig. 10. Comparison of swimming speed as a function of rotation frequency
of the miniature swimming robot with four straight and sinusoidal flagella,
respectively.

ming speed in 350 cSt silicone oil was measured and compared
with that of the robot in Set I with four straight flagella. Fig. 10
illustrates the experiment results. As predicted by the numerical
simulation on single flagellum of Section II-F, the experimen-
tal results show that the swimming speed is improved by the
sinusoidal shape of flagella. Therefore, the swimming perfor-
mance could potentially benefit from a more complex flagella
design. Considering that the fabrication process for flagella with
a nonstraight 2-D shape is generally identical to the process for
straight flagella with limited extra complexity, robots with non-
straight flagella that may have a significantly improved swim-
ming performance can be easily fabricated with the method pro-
posed in this paper. This would be beneficial in the cases where
a strong axial propulsive force is desired, such as swimming
against slow flows or applying a pressure to the surrounding
environment by the swimming robot. In addition, it is possible
to locally and drastically adjust the intensity of hydrodynamic
interactions between multiple attached flagella by changing the
curvature design of them, which provides a potentially powerful
tool to study the multiple-flagella hydrodynamic interaction.

E. Advantages and Limitations of Using Multiple Flagella

The experiment results demonstrated that multiple straight,
flexible flagella could provide enhanced propulsion. Therefore,
one significant advantage of using multiple flagella is that a
much higher propulsive force, and, hence, the resulting swim-
ming speed, can be achieved at a given rotation frequency. In
other words, using multiple flagella lowers the rotation fre-
quency required to achieve a desired swimming speed or propul-
sive force. This would be beneficial to potential future medical
applications inside low velocity flows (urinary tract or capil-
laries) or stagnant fluid (spinal cord fluid, brain lobs, and in-
side the eye) regions inside the human body, because a lower
frequency required for the driving magnetic field reduces the
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technical challenges to design the field-generating device (ei-
ther electromagnetic coils or permanent magnets). In addition,
a stronger propulsion-generation capability gives the potentials
of the swimming robots to operate fast to achieve medical
tasks in a shorter duration. However, whether or not multiple
artificial flagella can improve the maximum swimming speed
max|Vsyim | for miniature robots would need further analysis.
While the propulsive force is improved by multiple flagella, the
total viscous torque applied on these flagella also increases.
As shown by experiments, when hydrodynamic interactions
between multiple flagella are not significant, the swimming
speed is almost linearly increased by the number of flagella
(Ny7). Therefore, it is reasonable to assume that the propul-
sive force and viscous torque also linearly increase with Ny;.
Previous studies have shown that, for a single straight, flex-
ible flagellum, the relationship between f, generated and T
required is (log f,, logTy) > 1 [39], [40], which indicates that
fp = kconstT? with 3 > 1.

It is also observed in the experiments that when the rota-
tion of robot steps out of synchrony with the rotating magnetic
field, the robot begins to oscillate back and forth and its swim-
ming speed begins to drop rapidly as the rotation frequency
keeps rising. Therefore, max|vgyim| is reached right before
stepping-out. Stepping-out occurs when the maximum mag-
netic torque that can be applied onto the robot is less than the
driving torque required to rotate the robot at a given rotation
frequency: |Tmax| < (|Tdrag| + T). Therefore, given a lim-
ited applied B magnitude, multiple flexible artificial flagella
would lead to a significant improvement on max|vgyin | when
|Tarag| /(N1 - Ty) > 1.If T is comparable with |T'q,a |, then
max|Vsywim | of @ multiflagella robot could be smaller than that
of a single-flagella robot with the same flagella and robot body
design. This could be a potential disadvantage of using multiple
flagella. In our case, drag torque on the robot body dominates
that on the flagella as the stepout frequencies of the robots do
not change significantly with number of flagella, and hence, we
did not experience this potential drawback.

V. CONCLUSION AND FUTURE WORK

In this study, we have designed and fabricated miniature
swimming robots with multiple (up to six) flexible flagella.
Physical models were established, and numerical simulations
were carried out to predict the swimming performance of the
robots and guide the robot design. The fabrication process is
inexpensive and relatively simple, including two steps of soft-
lithography, micromolding, and manual assembly processes.
Experimental results for robots with straight flexible flagella
designs demonstrated that stronger propulsive force, and hence
the resulting swimming speed of robots, could be achieved by
increasing the number of artificial flagella at a given rotation
frequency, as long as the hydrodynamic interactions between
flagella are not so significant as to affect the swimming perfor-
mance. The proposed fabrication method was also shown to be
capable of creating more complicated planar flagella designs,
such as sinusoidal curves, which may benefit propulsive force
generation and swimming performance and could be potentially
useful for more sophisticated tasks such as object transportation
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or manipulation [48]. Increasing the number of artificial flag-
ella has been shown as a promising way to improve swimming
performance of miniature robots in fluidic environments with a
wide range of viscosities. Future work includes neutrally buoy-
ant robot body design and fabrication, fabrication of robots with
even smaller size, and fabrication and characterization of flag-
ella with shapes that would be potentially useful for specific
applications, such as microobject manipulation and transporta-
tion. The use of the developed robots as micropumps or local
fluid flow controllers inside microfluidic channels could also be
a potential future application [16].
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