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Abstract— This work presents an approach to realize soft
microrobots with multiple flexible flagella using beaded-fibers
driven via a periodic magnetic field. Paramagnetic iron oxide
particles are embedded into the polymer matrix of electrospun
beaded-fibers and form magnetism upon applying an external
magnetic field. We demonstrate that the induced magnetization by an external magnetic field enables self-assembly of
multiple adjacent beaded-fibers to form a microrobot with
multiple flexible flagella. Frequency response of the assembled
microrobot and the individual beaded-fibers is characterized
experimentally, and shows that the propulsive force imparted to
the fluid by the multiple flexible flagella increases the actuation
frequency range of the microrobot and enhances its swimming
speed. At relatively high actuation frequency (20 Hz), the
average speed of the individual beaded-fiber is 0.11 body-lengthper-second, whereas the microrobot with multiple flagella swims
at an average speed of 0.30 body-length-per-second. We also
observe a slight difference in the swimming speed between the
microrobot with multiple flexible flagella and its constituent
beaded-fibers at relatively low actuation frequencies.

I. INTRODUCTION
External actuation and control of microrobots is a promising approach towards minimally invasive access to deep
seated regions in the human body [1], [2]. A major challenge
for microrobot is to generate relatively high propulsive force
to overcome the non-uniform flowing streams of bodily fluids [3]. The control of magnetically-driven and magneticallysteered microrobots that relay on relatively weak magnetic
fields creates an even bigger challenge, in particular when
the microrobot is driven with uniform magnetic fields [4][8]. The absence of a driving magnetic force (that is not a
viable option for relatively small microrobots) necessitates
the need for an efficient locomotion mechanism in low
Reynolds numbers. Ye et al. have increased the propulsive
force of a miniature swimming robot via additional artificial
flagella [9]. It has been shown that the additional artificial flagella improve the swimming performance in fluidic
environments with a wide range of viscosities owing to
the increased propulsive force. Singleton et al. have also
proposed a method to increase the propulsive force of a
microrobot through the utilization of multiple helices while
retaining the simple actuation method of a single rotation
axis [10]. Jang et al. have also demonstrated planar undulations of composite multilink nanowire-based chains with

Fig. 1. Beaded-fibers are used to develop a microrobot with multiple
flexible flagella. (a) A beaded-fiber is fabricated by electrospinning and it
consists of a spheroidal head and an ultra-thin flexible tail. Paramagnetic
iron oxide particles are embedded into the polymer matrix of the head.
(b) An external magnetic field induces magnetism and the microrobot is
self-assembled upon applying external fields to adjacent beaded-fibers.

diameter of 200 nm [11], and have demonstrated that the
multilink-based design improves the swimming efficiency.
Maier et al. have constructed artificial flagella through DNAbased self-assembly [12]. The attachment of DNA flagella to
a biocompatible magnetic microparticle enables swimming
at relatively high speeds compared to a single tail. Although
the additional flagella enhances the propulsive force in the
mentioned designs, the fabrication is irreversible.
In this work, we present a reversible approach based
on self-assembly to construct a microrobot with multiple
flexible flagella. Our approach capitalizes on the fabrication
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Fig. 3. The magnetic force (F) between the beaded-fibers are calculated
during the assembly of a microrobot with five flexible flagella. m(p1 ) and
m(p2 ) are the induced magnetic dipole moment of the first 2 beadedfibers. These two beaded-fibers adhere using the magnetic force shown by
the black curve to form a microrobot with two flagella and magnetic dipole
m(p12 ). The microrobot with two flexible flagella and dipole moment
m(p12 ) adheres, using the magnetic force indicated by the red curve, to
another beaded-fiber with dipole moment m(p3 ) to form a microrobot with
three flagella and dipole moment m(p123 ). The green and blue curves
indicate the calculated magnetic forces responsible for the assembly of the
microrobots with 4 and 5 flagella, respectively.

Fig. 2. Two adjacent beaded-fibers are drawn towards their opposite poles
to form a microrobot with two flexible flagella. The induced magnetic dipole
moments of the first and second beaded-fibers m(p1 ) and m(p1 ) enable
them to adhere under the influence of an external magnetic field (light blue
arrows). The beaded-fiber contains paramagnetic iron oxide particles. r and
θ are the distance between the two beaded-fibers and the angle between a
line connecting their centers of mass and y-axis.

of beaded-fibers with paramagnetic iron oxide particles embedded into their polymer matrix, as shown in Fig. 1(a).
The beads form magnetism upon applying an external magnetic field, and as a consequence, multiple beaded-fibers are
attracted towards opposite poles to form a single structure
with multiple flexible flagella [Fig. 1(b)]. In addition, we
characterize the frequency response of the microrobot with
multiple flexible flagella and the response of its individual
beaded-fibers to study the influence of the additional flagella
on the propulsion.
The remainder of this paper is organized as follows:
Section II describes the fabrication of the microrobots with
multiple flexible flagella and provides explanations pertaining to the interactions between the beaded-fibers under the
influence of a uniform magnetic field. Characterization of the
frequency response of the microrobots and the influence of
each individual flagellum is provided in Section III. Finally,
Section IV concludes and provides directions for future work.

based on our previous work [13], [14] using electrospinning.
All samples used in our study are fabricated by pumping
a solution of polystyrene in dimethylformamide (DMF) and
paramagnetic iron oxide particles with maximum diameter
of 30 µm. The polymer concentration is 25 wt % in DMF,
and the weight ratio of iron:polystyrene is 1:2. Continuous
beaded-fiber are produced by applying a strong electric
potential of 25 kV at a distance of 10 cm between the syringe
pump and a collector at flow rate of 20 µl/min. The resulting
beaded-fibers (Fig. 2) are contained in a deep chamber that
contains glycerine with viscosity of 0.95 Pa.s, and a magnetic
field is applied to induce a magnetization.
B. Magnetic forces on adjacent beaded-fibers
The induced magnetic dipole m(p) can be approximated
as the volume integral of the induced magnetization as
follows [15]:
∫
(1)
m(p) = M(p)dV,

II. FABRICATION OF M ICROROBOTS
M ULTIPLE F LEXIBLE F LAGELLA

V

WITH

where M(p) and V are the induced magnetization at a
point p and the volume of the paramagnetic iron oxide
particles, respectively. The induced magnetization is related
to the magnetic field strength H(p) by M(p) = χm H(p),
where χm is the magnetic susceptibility constant. Further,
B(p) = µH(p), where µ is the permeability coefficient
given by, µ = µ0 (1 + χm ), and µ0 is the permeability of
vacuum (µ0 = 4π × 10−7 T.m/A). Let us now consider
n adjacent beaded-fibers (Fig. 2) under the influence of an

Beaded-fibers are fabricated and external magnetic fields
are exerted to develop the microrobot via self-assembly.
A. Fabrication of beaded-fibers
Microrobots with multiple flexible flagella are developed
in two steps, i.e., fabrication of beaded-fibers and selfassembly. The former step is based on electrospinning a
polymer solution, while the latter step is based on applying
an external magnetic field. The beaded-fibers are fabricated
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Fig. 4. Self-assembly of multiple beaded-fibers is achieved using external magnetic field. (a) Two adjacent beaded-fibers are used to forma a microrobot
with two flexible flagella. At time t = 0 s, the microrobots are positioned within the common center of the electromagnetic coils in the absence of external
magnetic field. At time t = 4 s, magnetic field of 45 mT is applied and the two beads are magnetized. The induced magnetization of the two heads
generates local magnetic field gradients that cause the two beaded-fibers to move towards each other and assemble a microrobot with two flexible tails, at
time t = 4.5 s. (b) A microrobot with three flexible flagella is assembled and its induced magnetic dipole is 2.99 × 10−9 A.m2 . (c) A microrobot with
four flexible flagella is assembled and its induced magnetic dipole is 3.76 × 10−9 A.m2 . (d) A microrobot with five flexible flagella is assembled and its
induced magnetic dipole is 2.99 × 10−9 A.m2 . Please refer to the accompanying video.

external magnetic field B(p). The induced magnetic dipole
of the ith beaded-fiber is given by
∫
χm
B(pi )dVi for i = 1, . . . , n, (2)
m(pi ) =
µ0 (1 + χm )

adhere to form a microrobot with two flexible flagella, at time
t = 4.5 s [Fig. 4(a)]. Another beaded-fiber is added to the
microrobot with two flexible flagella, as shown in Fig. 4(b).
At time t = 1 s, the magnetic field is applied and the beadedfiber is attracted towards the head of the microrobot with two
flexible flagella. This process is repeated and a microrobot
with five flagella (or n flagella) is diagonally self-assembled
[Figs. 4(c) and 4(d)].

Vi

where m(pi ) is the induced magnetic dipole of the ith
beaded-fiber at a point pi . Further, Vi is the volume of the
paramagnetic iron oxide particles that are embedded within
the ith beaded-fiber. The induced magnetic field by the ith
beaded-fiber is calculated in two dimensions as follows:
)
(
3µ0 |mi | sin θ cos θ
,
(3)
Bbf i =
cos2 θ − 1
4πr3

In Fig. 4(a), the induced magnetic dipole moments of the
first and second beaded-fibers are 4.1 × 10−10 A.m2 and
2.0 × 10−9 A.m2 (at magnetic field of 46 mT), respectively.
Therefore, a magnetic force of 2.4 × 10−6 N (r = 200 µm
and θ = 90◦ ) causes them to adhere to form one microrobot.
The resulting microrobot with two flagella has an induced
magnetic dipole moment of 5.6 × 10−10 A.m2 , whereas the
third microrobot in Fig. 4(b) has an induced magnetic dipole
moment of 2.4 × 10−9 A.m2 . Therefore, the magnetic force
increases to 6.5 × 10−6 N (r = 200 µm and θ = 90◦ ) and
a microrobot with three flagella is assembled. Similarly, the
induced magnetic dipole of this microrobot is 7.7 × 10−10
A.m2 and it exerts a magnetic force of 18.8 × 10−6 N on
the beaded-fiber with magnetic dipole of 3.0 × 10−9 A.m2
to form a microrobot with four flexible flagella [Fig. 4(c)].
Finally, the interaction between the microrobot with four
flagella (|m(p1234 )| = 3.7 × 10−9 A.m2 ) and the fifth
beaded-fiber (|m(p5 )| = 1.7 × 10−9 A.m2 ) creates a magnetic force of 140 × 10−6 N to assemble a microrobot with
five flexible flagella. This representative assembly experiment
indicates that the opposite poles of each bead are attracted,
and hence the major axes of the spheroidal heads are parallel
but not collinear due to the presence of a flagellum. Each

where r is the distance between two adjacent beaded-fibers,
as shown in Fig. 2. Further, θ is the angle between a
vector between the two beaded-fibers and y-axis. A local
magnetic field gradient is created by each beaded-fiber upon
applying an external magnetic field, and as a consequence,
a magnetic force F(pi+1 ) is exerted if the beaded-fibers are
close enough and is given by
F(pi+1 ) = ∇ (mi+1 · (B + Bbf i )) .

(4)

This magnetic force causes the two adjacent beaded-fibers to
adhere. Fig. 3 shows the calculated magnetic forces during
the self-assembly of a microrobot with five flexible flagella.
C. Self-Assembly using magnetic field
Two beaded-fibers are contained and a magnetic field of
46 mT is applied at time t = 4 s. We observe immediate
attraction owing to their magnetic field gradients and they
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Fig. 5. The frequency response of a microrobot with five flexible flagella is characterized for a frequency range of 1 Hz to 6 Hz. The microrobot is
allowed to swim along y-axis using uniform magnetic field along the direction of motion with orthogonally varying component. (a) At f = 1 Hz, the
average speed of the microrobot is 66.5 µm/s. (b) At f = 2 Hz, the average speed of the microrobot is 171.3 µm/s. (c) At f = 3 Hz, the average speed of
the microrobot is 256.9 µm/s. (d) At f = 4 Hz, the average speed of the microrobot is 308.2 µm/s. (e) At f = 5 Hz, the average speed of the microrobot
is 379.4 µm/s. (f) At f = 6 Hz, the average speed of the microrobot is 384.4 µm/s. Please refer to the accompanying video.

additional bead and flagellum impart drag to the fluid and
influence the swimming speed of the assembled microrobot.

interactions. Flagellar propulsion creates a local flow-field.
Therefore, the frequency response of each beaded-fiber is
determined in the absence of any interaction of another
beaded-fiber. Second, the beaded-fibers are assembled to
form a microrobot with five flexible flagella, as shown
in Fig. 4.
Fig. 5 and Fig. 6 show representative characterization
experiments of a microrobot with five flexible flagella at
relatively low and high actuation frequencies, respectively.
At actuation frequency of 1 Hz, the average speeds of the
five beaded-fibers during a flagellar swim are measured as
80.8 µm/s, 219.4 µm/s, 102.2 µm/s, 80.5 µm/s, and 103.8
µm/s. In this experiment, each individual beaded-fiber is allowed to swim without any interaction with another beadedfiber. We observe that the microrobot with five flexible tails
swims at an average speed of 66.5 µm/s under the influence
of actuation frequency of 1 Hz, as shown in Fig. 5(a). At
f = 2 Hz, the five beaded-fibers swim at average speeds
of 112.7 µm/s, 277.5 µm/s, 237.2 µm/s, 193.7 µm/s, and
209.8 µm/s. The average speed of the microrobot with five
flagella increases also to 171.3 µm/s [Fig. 5(b)]. Similarly to
the previous actuation frequencies, we observe that the swimming speeds of the microrobot and its individual beaded-fiber
increase with the actuation frequency, as shown in Fig. 7(a).
At f = 7 Hz, the average speeds of the five-beaded fibers are
measured as 81.6 µm/s, 246.3 µm/s, 352.4 µm/s, 292.1 µm/s,
and 388.0 µm/s. At this actuation frequency, the microrobot
with multiple flagella achieves maximum propulsion with
average speed of 460.7 µm/s, as shown in Fig. 7(a). We also
observe that the swimming speed of the individual beadedfibers decreases for actuation frequencies above 5 Hz to 8 Hz.

III. F REQUENCY R ESPONSE OF
M ICROROBOTS WITH M ULTIPLE F LEXIBLE F LAGELLA
Propulsion of the microrobot and its constituent beadedfibers is characterized using an electromagnetic system.
A. Electromagnetic system
The microrobots are contained in a chamber surrounded
with 4 orthogonal electromagnetic coils. Each coil has a
length of 80 mm, inner- and outer-diameter of 20 mm and
40 mm, respectively, and with 1700 turns. The magnetic field
|B| is measured in the common center of the electromagnetic
coils as 18 mT within a frequency range of 1 Hz to 20 Hz,
and magnetic field of 46 mT is used during assembly of
the beaded-fibers only. We examine a group of microrobots
with multiple flexible flagella using a uniform magnetic field
along direction of motion (y-axis) with a varying orthogonal
component. The magnitude of the field is decreased to 18 mT
to mitigate the influence of the magnetic field gradient. The
position of the microrobots is tracked using a microscopic
unit (MF Series 176 Measuring Microscopes, Mitutoyo,
Kawasaki, Japan). Videos are acquired using a camera
(avA1000-120kc, Basler Area Scan Camera, Basler AG,
Ahrensburg, Germany) and a 10× Mitutoyo phase objective
to characterize the frequency response of the microrobots.
B. Characterization of the frequency response
Frequency response of beaded-fibers is characterized over
a frequency range of 1 Hz to 20 Hz in the absence of
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Fig. 6. The frequency response of a microrobot with five flexible flagella is characterized for a frequency range of 15 Hz to 20 Hz. The microrobot is
allowed to swim along y-axis using uniform magnetic field along the direction of motion with orthogonally varying component. (a) At f = 15 Hz, the
average speed of the microrobot is 192.3 µm/s. (b) At f = 16 Hz, the average speed of the microrobot is 214 µm/s. (c) At f = 17 Hz, the average speed
of the microrobot is 202.2 µm/s. (d) At f = 18 Hz, the average speed of the microrobot is 209.4 µm/s. (e) At f = 19 Hz, the average speed of the
microrobot is 195.2 µm/s. (f) At f = 20 Hz, the average speed of the microrobot is 188.2 µm/s. Please refer to the accompanying video.

A notable decrease in the swimming speed of the individual
beaded-fiber is observed above actuation frequency of 10 Hz.
At f = 20 Hz, the average speed of the five beaded-fibers
is decreased to 61.1 µm/s, whereas the average speed of
the microrobot with the multiple flagella is decreased to
188.2 µm/s (Fig. 6). Therefore, the incorporation of multiple
flagella to the microrobot enhances the frequency response
and increases the actuation frequency range, as shown in
Fig. 7(a). Please refer the accompanying video.

are 616 µm and 126 µm, respectively. This microrobot is
assembled using 5 beaded-fibers, each has an average length
and minor diameter of 550 ± 42 µm and 30 ± 10 µm, respectively. Therefore, the incorporation of additional beadedfibers to the microrobot has more influence on the width
of the microrobot, compared to its length. The microrobot
is assembled diagonally owing to the attraction force of
the opposite poles of the beaded-fiber and the presence of
a tail along the long axis of the spheroidal beads. It is
likely that the microrobot will be used in targeted therapy
and a drug will be embedded into its polymer matrix. In
this biomedical application, the proposed microrobot has the
following practical advantages compared to microrobots with
rigidly attached artificial flagella [10]: first, the self-assembly
is flexible and enables incorporation of unlimited number of
tails (Fig. 4) to obtain a desired swimming speed; second, the
self-assembly is reversible and the individual beaded-fibers
can be disassembled to form a swarm of individual microrobots with relatively smaller size. Therefore, the beadedfibers can be selectively assembled and disassembled to
achieve relatively large propulsive force and access relatively
narrow environment, that is inaccessible by the assembled
microrobot, respectively.

The frequency response experiment is repeated for another
microrobot with five flexible flagella, as shown in Fig. 7(b).
Again, we observe a negligible difference in the swimming
speed between the microrobots and its beaded-fibers, for
actuation frequencies below 4 Hz. At f = 1 Hz, the average swimming speed of the five beaded-fibers is measured
as 92.6 ± 34.8 µm/s, whereas the average speed of the
microrobot with multiple flagella is 84.1 µm/s. Similarly,
the average speed of the five beaded-fibers is measured as
244±156 µm/s and 248±106 µm/s for actuation frequencies
of 2 Hz and 3 Hz, respectively, whereas the microrobot with
multiple flagella swims at 173 µm/s and 255.1 µm/s at f =
2 Hz and f = 3 Hz, respectively. The maximum swimming
speed of this microrobot is observed at actuation frequency of
7 Hz, and measured as 360.7 µm/s. The maximum swimming
speeds of the five beaded-fibers are 231.2 µm/s, 299.2 µm/s,
334.8 µm/s, 357.9 µm/s and 486.7 µm/s. We observe again
that the microrobot with five flexible flagella achieves a
notable improvement at relatively high actuation frequencies.

IV. C ONCLUSIONS AND F UTURE W ORK
We present a facile method to develop microrobots with
multiple flagella using beaded-fibers. Our fabrication method
capitalizes on electrospinning a polymer and embedding
paramagnetic particles into its matrix. The induced magnetization by an external magnetic fields enables self-assembly

The length and width of the microrobot shown in Fig. 5
65

the resistive-force theory to study the interactions between
its flagella. Although our experimental results show improvement in the flagellar propulsion owing to the additional
flagella, it is essential to develop the hydrodynamic model
to optimize the number of flagella and the size of each
beaded-fiber. We will also investigate methods to disassemble
the beaded-fibers of the microrobot using dynamic magnetic
fields. This feature is necessary and can be useful when the
microrobot is required to swim through an environment with
a varying width. The self-assembly is required to provide
efficient flagellar propulsion in a non-uniform flow-field and
in fluidic environment with wide range of viscosities, while
a controlled disassembly would decrease the size of the
microrobot and enable access to relatively narrow regions.
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Fig. 7. Frequency response of two fabricated microrobots with multiple
flexible flagella and their individual paramagnetic beaded-fiber is characterized. The speed of the beaded-fibers is measured in the absence of
interactions, and followed by self-assembly using external magnetic field
and characterization of the frequency response of the microrobot (black
curve). (a) A microrobot with multiple flagella (length of 616 µm and
width of 126 µm) is characterized versus its own beaded-fibers (length
550 ± 42 µm and width of 30 ± 10 µm). (b) A microrobot with multiple
flagella (length of 616 µm and width of 126 µm) is characterized versus its
own beaded-fibers (length of 550 ± 42 µm and width of 30 ± 10 µm).

of the beaded-fibers to form a microrobot with multiple flexible flagella. This fabrication process is flexible and reversible
as the number of flagella can be increased and flagella can
also be disassembled. Frequency response characterization
of the microrobot with multiple flexible flagella and its
beaded-fibers show similar swimming speed for relatively
low actuation frequency (< 10 Hz). At relatively high
actuation frequency, the microrobot with multiple flexible
flagella swims at an average speed of 0.30 body-length-persecond, whereas the average speed of its constituent beadedfibers is 0.11 body-length-per-second.
As part of future studies, we will develop a hydrodynamic
model for the microrobot with multiple flexible flagella using
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