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Abstract — This work investigates the locomotion of helical
robots in a low Reynolds number environment with two different
rheological properties. We study the swimming characteristics
of the robot during its transition from a Newtonian fluid to a
viscoelastic environment. Our experimental results show that the
helical robot causes shear thinning in gelatin with intermediate
concentration. Therefore, its speed in gelatin is greater than that
in silicone oil. The helical robot swims at maximum speed of
0.36 mm/s in silicone oil with viscosity of 5 Pa.s, and 0.22 mm/s,
0.71 mm/s, and 0.94 mm/s in gelatin with concentration of 2%,
3% and 4%, respectively, under the influence of two rotating
dipole fields.
Key words —Helical robot, magnetic, rheological properties.

I. INTRODUCTION
Fabrication and control of helical robots in the micro and
nano scale have become of momentous concern owing to
their diverse biomedical applications [1]-[4]. The use of these
microrobots in targeted therapy is desirable as their size would
allow them to swim in complex passages within the human
body. It is likely that these robots will swim in bodily fluids
of different viscosities and other mechanical characteristics,
and penetrate through mediums with different rheological
properties [5], [6], and hence their behavior inside these
mediums should be experimentally observed and analyzed.
Recent efforts have been made to transfer helical robots into
in vivo applications. Nelson et al. have derived an empirical
model based on experimental measurements to relate screw geometry and soft-tissue properties [7]. In addition, Ullrich et al.
have also investigated the swimming characteristics of helical
microrobots in fibrous environment [8], and showed that the
helical propulsion is enhanced by the presence of collagen
fibers in a gelatin with medium concentration. Servant et al.
have achieved in vivo magnetically controlled navigation using
a group of helical microrobots in the peritoneal cavity of a
mouse [9]. Qiu et al. have demonstrated in vitro targeting
and single-cell gene delivery using artificial bacterial flagella
loaded with plasmid DNA [10]. In addition, in vitro mechanical grinding of blood clots is achieved using helical robots
driven by two rotating dipole fields, and removal rate of clots
has been proven to be greater than the dissolution rate of
chemical lysis [11], [12]. This study investigates the swimming
characteristics of helical robots in mediums with different
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Fig. 1. A permanent magnet-based robotic system is used to control the
motion of a helical robot. The system consists of two synchronized rotating
dipole fields [13], [14]. The helical robot is contained in a reservoir in the
middle of the rotating dipole fields. This reservoir contains silicone oil and
gelatin. The rotating dipole fields (at frequency ω) exert a magnetic torque
on the dipole of the helical robot and achieve helical propulsion. The insets
show the ability of the robot to swim controllably through silicon oil (t=10
seconds) and gelatin (t=66 seconds). The helical robot reaches the siliconegelatin interface at time, t=42 seconds. The white rectangle indicates the
helical robot and is assigned using our feature tracking algorithm.

rheological properties, as shown in Fig. 1. We achieve openloop control of a helical robot in three-dimensional (3D) space,
and experimentally characterize the helical propulsion of the
robot in Newtonian and viscoelastic environments under the
influence of rotating magnetic fields.
The remainder of this paper is organized as follows: Section II provides descriptions pertaining to helical propulsion
in Newtonian fluid and viscoelastic environment. Characterization of the frequency response of the helical robot in the
two mediums are included in Section III. Section III also
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provides open-loop control of the helical robot in 3D space
to demonstrate the ability of the robot to navigate controllably
through different mediums. Finally, Section IV concludes and
provides directions for future work.
II. T HEORETICAL BACKGROUND ON H ELICAL
P ROPULSION USING ROTATING M AGNETIC F IELDS
The magnetic actuation of helical robot is achieved using
two rotating dipole fields. These fields generate magnetic
torque on the dipole of the helical robot. Rotation of the helical
robot with respect to its long axis achieves helical propulsion,
as shown in Fig. 1. We calculate the Reynolds number,
Re = ρvL
µ , in silicone oil and gelatin with concentrations of
2%, 3% and 4%, where ρ is the density of the medium, v is
the maximum velocity of helical robot, L is its length, µ is
the viscosity. The calculated Re is in the order of O(10−3 ).
Therefore, viscous forces are dominant and the calculations
of magnetic field and magnetic field gradient are based on
the analysis presented in [15], [16], [17]. The locomotion of
helical robot is governed by
(
)
fm + fd
= 0,
(1)
τm + τd
where fm and τm are the magnetic force and magnetic torque,
respectively. Further, fd and τd are the viscous drag force
and torque, respectively. The helical robot is also subjected to
force and torque due to gravity. However, we only consider a
simplified one-dimensional model. The drag force and torque
are related to the linear and angular velocities of the helical
robot using [15], [18]
(
) (
)(
)
fd
a b
u
=
,
(2)
τd
b c
ω
where u and ω are the linear and angular velocity of the
robot, respectively. In (2), a, b, an c are functions of geometric
parameters and fluid viscosity, and are calculated by
(
)
ζ|| cos2 α + ζn sin2 α
a = 2πnR
,
(3)
sin α
where n , R and α are the number of turns, radius of helix,
and helix angle, respectively (Fig. 2). Further, ζ|| and ζn are
the drag coefficients along and perpendicular to the helix axis
and are given by
ζ|| =

4πµ
2πµ
and ζn =
.
ln(2q/r) − 0.5
ln(2q/r) + 0.5

(4)

In (4), q = 0.09λ, where λ is the pitch of the helical body,
and r is the helix’s filament radius. In (2), the function b is
given by
b = 2πnR2 (ζ|| − ζn ) cos α.
(5)
Finally, the function c is calculated using
)
(
ζ|| sin2 α + ζn cos2 α
3
c = 2πnR
.
sin α

(6)

Fig. 2. Scanning electron microscopy image of a helical robot provides its
morphology and its parameters. The robot consists of a cylindrical magnet
with a magnetization vector oriented perpendicular to the axis of its helical
body. R is the radius of the helical body and r is the radius of the filament
of the helical body. λ and α are the pitch of the helical body and the helix
angle, respectively.

The magnetic force fm and torque τm exerted on the helical
robot are given by
fm = ∥(m · ∇)B∥ and τm = ∥m × B∥,

(7)

where B is the resultant magnetic field at the position of
the helical robot and m is its magnetic dipole moment. The
utilization of two synchronized rotating dipole fields mitigates
the magnetic force in the lateral direction of the helical robot
only in a limited workspace of the system (between the
rotating dipole fields). The functions a, b, and c are dependent
on the position of the robot in the reservoir. We use similar
helical robot in each trial. Therefore, viscosity of the medium
is the only factor that influence the helical propulsion during
transition between the Newtonian and viscoelastic mediums.
III.

CHARACTERIZATION OF HELICAL PROPULSION

The helical robot consists of a magnetic head and helical
tail, as shown in the scanning electron microscopy image
in Fig. 2. The screw-like tail of the robot is designed and
fabricated using aluminum spring with length and diameter of
4 mm and 100 µm, respectively. The pitch of the helical body
is 500 µm and the helix angle is approximately 35◦ . In addition, the head of helical robot contains a permanent magnet
(Neodymium grade N40, Amazing Magnets LLC, California,
USA), with an edge length of 500 µm. It is rigidly attached to
one end of the helical tail to provide magnetic dipole moment.
An acrylic container with a removable separator is used in
the preparation of two mediums, i.e., Newtonian fluid and
viscoelastic environment, each occupying half of the container.
Two cameras are used to provide top-view and side-view of
the robot inside the container. Morphological operations [14]
are implemented on the output experimental video and image
data to track the robot in 3D space and measure its velocity.
We use silicone oil (Calsil IP 5.000, Caldic, Rotterdam,
The Netherlands) with viscosity 5 Pa.s, and gelatin with
concentrations of 2%, 3% and 4%. These two mediums are
contained within the same reservoir in each trial. We prepare
gelatin first, by weighing gelatin powder (CAS 9000-70-8,
Sigma-Aldrich) on a high precision digital scale in a glass
beaker. The beaker is filled with distilled water preheated
to 90◦ C, then the container is closed with a cap to avoid
water loss from evaporation, and stirred with methylthioninium
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Fig. 3. Frequency response of helical robot is characterized in silicone oil with
viscosity of 5 Pa.s and gelatin with concentrations of 2%, 3% and 4%. The
mean velocity and standard deviation (s.d.) are calculated using 6 trials at each
frequency and for each medium. Viscosities of the gelatin with concentrations
of 2%, 3% and 4% are measured using a rheology test to be 4 Pa.s, 9.77 Pa.s
and 14.4 Pa.s, respectively.

chloride blue dye on a magnetic stirrer at 400 rpm. Finally,
the mixture is covered and stored at room temperature (20◦ C)
to harden. Rheology test is conducted on the gelatin samples
to measure its viscosity, using a Bohlin Gemini instrument
(Malvern Instruments, U.K.), at 20◦ C. Viscosity of gelatin
concentrations is measured as 4.0 Pa.s, 9.7 Pa.s and 14.4 Pa.s
for concentrations of 2%, 3% and 4% respectively.
Locomotion of helical robot is experimentally characterized
in silicone oil and gelatin under the influence of rotating fields.
The frequency response is measured for a range of 1 Hz to
9 Hz (Fig. 3). The helical robot is controlled to swim along
a straight line trajectory (parallel to z-axis and towards the
silicone-gelatin interface) across the container. The frequency
response is limited to 9 Hz due to the bandwidth of the rotating
dipole field of our permanent magnet-based robotic system.
Therefore, the step-out frequency of helical robot in silicone
oil and gelatin is in access of 9 Hz. The frequency response
experiment indicates that the helical propulsion is enhanced
with the increasing viscosity of the medium. The swimming
speed is increased by a factor of 2.6 at frequency of 9 Hz when
the robot makes a transition between silicone oil and gelatin
with concentration of 4%. We attribute this behaviour to the
shear-thinning phenomena [19]. The gelatin exhibits viscous
flow under shear stress caused by the helical robot. Therefore,
the viscosity of the gelatin decreases locally.
Open-loop control of the helical robot is achieved inside the
container in 3D space to demonstrate the locomotion stability
during transition between the two mediums. The helical robot
is controlled to swim along a circular trajectory with diameter
of 16 mm in silicone oil, as shown in Fig. 4. In this trial, the
helical robot swims at an average speed of 343 µm/s. Now we
turn our attention to the helical propulsion in two mediums.
The robot is controlled along a straight line perpendicular

Fig. 4. The robot undergoes helical propulsion and swims along a circular
trajectory with diameter of 16 mm in silicone oil 5 Pa.s. Top: The white
rectangle and the dashed yellow circle indicate the helical robot and the
circular trajectory, respectively. Bottom: The trajectory taken by the helical
robot in three-dimensional space indicates that the robot swims at average
speed of 343 µm/s, at frequency ω=9 Hz.

to the silicone-gelatin interface, as shown in Fig. 5. This
experiment is done at frequency of 9 Hz, and the speed of
the helical robot is calculated to study the influence of the
medium on the propulsion speed. In this representative trial,
the robot swims at an average speed of 320 µm/s in silicone
oil and the speed is increased to 900 µm past the siliconegelatin interface. The speed of the robot is decreased once it
reaches the silicone-gelatin interface, and during this transition
the robot has an average speed of 290 µm/s. Once more, we
attribute the increase in the swimming speed to the shearthinning process. Please refer to the accompanying video.
IV. CONCLUSIONS AND FUTURE WORK
The locomotion of a magnetically actuated helical robot
is experimentally characterized during its transition between
a Newtonian fluid (silicone oil) and a viscoelastic medium
(gelatin). We find that the speed of the helical robot is
enhanced with the increasing viscosity of the medium due
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Fig. 5. The helical robot achieves helical propulsion in two mediums under
the influence of rotating magnetic fields. The robot swims at an average speed
of 370 µm/s in silicone oil and reaches the silicone-gelatin interface at time,
t=40 seconds. The speed of the robot increases to 910 µm/s in the gelatin. Top:
Trajectory of the helical robot is shown in three-dimensional space against
time. Bottom: The measured average speed of the helical robot indicates that
helical propulsion is enhanced with the increased viscosity. Please refer to
the accompanying video.

to the shear-thinning process. The robot swims at maximum
speed of 0.36 mm/s in silicone oil with viscosity of 5 Pa.s,
and 0.22 mm/s, 0.71 mm/s, 0.94 mm/s in gelatin with concentrations of 2%, 3% and 4%, respectively.
As part of future studies, we will develop a hydrodynamic
model of the helical robot to investigate the influence of the
different rheological properties of the medium on the locomotion. This model is necessary to enhance the accuracy of the
motion control during targeted delivery. In addition, we will
implement closed-loop control of helical robots in mediums
with different rheological properties. It is also necessary to
integrate an imaging modality to provide feedback to the
control system instead of the microscopic systems. Therefore,
our system will be adapted to incorporate an ultrasound system
to visualize the helical robot.
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