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Abstract— We characterize the propulsion of externally-
actuated helical robots inside a viscous heterogenous medium.
The method of regularized Stokeslets is implemented in three-
dimensional space for computing the Stokes flow around a
helical robot and immersed obstacles (spherical microparti-
cles) in the medium. The helical robot is actuated using a
permanent magnet-based robotic system with two synchronized
rotating dipole fields. Our simulations and experimental results
demonstrate propulsion enhancement with the concentration
of the immersed obstacles in the viscous medium regardless
of the actuation frequency. Numerical results show that the
swimming speed is increased approximately by a factor of 2
for a 5% increase in the concentration of immersed obstacles
with diameter of 30 µm, at actuation frequency of 1 Hz. At this
actuation frequency, our experimental results show that the
swimming speed is increased by a factor of 1.4. At relatively
high actuation frequency (8 Hz), simulation and experimental
results also show increase in the swimming speed by factors of
1.4 and 1.3, respectively.

I. INTRODUCTION

The ability of artificial microrobots to swim controllably

in complex environments is likely to be an important ad-

vancement toward their translation into in vivo applications.

Several concepts to realize untethered propulsion on a small

size scale have been pursued by different research groups [1]-

[13], where viscous drag dominates over the inertial forces.

However, propulsion of these untethered devices is signifi-

cantly affected by in vivo conditions such as the time-varying

fluid drag [14], heterogeneity of the background fluid [15],

varying vessel diameter, and channel wall effects [16]. These

conditions place strong challenges on the design and devel-

opment of microrobots. In addition, these conditions vary

across the human body and necessitate a specific microrobot

design based on the size and material of the environment.

Therefore, it is essential to understand the influence of the in

vivo conditions on the propulsion of the microrobots through

theoretical and experimental work.

Nelson et al. have derived an empirical model to relate

screw geometry and soft-tissue properties based on experi-

mental measurements [17]. Ullrich et al. have also investi-

gated the swimming characteristics of helical microrobots in

fibrous environment, and showed that the helical propulsion

is enhanced by the presence of collagen fibers in a gelatine
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Fig. 1. A numerical model of the helical robot is developed based on
the method of regularized Stokeslests. This model predicts the influence of
the concentration of immersed obstacles within a viscous medium on the
propulsion of the helical robot. (a) The helical robot and the obstacles are
represented using the black dots and blue tetrahedrons, respectively. The
tetrahedrons are used to model the spherical obstacles within the medium.
(b) Helical microrobots have potential biomedical applications owing to
their ability to physically access small spaces in a non-invasive manner.

with medium concentration due to movements similar to

corkscrew motion without slippage [18]. Motile bacteria have

also shown increased swimming speed with the increased

viscosity due to their interaction with the fibrous network of

the background fluid [19]. This network enables bacteria to

push themselves off the surrounding obstacles and change the

pitch of the helical motion. Leshansky has also presented a

theoretical framework to predict the behaviour of rigid bodies

in heterogenous viscous environment based on solutions of

averaged equations of viscous flow through a random spare

array of obstacles [15]. However, the mentioned theoretical

work has not been compared to experimental results. Sim-

ilarly to motile bacteria, soft microrobots have also shown

propulsion enhancement in low Reynolds numbers viscous

heterogeneous medium. This propulsion enhancement is at-

tributed to the local pressure field created at the distal tip

of the beating flexible tail of the microrobots at relatively

low actuation frequency owing to the increased amplitude

along the length of the tail. Soft microrobots create relatively

high flow-field in close proximity to the distal end of the

tail as opposed to the head where the propagating wave
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originates [20]. In this work, we present a numerical model

based on the method of regularized Stokeslets [21] for

helical propulsion inside a viscous heterogenous medium.

This model allows us to investigate the influence of the

concentration of immersed obstacles (Fig. 1(a)) within the

medium on the swimming speed of helical robots actuated

using rotating dipole fields. The theoretical predictions of

this numerical model are validated by experimental results.

These experiments are conducted on a permanent magnet-

based robotic system with two synchronized rotating dipole

fields to actuate helical robots inside catheter segments.

The remainder of this paper is organized as follows: Sec-

tion II provides the numerical model of the helical robot and

description of the regularized Stokeslets method. Simulation

results are also provided in Section II to study the influence

of the obstacles concentration and the actuation frequency

on the helical propulsion. Section III includes descriptions

pertaining to the permanent magnet-based robotic system

and the helical robot. It also provides our experimental

results and discussions on the experimental validation of

the theoretical predictions. Finally, Section IV concludes and

provides directions for future work.

II. HELICAL PROPULSION

IN A VISCOUS HETEROGENEOUS MEDIUM

Helical robots are allowed to swim inside catheter seg-

ments under the influence of rotating magnetic fields. The

heterogeneity of the background fluids is one of the features

that will be encountered in vivo (Fig. 1(b)).

A. Stokeslets flow-fields

The helical robot consists of a cylindrical head of length

2rc and diameter Lc. The head is attached to a helix with

length L and diameter 2H , as shown in Fig. 2. The axial

magnetization of the head of the helical robot m is orthogo-

nal to the helix axis, and allows for rotation with an angular

frequency, ω = 2πf , with the external magnetic field B.

This field exerts a magnetic torque (m×B) on the magnetic

dipole of the helical robot. The robot is contained inside

a mixture of viscous medium and spherical microparticles

with an average diameter of 2rp and volume concentration

ϕ = Vp/V , where Vp = 4
3
πr3pNp is the total volume of

the microparticles in the mixture, V and Np are the volume

of the viscous medium and the number of microparticles,

respectively. In low Reynolds numbers, the viscous forces

are much larger than inertial forces. Therefore, the govern-

ing fluid mechanics for the helical robot in low Reynolds

numbers are given by the following Stokes equation [22]:

μ∇2u−∇p = −gφǫ(r − r0), (1)

∇ · u = 0, (2)

where u is the velocity field vector, μ, g, and p are the

viscosity of the medium, the body force of the helical robot

on the fluid (applied at r0), and the scalar pressure field,

respectively. Further, φǫ(r−r0) is a radially symmetric cutoff

Fig. 2. A microscopic image shows the tail of the helical robot and
the surrounding mixture of phosphate buffered saline and 30-µm-diameter
microparticles (PLA-M, plain, 12-00-304, Micromod Partikeltechnologie
GmbH, Rostock-Warnemuende, Germany) with volume concentration ϕ.
L and 2H indicate the length and diameter of the tail, respectively. w and
rp are the wire diameter of the helix and the radius of the microparticles,
respectively. The volume concentration range is 0 ≤ ϕ ≤ 45% and the
actuation frequency range is 1 ≤ f ≤ 8 Hz.

function given by

φǫ(r − r0) =
15ǫ4

8π (r2 + ǫ2)
7/2

, (3)

where ǫ is a parameter that controls the spreading of the

cutoff function such that
∫

φǫ(r)dr = 1. An approximation

for the fluid velocity at any point r0 is given by

uj(r0) =
1

8πμ

N
∑

n=1

3
∑

i=1

Sǫ
ij(rn, r0)gn,iAn, (4)

where N is the number of Stokeslets boundary points located

on the surface of the helical robot and the obstacles. Further,

gn,i is the ith component of the applied force on the fluid at

point rn, and An is a quadratic weight of the nth point. In

(4), Sǫ
ij(rn, r0) is the regularized Green’s function for Stokes

flow and given by

Sǫ
ij(rn, r0) = δij

r2 + 2ǫ2

(r2 + ǫ2)3/2
+

(ri − r0,i)(rj − r0,j)

(r2 + ǫ2)3/2
, (5)

where δij is the Kronecker delta. Stokeslets boundary points

are defined on the surface of the helical robot and the

immersed obstacles in the medium. The centerline of the

helix is defined as follows:

x = (H −
w

2
) cos

(

−2πzcN

L

)

, (6)

y = (H −
w

2
) sin

(

−2πzcN

L

)

, (7)
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Fig. 3. The swimming speed of the helical robot is calculated for representative volume concentrations of the immersed particles in the medium. The
speed is calculated for μ = 1 Pa.s, H = 250 µm, L = 4 mm, w = 120 µm, ε = rp/4 and rp = 15 µm. The black dots and the blue tetrahedrons
represent the helical robot and the immersed obstacles, respectively. (a) ϕ = 0.01%. (b) ϕ = 0.03%. (c) ϕ = 0.1%. (d) ϕ = 0.3%, (e) ϕ = 1%. (f) At
ϕ = 0.01% and ϕ = 0.03%, the average speeds are 52 µm/s and 63 µm/s, respectively, for f = 1 Hz. (g) At ϕ = 0.1% and ϕ = 0.3%, the average
speeds are 102 µm/s and 185 µm/s, respectively, for f = 1 Hz. (h) At ϕ = 1% the average speed is 447 µm/s, for f = 1 Hz.

where 0 ≤ zc ≤ L, and the distance between the Stokeslets

points is πw/Ncs, where Ncs is the number of points per

cross section at radius w from the centerline. The helix is

shifted by
√

r2c − y(0)2 along the z-axis to avoid overlap

between the helix and the head. This head also has 2Ncsrc/w
Stokeslets points at each cross-section along the x-axis for

x = (−Lc

2
, πw
Ncs

, . . . , Lc

2
), y = z = 0. Finally, the immersed

microparticles are approximated by tetrahedrons at random

positions rp,i for (i = 1, . . . , Np) and arranged as follows:

rpi1 = rpi , rpi2 = rpi +

√

4

3

⎛

⎜

⎝

0

1

1

⎞

⎟

⎠
, (8)

rpi3 = rpi +

√

4

3

⎛

⎜

⎝

1

0

1

⎞

⎟

⎠
, rpi4 = rpi +

√

4

3

⎛

⎜

⎝

1

1

0

⎞

⎟

⎠
.

The particles are randomly distributed in a volume

V with range of
(

−
Rx

2
, . . . , Rx

2

)

,
(

−
Ry

2
, . . . ,

Ry

2

)

, and

(Rz1, . . . , Rz2) along the x-, y-, and z-axis, respectively,

where Rx = 2H + 0.1 mm, Ry = 2H + 0.1 mm, Rz1 =
−rc − 0.05 mm and Rz2 = rc + L + 0.05 mm are the

boundaries of the workspace in which the microparticles

are randomly distributed. We assume that the microparticles

are stationary and have zero velocities, ui(rpik) = 0 for

i = 1, . . . , Np and k = 1, . . . , 4. This assumption is valid

when the immersed obstacles are not in close proximity to

the helical robot. The velocity of the flow-field caused by

the helical robot decreases with the distance from its surface.

Therefore, this assumption is valid for immersed obstacles

that are not in close proximity to the helical robot.

B. Simulation Results

The velocity of the helical robot is solved numerically

using the inverse of equation (4) to obtain the force at

every Stokeslets boundary point. The total force along the

propulsion axis of the helical robot is calculated using Fz =
N
∑

n=1

gn,3. The velocity of the helical robot is calculated such

that Fz = 0. For each concentration, microparticles are

randomly distributed and the speed of the helical robot is

determined from 20 different simulations. Figs. 3(a)-(e) show

representative simulation results of helical propulsion in a

viscous heterogenous medium with concentrations of 0.01%,

0.03%, 0.1%, 0.3%, and 1%, respectively. The speed of the

helical robot is obtained by averaging the results over 21

complete cycles. The following simulation parameters are

used in our calculations: μ = 1 Pa.s, H = 250 µm, L = 4
mm, w = 120 µm, ǫ = rp/4 and rp = 15 µm.

At ϕ = 0.01% and f = 1 Hz, the average speed of the

helical robot is 52 µm/s. A slight increase in the immersed

particles to 0.03% results in an average speed of 63 µm/s at

f = 1 Hz, as shown in Fig. 3(f). At ϕ = 0.1% and ϕ =
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Fig. 4. The numerical model predicts propulsion enhancement with the
concentration of the immersed obstacles and the actuation frequency of the
external magnetic field. The average swimming speed of a helical robot
is calculated for volume concentration and actuation frequency ranges of
0 ≤ ϕ ≤ 45% and 1 ≤ f ≤ 8 Hz, respectively. At actuation frequencies
of 1 Hz and 8 Hz, the swimming speed increases by factors of 2 and 1.4 for
each 5% increase in the concentration of the obstacles. The average speeds
are calculated for μ = 1 Pa.s, H = 250 µm, L = 4 mm, w = 120 µm,
ε = rp/4 and rp = 15 µm.

0.3%, the average speeds of the helical robot are 102 µm/s

185 µm/s, respectively, at f = 1 Hz (Fig. 3(g)). The average

speed of the helical robot increases to 447 µm/s for ϕ = 1%
and under the influence of rotating magnetic field at 1 Hz, as

shown in Fig. 3(h). Fig. 4 shows the influence of the volume

concentration of the obstacles and the actuation frequency on

the swimming speed of the helical robot for 0 ≤ ϕ ≤ 45%
and 1 ≤ f ≤ 8 Hz. This simulation result predicts that the

swimming speed linearly increase not only with the actuation

frequency but also with the concentration of the immersed

obstacle in the medium. At f = 1 Hz, the swimming speed

is increased by a factor of 2 for an increase of 5% in the

concentration of the obstacles. At f = 8 Hz, the swimming

speed is also increased by a factor of 1.4 for a 5% increase in

the concentration. The speed of the helical robot is measured

experimentally to validate the results of the numerical model.

III. EXPERIMENTAL RESULTS

The theoretical prediction of the regularized Stokeslets

model are compared to experimental results at representative

volume concentrations. A permanent magnet-based robotic

system is used to actuate the helical robot [23].

A. System Description

4-mm-long helical robots with outer-diameter of 500 µm
are contained inside a polyvinyl chloride catheter segment

with inner-diameter of 4 mm. The helical robot consists of a

helical body attached to a cylindrical permanent magnet with

magnetization perpendicular to the helix axis. The catheter is

filled with a mixture of phosphate buffered saline (PBS) and

polystyrene microparticles (PLA-M, plain, 12-00-304, Mi-

cromod Partikeltechnologie GmbH, Rostock-Warnemuende,

Fig. 5. A permanent magnet-based robotic system is used to characterize
the influence of the immersed obstacles on the helical propulsion. The
system consists of two rotating dipole fields 1© and the helical robot is
contained inside a catheter segment 2© between the permanent magnets [23].
The scale bar is 500 µm.

Germany) with average diameter of 30 µm. The density and

viscosity of the PBS are 995 kg.m−3 and 0.888 Pa.s. There-

fore, Reynolds number is calculated as, Re = ρvL/μ ≃

0.044 (average speed is 10 mm/s for actuation frequency of

1 Hz), where ρ and v are the density of the medium and

the speed of the helical robot, respectively. The catheter is

fixed between two rotating permanent NdFeB magnets, at a

distance of 15 mm (Fig. 5) and magnetic field of 5.5 mT is

measured at the position of the helical robot. The magnets

have axial magnetization and their diameter and length are

20 mm and 20 mm, respectively. Rotations of these magnets

are synchronized using DC motors (2322 980, Maxon Motor,

Sachseln). This synchronization decreases the pulling force

along the lateral directions of the helical robot. Motion of the

helical robot is tracked with a high-speed camera (avA100-

120kc, Basler Area Scan Camera, Basler AG, Ahrensburg,

Germany) and a feature tracking algorithm to characterize

its swimming speed.

B. Frequency Response Characterization

The concentration range of the microparticles in the mix-

ture is 5% to 45%. The experimental results show that

helical propulsion is enhanced as the concentration of the

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on January 06,2021 at 08:51:46 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 6. The influence of the volume concentration (ϕ) of the immersed obstacles and the actuation frequency (f ) on the swimming speed of helical
robots is characterized experimentally. Robots are controlled to swim between the rotating dipole fields inside a mixture of phosphate buffered saline and
polystyrene microparticles. (a) The swimming speed of the helical robot increases with the actuation frequency. (b) The swimming speed of the helical
robot increases with the concentration of the immersed obstacles in the medium. The average speeds and standard deviations are calculated from 3 trials
at each frequency and for each concentration.

microparticles increases in the medium. Average speeds

and standard deviations are calculated from three trial at

each actuation frequency and for each concentration. For

ϕ = 0% and f = 1 Hz, the average swimming speed is

measured as 2.4 ± 0.34 mm/s and increases to 13.9 ± 0.15
mm/s for ϕ = 45%, as shown in Figs. 6(a) and 6(b). The

propulsion enhancement is also preserved with the increase

in the actuation frequency. For ϕ = 0% and f = 2 Hz, the

average swimming speed is measured as 5.2 ± 0.07 mm/s

and increases to 23.9 ± 2.6 mm/s for ϕ = 45%. Similarly,

for ϕ = 0% and f = 3 Hz, the average swimming speed is

measured as 7.9 ± 0.47 mm/s and increases to 31.7 ± 1.48
mm/s for ϕ = 45%.

Our measurements and simulation results are in qualita-

tive agreement and show propulsion enhancement with the

concentration of the obstacles. At actuation frequency of 1

Hz, the numerical model and experimental results show that

the swimming speed of the helical robot is 2.42 mm/s and

3.04±0.34 mm/s, respectively, at ϕ = 5%. At ϕ = 15%, the

calculated and measured speeds of the helical robot are 4.8

mm/s and 4.3 ± 0.66 mm/s, respectively. At ϕ = 25%, we

observe a relatively large deviation between simulation and

experimental results. The calculated and measured speeds of

the helical robot are 11.8 mm/s and 5.3±0.35 mm/s, respec-

tively. At ϕ = 35%, the calculated and measured speeds of

the helical robot are 16.6 mm/s and 10.1 ± 0.66 mm/s, re-

spectively. At ϕ = 45%, the calculated and measured speeds

of the helical robot are 21.3 mm/s and 13.9 ± 0.17 mm/s,

respectively. At actuation frequency of 4 Hz, the calculated

and measured speeds of the helical robot are 9.68 mm/s and

11.1± 1.1 mm/s for ϕ = 5% and 28.6 mm/s and 14.6± 0.7
mm/s for ϕ = 15%, respectively. we also obverse deviations

between measurements and theoretical predictions at other

concentrations. For ϕ = 25%, the calculated and measured

speeds are 47.5 mm/s and 19.4 ± 5.8 mm/s, respectively.

Similarly for ϕ = 35%, the calculated and measured speeds

are 66.5 mm/s and 32.9 ± 2.2 mm/s, respectively. Finally

for ϕ = 45%, the calculated and measured speeds are

85.4 mm/s and 44.0 ± 2.3 mm/s, respectively. Therefore,

the calculated speed of the helical robot is greater than the

measured speed by approximately a factor of 2. At actuation

frequency of 8 Hz, the calculated speeds are also greater

than the measured speeds except for one concentration. For

ϕ = 5%, the calculated and measured speeds are 19.35 mm/s

and 22.3± 2.1 mm/s, respectively.

We observe a deviation with a factor of approximately 2.4

between simulation and experimental results for ϕ > 5%.

We attribute the difference between experimental results and

theoretical predictions to the error in the parameters entered

to the numerical models. In addition, we assume that the

immersed microparticles are fixed and have zero initial veloc-

ity. Fixed obstacles enhance the propulsion compared to free

obstacles, as the helical robot pushes itself and move forward

by the fixed obstacles. In experiments, the microparticles are

free to move based on the flow-field caused by the helical

robot. This velocity flow-field influences the surrounding

obstacles based on their distance to the surface of the

helical robot. Therefore, our assumption is only valid for

microparticles that are not in close proximity to the helical

robot and the non-zero velocity of microparticles near the

helical robot result deviation between experiments and the-

oretical prediction. The deviation between the experimental

and theoretical results are more evident at relatively high

actuation frequency. At actuation frequencies of 1 Hz, 4
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Hz, and 8 Hz, the calculated speeds are greater than the

measurements by factors of 1.4, 2, and 2.4, respectively.

This frequency dependence indicates that the velocity of the

immersed obstacles have to be incorporated into the model,

especially at high actuation frequency. The velocity flow-field

of the helical robot depends on its actuation frequency, and

at low actuation frequency the microparticles are influenced

by a relatively low flow-field. Therefore, our model provides

qualitative agreement with the experiments at low actuation

frequency.

IV. CONCLUSIONS AND FUTURE WORK

Helical propulsion in a heterogenous viscous medium is

enhanced by increasing the concentration of the immersed

obstacles. Our simulation and experimental results show that

the swimming speed of the helical robot increases linearly

with the concentration of the immersed obstacles and actua-

tion frequency. Simulations are implemented on a numerical

model based on the regularised Sokeslets method to predict

the Stokes flow at boundary points on the helical robot and

the immersed obstacles. Our numerical model predicts that

the swimming speed is enhanced by a factor of 2 for a 5%
increase in the concentration of the immersed obstacles, at

rotation frequency of 1 Hz, whereas experimental results

show enhancement in the speed by a factor of 1.48. At

relatively high actuation frequency f = 8 Hz, the numerical

model and experimental result show propulsion enhancement

by factors of 1.4 and 1.3 in the swimming speed, respectively.

As part of our future work, we will modify our numerical

model to include the influence of free and fixed obstacles in

the medium. This modification is essential to investigate the

deviations between the measurements and theoretical predic-

tions of this study. We will also investigate the influence of

the size of the immersed obstacles on the helical propulsion

theoretically and experimentally. The size of the immersed

obstacles is likely to vary in several in vivo conditions.

We will also control helical robots against flowing streams

of heterogenous viscous fluids and characterize the effect

of time-varying flow rates on their propulsion. In addition,

our permanent magnet-based robotic system will be used in

the localization and motion control of helical robots. This

modification will be achieved by adding arrays of Hall-effect

sensors to localize the helical robots based on its field and the

pre-calculated field of the actuating magnets. We will also

achieve closed-loop motion control of helical robots inside

ex-vivo models of blood vessels.
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