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Abstract— In travelling towards the oviducts, sperm cells undergo transitions between planar to helical flagellar propulsion
by a beating tail based on the viscosity of the environment. In
this work, we aim to model and mimic this behaviour in low
Reynolds number fluids using externally actuated soft robotic
sperms. We numerically investigate the effects of transition
between planar to helical flagellar propulsion on the swimming
characteristics of the robotic sperm using a model based on
resistive-force theory to study the role of viscous forces on its
flexible tail. Experimental results are obtained using robots that
contain magnetic particles within the polymer matrix of its head
and an ultra-thin flexible tail. The planar and helical flagellar
propulsion are achieved using in-plane and out-of-plane uniform fields with sinusoidally varying components, respectively.
We experimentally show that the swimming speed of the robotic
sperm increases by a factor of 1.4 (fluid viscosity 5 Pa.s) when
it undergoes a controlled transition between planar to helical
flagellar propulsion, at relatively low actuation frequencies.

I. INTRODUCTION
Sperm cells are highly efficient at swimming regardless of
the rheological [1] and physical properties of the background
fluid [2]. They undergo a wide variety of swimming patterns
by a beating tail during their journey towards the ovum.
For example, the spermatozoa of Echinus esculentus execute
transitions between planar and helical flagellar propulsion
based on the external viscosity. Woolley and Vernon [3] have
demonstrated that increasing the viscous load on the cell
results in a transition from planar to helical flagellar propulsion, while a much greater increase in viscosity achieves a
reversion from helical to quasi-planar flagellar propulsion.
Each of these swimming patterns has inspired engineers to
design and fabricate robotic swimmers at micro- and nanoscales [4]-[15]. However, the capability to achieve transitions
between planar to helical flagellar propulsion using the
same robot has not yet been demonstrated. This transition
necessitates the fabrication of soft microrobots or at least
flexible artificial flagellum with a controllable deformation
pattern. Very recently, Huang et al. [16] have integrated selffolded hydrogel tubes to artificially approximate bacterial
flagella and enhance the overall motility of soft microrobots.
It has also been demonstrated that the asymmetric geometry
between the head and tail dominates the motility of the
microrobots at low actuation frequencies. Lum et al. have
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Fig. 1. A soft robotic sperm undergoes transition between planar to helical
propulsion based on the applied magnetic field. t, n, and b denote the
local tangent, normal, and bi-normal directions of the moving Frenet-Serret
frame, and calculated using local deformation vector P(t) (top-right inset).
(a) Planar flagellar propulsion is achieved by applying in-plane uniform
field (B) along direction of motion with a sinusoidally varying orthogonal
component. (b) Wobbling of the head of the robotic sperm is achieved by
applying out-of-plane field. (c) The magnetization (M) of the head enables
transition between planar to helical propulsion. Fields are generated using
an electromagnetic system with 8 coils (bottom-left inset).

proposed a universal programming methodology to achieve
desired magnetization profiles for soft materials and enable
realization of time-varying shapes [17]. A microfabrication
technique based on programmable self-folding has been
presented by Huang et al. [18]. This technique enables fabrication of soft microrobots from thermoresponsive magnetic
hydrogel nanocomposites. Palagi et al. have used structured
monochromatic light to achieve biomimetic undulations using soft microrobots consisting of photoactive liquid-crystal
elastomers [19]. Soft microrobots have also been produced
in a single fabrication step based on the electrospinning
technique [20], [21]. The fabricated microrobot consists
of a magnetic head and an ultra-thin fiber, and achieves
swimming via an external oscillating magnetic field [22]. A
DNA-based self-assembly has been presented by Maier et al.
to attach DNA flagella to biocompatible magnetic microparticles, and propelled via helical flagellar bundle using an
external magnetic field [23].
In this work, we achieve the following: (1) Modeling of
the transition behaviour between planar to helical flagellar
propulsion (Fig. 1) of an externally actuated [24] soft robotic
sperm using a hydrodynamic model based on the resistiveforce theory (RFT); (2) Experimental demonstration of the
transitions between planar to helical flagellar propulsion and
reversion to planar flagellar propulsion using in-plane and
out-of-plane magnetic fields in millitesla range; (3) Charac-
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terization of the swimming properties of the robotic sperms
during transition between the propulsion modes in medium
(silicone oil) with viscosity of 5 Pa.s. The remainder of this
paper is organized as follows: Section II provides modeling
of the robotic sperm based on RFT. Experimental results are
included in Section III, and provide demonstration of the
transition between planar to helical flagellar propulsion and
characterization of the frequency response of each mode in
a viscous fluid. Finally, Section IV concludes and provides
directions for future work.
II. M ODELING OF S OFT ROBOTIC S PERMS

where M and V are the overall magnetization and total
volume of the magnetic particles embedded in the head
of the robot, respectively. Further, B is the total magnetic
field exerted on the magnetic head in the reference frame of
the robot. This field is generated using an electromagnetic
system with 8 electromagnetic coils. The fluid resistance
matrix of the robot is calculated using Br = Bh +Bt , where
Bh denotes the resistance matrix of the head [27], whereas
the resistance matrix of the elastic tail (Bt ) is given by
]
∫ lt [ RCRT
−RCRT St
dl.
(4)
Bt =
St RCRT −St RCRT St
0

Our soft robotic sperm is a beaded fiber that resembles
the morphology of a sperm cell, actuated at a distance in
a viscous fluid using external magnetic field (Fig. 1). The
bead contains iron-oxide particles and enables the robot
to align along external field lines, whereas propagation of
traveling waves along its ultra-thin tail provides a propulsive
force [20]. The equation of motion of the robotic sperm
couples the force and torque vectors of computer controlled
magnetic field, i.e., Fm ∈ R3×1 and Tm ∈ R3×1 , gravitational attraction, i.e., Fg ∈ R3×1 and Tg ∈ R3×1 , and
low Reynolds number hydrodynamics, i.e., Fd ∈ R3×1 and
Td ∈ R3×1 , with the deformation of its tail as follows:
[ ]
]
[
Vr
Fm + Fg
−1
= −Br
,
(1)
Ωr
Tm + Tg

In (4), S ∈ R3×3 , C ∈ R3×3 , and R ∈ R3×3 denote the
local cross product, local resistance coefficients [25], and
the rotation matrices between the local Frenet-Serret frames
(Figs. 1(a) and (b)) and the coordinate frame residing at the
center of mass of the robot, respectively. S and R couple
the structural deformation and lt is the length of the flexible
tail. S is a skew symmetric
matrix
[
] dependent on the local
t
n
b
, where t, n, and b denote
deformation, and R =
the local tangent, normal, and binormal directions throughout
the elastic tail, as demonstrated in Fig. 1. These local vectors
are calculated as follows:
dP/dx
dt/dx
t=
, n=
, b = t × n, (5)
∥ dP/dx ∥
∥ dt/dx ∥

where rigid-body translational and rotational velocities of
the robot are denoted by Vr ∈ R3×1 and Ωr ∈ R3×1 ,
respectively. Br ∈ R6×6 is the fluid resistance of the robot,
including its head and tail, and is time dependent due to local
deformations throughout the tail. Thus, the pure drag acting
on the robot (based on RFT [25]) to balance the magnetic
and gravitational effects is given by
[
]T
[
]T
Fd Td = Br Vr Ωr .
(2)

where P is the local deformation vector, expressed in the
frame of reference of the robot. The deformation of the tail
is approximated by the Timoshenko-Rayleigh beam elements
[28] in all directions. However, the local force balance
for each element is expressed in the Frenet-Serret frames
as follows:
(
)
∂2
∂ 4 φ(t)
∂ 2 φ(t)
∂ 2 φ(t)
−ξ 2 2
(6)
EI
+ ρr A
2
2
2
∂x
∂x
∂x
∂x ∂t
ρ2r ARg2 ∂ 2 φ(t)
ρr I ∂ 2 f (t)
EI ∂ 2 f (t)
= f (t) +
−
,
+
2
2
κG
∂y
κAG ∂t
κAG ∂x2

The pattern of the applied magnetic field with respect to the
magnetic dipole moment of the robotic sperm determines the
mode (Fig. 1) of propulsion (Barbot et al. have utilized the
direction and frequency of rotating magnetic fields to switch
between rolling and cork-screw swimming modes of a helical
swimmer [26]). The magnetization vector of the robot is oriented along its longitudinal axis. Therefore, in-plane uniform
field along direction of motion with sinusoidally varying
components results in planar flagellated wave propagation
along the tail (Fig. 1(a)), whereas out-of-plane field that
follows a cone pointing in the direction of motion achieves
helical wave propagation (Fig. 1(b)). Switching between
these two field patterns results in a transition between planar
and helical propagating waves (Fig. 1(c)). The robotic sperms
can also be pulled by a magnetic field gradient that is not
viable to achieve at a relatively long distance. We model the
magnetic force and torque vectors as
]
[
] [
V (M · ∇) B
Fm
,
(3)
=
VM×B
Tm

where φ(t) is the deformation. E is the Young’s modulus and
I is the second moment of area. Further, ρr and A are the
density of the
) the cross-section area, respectively.
( tailEand
, where Rg , κ, and G are the radius
ξ = ρARg2 1 + κG
of gyration, the Timoshenko corrections for circular crosssection, and the shear modulus, respectively. Finally, f is
the transverse load. We consider that the tail is flexible
but not extensible, and hence the length of the tail remains
constant. The force balance cannot be directly integrated over
local frames, hence we rewrite the total force balance in the
coordinate frame of the robot, using R. The respective local
transverse loads, i.e., along normal or bi-normal directions,
acting on the tail are given by
[ ]
] Vr
[
]T [
T
T
ft fn fb = CR
−CR S
.
(7)
Ωr
The joint between the head and flexible tail is assumed
to be rigid which in turn leads to zero deformation and
deflection at that particular location. Thus, the reaction
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TABLE I
T HE CONTROL INPUTS TO THE ELECTROMAGNETIC CONFIGURATION
DURING PLANAR (epi ) AND HELICAL (ehi ) FLAGELLAR PROPULSION . ω
IS THE ACTUATION FREQUENCY OF EACH COIL .
AT THE POSITION OF THE ROBOTIC SPERM IS
INPUT OF

T HE MAXIMUM FIELD
70 M T USING CURRENT

4 A. C OIL INNER DIAMETER , OUTER DIAMETER , AND LENGTH
ARE 20 MM , 40 MM , AND 80 MM , RESPECTIVELY.

Configuration

Current input

Index (i)
)

(
epi (t) = sin Ωz +

π
4

cos (2πωt)

(
epi (t) = cos Ωz +

π
4

cos (2πωt)

)

ehi (t) = max (0, sin (2πωt − π))

(
(
ehi (t) = max 0, sin 2πωt −

(
(
ehi (t) = max 0, sin 2πωt +

π
2

π
2

ehi (t) = max (0, sin (2πωt))

))

))

1,3,5,7

2,4,6,8

Fig. 2. Trajectory of the center of the head of the robotic sperm is calculated
during transition between planar to helical flagellar propulsion in threedimensional space. The robotic sperm undergoes planar flagellar propulsion
(one cycle) under the influence of control signal epi (t). At time, t= 2
seconds, we switch to control input ehi (t) and the robotic sperm swims
using helical flagellar propulsion for 5 cycles.

1,7

2,8

planar and helical wave propagation are given in Table I. The
time-dependent currents are computed by integrating (9) over
time. We also integrate the velocity vector in the laboratory
frame to determine the position of the robot as follows:
][ ]
[
[ ]
Vr
RLab 0
V
,
(10)
=
0
Iid Ωr
Ω

3,5

4,6

Lab

forces and torques at the joint are calculated as the sum
of the hydrodynamic, gravitational, and structural forces and
torques along the tail, but in the opposite direction. Finally,
the force and torque due to gravity are calculated as follows:
]
[ ] [
(mr − mdisp ) R−1
Fg
r g
,
(8)
=
SFg
Tg
where mr and mdisp are the mass of the robot and the
displaced mass of the medium by the robot, respectively,
g is the gravitational attraction vector, and Rr is the rotation
matrix from robot’s frame of reference to laboratory frame
of reference. The computer controlled driving current of
each coil (Ici ) is modeled with the control signal (emi (t))
as follows:
KR
R
dIci (t)
= emi (t)
− Ici (t)
for m ⇒ p, h.
(9)
dt
L
L
Here, the index m indicates the planar (m ⇒ p) or helical
(m ⇒ h) propulsion, and emi (t) is the ith control signal
to the ith electromagnetic coil. Further, R is the effective
resistance and L is the effective inductance of each driving
circuit combined with its respective coil. K is the amplification factor of the driving circuit. The robotic sperms can only
align along external field lines below 15 Hz. Therefore, we
neglect the capacitive effects. The set of control signals for

where RLab ∈ R3×3 denotes the rigid-body rotation matrix
of the robot in the laboratory frame, and Iid ∈ R3×3 is
identity matrix. Thus, integrating (10) followed by respective
coordinate rotations, one can further calculate the relative
position of the robot with respect to each coil.
Simulations of the planar and helical flagellar propulsion
modes are conducted using a finite-difference computation,
as shown in Fig. 2. The tail is discretized into 250 equally
spaced mesh nodes, and the maximum time step for each full
period of sinusoidal driving current is set to 1/20000 seconds.
Each velocity is obtained by solving (1) and averaging
the results over 5 complete cycles of external oscillating
magnetic field. Fig. 3 shows the magnetic and drag forces
and torques exerted on the robotic sperm during planar and
helical flagellar propulsion in silicone oil with viscosity of
5 Pa.s. The force and torque components are calculated for
each mode of propulsion for a frequency range of 1 Hz to
15 Hz. The components of the drag force (Fdx , Fdy , Fdz ) and
drag torque (Tdx , Tdy , Tdz ), and magnetic force (Fmx , Fmy ,
Fmz ) and torque (Fmx , Fmy , Fmz ) are calculated using (2)
and (3), respectively. The minor and major diameter of the
head of the robotic sperm are 21 µm and 56 µm, respectively.
The total length of the robot (L) and the length (lt ) of the tail
are 141 µm and 85 µm, respectively. The radius (rt ) of the
tail is 3 µm. The density (ρ) and viscosity (µ) of the medium
are 913 kg/m3 and 5 Pa.s, respectively. Fig. 3(a) indicates
the drag force along the long axis of the robot (direction of
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Fig. 3. Simulation results of the drag and magnetic force and torque components exerted on a robotic sperm. The drag and magnetic forces and torques are
calculated for planar flagellar propulsion, helical flagellar propulsion, and transition between planar to helical flagellar propulsion. The drag and magnetic
forces and torque are calculated using (2) and (3), respectively.

forward propulsion). This force indicates that the propulsion
of the robotic sperm is influenced by the swimming mode.
For planar flagellar propulsion (solid-blue curve), the drag
force is less than that of helical flagellar propulsion by a
factor of 6 for frequency of up to 3 Hz. Above 3 Hz, the
difference between drag forces of planar and helical modes
along the propulsion direction decreases.
Fig. 3(a) also provides the exerted magnetic forces on the
robotic sperm during each swimming mode. The difference
between the drag and magnetic forces along direction of
propulsion is on the order of O(10−4 ) µN. Therefore, we
can ignore the influence of the magnetic field gradient of
the electromagnetic configuration on the propulsion of the
robotic sperm. Figs. 3(b) and (c) provide the drag force and
magnetic force components along the lateral directions of the
robot, respectively, whereas Figs. 3(d), (f), and (g) show the
components of the drag and magnetic torque.
III. P LANAR TO H ELICAL F LAGELLAR P ROPULSION
Soft robotic sperms are fabricated using electrospinning as
described previously [20]. The samples are prepared using
polystyrene with concentration of 17 wt % in dimethyl
formamide. Iron-oxide particles (45-00-252 Micromod Partikeltechnologie GmbH, Rostock-Warnemuende, Germany)
are used to provide magnetic dipole to the samples. The
weight ratio of the particles to polystyrene is 3:2, and the
electric field potential is adjusted to be 150 kV/m. The
solution is pumped at flow rate of 1 mL/h. Swimming of
the robotic sperms is studied in silicone oil (Calsil IP 5.000,

Caldic, Rotterdam, The Netherlands) of viscosity 5 Pa.s in a
deep chamber of 2 cm depth using a microscopic unit (MF
Series 176 Measuring Microscopes, Mitutoyo, Kawasaki,
Japan). Videos are acquired using a camera (avA1000120kc, Basler Area Scan Camera, Basler AG, Ahrensburg,
Germany) and a 10× Mitutoyo phase objective. The chamber
is contained in the common center of 8 electromagnetic
coils that are supplied with input currents independently.
Each electromagnetic coil (inner-diameter 20 mm, outerdiameter 40 mm, and length 80 mm) has 3200 turns and
thickness of the wire is 0.7 mm, and generates maximum
magnetic field of 70 mT (using current input of 4 A) in
the workspace. The field is measured using a calibrated 3axis digital Teslameter (Senis AG, 3MH3A-0.1%-200 mT,
Neuhofstrasse, Switzerland).
In experiments with planar flagellar propulsion, the magnetic head of the robotic sperm is controlled to oscillate and
remain in the same plane with the long axis of the robot.
This swimming pattern is achieved using the control input
epi (Table I). Transition to helical flagellar propulsion is
achieved by switching between control signals epi and ehi .
Fig. 4 shows a representative trial of transitions between
planar to helical and helical to planar flagellar propulsion.
At time t=6 seconds, the control signals epi are applied to
the 8 electromagnetic coils and the robotic sperm achieves
planar flagellated swim at an average speed of 5.7±0.37
µm/s (n=5), at frequency of 1 Hz. At time t=47 seconds,
we switch to control signal ehi and observe that the robot
wobbles around its long axis to achieve helical flagellar
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Fig. 4. A representative flagellated swim of a robotic sperm under the influence of an oscillating magnetic field. At time, t=6 seconds, in-plane uniform
field along direction of motion with sinusoidally varying components are applied and results in planar propulsion at an average speed of 5.7 µm/s. At time,
t=46 seconds, out-of-plane field that follows a cone pointing in the direction of motion (x-axis) achieves helical propulsion at average speed of 15.2 µm/s.
The solid and dashed lines indicate the speed of the robot during planar and helical propulsion, respectively. Please refer to the accompanying video.

beat. The average speed is increased to 15.2±2.1 µm/s, at
frequency of 1 Hz. At time t=119 seconds, we reverse the
propulsion mode back to planar and the speed of the robot
decreases to 5.7 µm/s. Finally, at time t=145 seconds, we
switch to helical propulsion mode and the swimming speed
is calculated to be 15.2 µm/s. Maximum magnetic field of
70 mT and 65 mT are measured at the position of the robotic
sperm for the planar and helical control signals, and magnetic
field gradient has negligible influence on the speed of the
robots in each propulsion mode (Fig. 3(a)). Please refer to
the accompanying video.
In a second series of experiments, we study the frequency
response of the robotic sperms during planar and helical
propulsion. We calculate the speed of the robot along xaxis (parallel to the long axis of the robot). Each trial is
done using the same robotic sperm and speeds are calculated continuously while switching between planar to helical
modes. The frequency response of the two swimming modes
is shown in Fig. 5. At ω= 1 Hz, helical propulsion achieves
flagellated swim at average speed greater than that of planar
flagellar propulsion by a factor of 3, whereas our theoretical
results predict a factor of 3.3 at the same actuation frequency.
Similar response is observed at ω=2 Hz, and average speed
of 7.8±0.65 µm/s (n=5) and 16.2±0.81 µm/s (n=5) are
measured for planar and helical propulsion, respectively. At
this frequency, the measured speed during helical propulsion
is greater than that of planar propulsion by a factor of 2,
while our model predicts a factor of 1.72. We observe a
sudden decrease in the speed of the robotic sperms at ω=3 Hz
to 6.5±0.4 µm/s (n=5) during helical propulsion, whereas
the planar flagellar propulsion undergoes a slight decrease in
average speed to 7.6±0.9 µm/s (n=5). The measured speeds
of the robotic sperm during planar and helical propulsion are
almost equal at actuation frequency of approximately 2.8 Hz.
The calculated speeds differ by an order of magnitude from
the measurements. The differences between the theoretical
results and measurements are attributed to errors in some of
the parameters that enter the model, such as the magnetic

properties and geometric aberrations of the robotic sperm,
modulus of elasticity of its flexible tail, and the electric properties of the coils. Errors in the magnetic properties result
in a deviation in the calculated magnetic torques exerted on
the robot, whereas geometric aberrations result in a different
fluid drag on the body, and different local deformation along
the tail. Deviations in the electric properties between the coils
result in deviations between their response time. These deviations influence our theoretical predictions as the RFT for
wave propagation, which is embedded in our model for timedependent velocity and force predictions, is initially based on
time-averaged analysis. Therefore, accurate parameters of the
model are necessary for time-dependent predictions.
IV. C ONCLUSIONS AND F UTURE W ORK
In this work, we demonstrate the ability of externally
actuated soft robotic sperms to swim using planar and
helical flagellar beat and switch back and forth between
these swimming modes. Two patterns of magnetic fields
are implemented to enable the robots to undergo transitions
between the planar and helical modes of propulsion. Our
experimental results show that transitions between planar
to helical flagellar beat increase the swimming speed from
5.7±0.37 µm/s (n=5) to 15.2±2.0 µm/s (n=5), at frequency
of 1 Hz. We use the same electromagnetic system and robotic
sperm to demonstrate the propulsion using two different
and consecutive wave propagation methods. This technique
allows us to compare the performance and efficiency of
the wave geometries since all physical parameters remain
invariant.
As part of future studies, we will repeat our experiments
in fluids with various viscosities to test the efficiency of
planar and helical propulsion. The ability of microrobotic
systems [3], [10], [11] to switch between propulsion modes
to maintain relatively high swimming efficiency is essential
for navigation in bodily fluids (with different viscosities)
to perform targeted diagnosis, targeted therapy, and broad
biomedical applications [30], [31]. Therefore, It is also
essential to repeat our experiments in a medium with variable
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Fig. 5. Frequency response of a robotic sperm during planar and helical
flagellar beat in silicone oil of viscosity 5 Pa.s. The planar and helical
propulsion are achieved using control signals epi (t) and ehi (t), respectively. The length, head diameter, tail radius are 140 µm, 56 µm, and 3 µm,
respectively. Mean and standard deviation (s.d.) are calculated for 5 trials
for each mode at each frequency ω. Please refer to the accompanying video.

viscosity to demonstrate the ability of the soft robotic sperm
to maintain its speed via controllable transitions between
modes. In addition, the modulus of elasticity and magnetization of the samples will be measured and entered to the
model to decrease the deviations between the experimental
results and our theoretical prediction.
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