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Abstract: The use of soft swimming microrobots as drug carriers is a rapidly developing sector of medical technol-
ogy. In this research, simulations are run with a mathematical model that is capable of magnetic actuation of the head
of soft microrobots. The actuation frequency, stifness of the tail and taillenght are variables that influence the swimming
speed and travelpath of the microrobots. When increasing the amount of flagella the propulsive force increases, but also
the variable of phase difference is introduced. This new variable and the extra flagella, results in a change in optimum
variables and travelpath. It is shown that increasing the number of flagella has a positive effect on the swimming speed of
the microrobot. But to optimize this increase in swimmingspeed, all variables need to be matched with the number of flagella.

1 Introduction

In the systematic treatment of cancer, anti-cancer drugs are
used that are administered in pill form or intravenously [10].
In this method healthy cells are also affected by the anti-
cancer drug, causing unwanted side-effects, such as fatigue, di-
arrhea, nausea and vomiting along with muscle cramps, mus-
culoskeletal pains, rash and edema. Other toxicities include
cytopenias, hepatotoxicity, and cardiac toxicity [13]. Because
currently the specific cancer cells can not be localized and tar-
geted, the concentration of cancer drugs needed is also higher.
This is due to that everywhere in the body the concentration
of anti-cancer drug needs to be sufficient. As an alternative
nanoparticles are used to target unwanted cells. These par-
ticles contain a specific amount of anti-cancer drugs and can
cluster together at the tumor site. By using these nanopar-
ticles we are able to only target the area around the tumors,
thereby decreasing the negative side effects. A big challenge
with nanoparticles is that the immune system responds to
these particles as pathogens. This results in the nanoparti-
cles being attacked by the immune system. Another disadvan-
tage of these nanoparticles is that they randomly circulate the
body [15]. They only cluster around the tumor site because of
the big holes in the vessel walls caused by angiogenesis. These
holes in the vessel wall do not arise with all types of cancer,
and therefore nanoparticles are not always a viable solution.
To overcome this challenge, The use of small-scale untethered
mobile robots will be considered. [12] [16]

1.1 Biomedical applications for microrobots

These robots have high scientific and societal potential for
healthcare and bioengineering applications. As an alterna-
tive to existing tethered medical devices such as flexible en-
doscopes and catheters.Motivated by the capsule endoscopes
already in clinicaluse, researchers have explored a number of

technologies to expand the capabilities of these devices. If we
were able to create microrobots with a maximum dimension
of only a few millimeters or less, additional locations in the
human body would become available for wireless intervention,
including the circulatory system, the urinary system, and the
central nervous system, while being minimally invasive. These
are locations which have not been possible to access currently
with any medical device technology.

1.1.1 Design of a mobile milli/microrobot

In bioengineering, We define a mobile microrobot as a mobile
robotic system where its untethered mobile component has
all dimensions less than 1 mm and larger than 1 m and its
mechanics is dominated by microscale physical forces and ef-
fects. There are two main approaches of designing, building,
and controlling mobile medical small-scale robots:

On-board approach: Similar to a typical macroscale mo-
bile robot, the untethered, self-contained and self-propelled
miniature robot has all on-board components to operate au-
tonomously or with a remote control.

Off-board approach: The mobile, untethered component of
the milli/microrobotic system is externally (off-board) actu-
ated, sensed, controlled, or powered.

Since various commercial on-board components exist for mil-
lirobots, on-board approach is possible for millirobots while
such components are not readily available for microrobots.
Thus, most of the current mobile microrobotics studies in lit-
erature have been using the off-board approach, and therefore
our microrobotics definition also covers such studies.
The big challenge is to design a mobile milli/microrobot for
a specific biomedical task to achieve optimal operational per-
formance, such as the shortest operation duration, minimum

1
145



power consumption, and largest area coverage, while con-
strained by software, hardware, manufacturing, motion, con-
trol, lifetime, and safety. When focussing on motion and con-
trol many methods have been proposed. The motion and
control is devided into 3 parts: propulsion method, type of
actuation and localization.

1.1.2 Propulsion and actuation

For the type of propulsion the 4 types are mostly found in
literature: Helical Propulsion, Traveling-Wave Propulsion,
Pulling with Magnetic Field Gradients and the propulsion by
Clinical Magnetic Resonance Imaging System. These 4 types
of propulsion are combined with different techniques of ac-
tuation. Inductive powering and radio frequency, microwave
radiation, and piezoelectric ultrasound systems are promising
options.

1.1.3 Localization

When the way of propulsion and actuation are determined,
the cells need to be localized to achieve active control. Lo-
calizing the microrobots is done in various ways: eye tracking
is possible through simple components such as microscopes
and cameras combined with image-processing techniques, but
this is only possible in the retina of the eye. Electromag-
netic and magnetic tracking:The underlying principle in elec-
tromagnetic tracking is the use of a pair of devices: One acts
as a field generator, and the other acts as a sensor The gener-
ator emits a low-frequency electromagnetic field that induces
a voltage on the pick-up coils of the sensor. Because this
voltage is a function of distance and orientation, localization
is possible. Magnetic Resonance Imaging can also be used
to localize microrobots. This is the same equipment as used
for the propulsion by MRI. Computed Tomography and Flu-
oroscopy, CT scans offer very good low-contrast resolution
and are capable of reconstructing the final image in 3D. How-
ever, when compared with similar technologies, higher doses
of radiation must be employed. Ultrasound,for localization
in soft tissue—compared only ultrasound combines good res-
olution, minimal adverse health effects, high speed, safety,
adequate frame rates , and low cost. Infrared and Emitted
Radiation, using infrared (IR) radiation to track a microrobot
requires that it occupy a higher temperature state than the
surrounding body tissue. This is difficult to achieve because
the microrobot’s small volume leads to almost instantaneous
thermal equilibrium with its environment.

1.2 Propulsion of soft swimming micro-
robots

Sperm cells are capable of moving with the help of a flagellum.
By controlling the flagellum the trajectory of the sperm cell
can be controlled. To control the sperm cells, they are coated
in magnetic material creating a class of biohybrid microrobots
which we refer to as IRONSPerm [8][18]. They are magne-
tized by adhering magnetic particles to their surface. These
IRONSperm cells are actuated by magnetic forces, which re-
sults in them being able to move in various directions. In

nature, it occurs that 2 organic sperm cells collide and form
a bundle of cells with enhanced movement. A bundle is de-
fined as a group of multiple sperm cells, connected by elec-
trostatic forces, either magnetically, or via forces caused by
the zeta potential.[14] By bundling multiple sperm cells: the
drug-carrying capacity is increased, they are easier actuated
because of more magnetic material and the cells can be bet-
ter tracked with medical equipment. A mathematical model
exists of these swimming soft microrobots. [17][9] But this
model has not been verified with experimental data.

1.3 Goal of the research

Research into utilizing magnetic actuated swimming soft mi-
crorobots will be done. Research about the movement of these
soft swimmers will be done. The model predicts the thrust,
speed, and trajectory of a swimming soft microrobot, depen-
dant on the number of flagella. The goal of the research will
be to determine how this model represents these bundles and
to see if there is an optimum in the number of flagella a mi-
crorobot can have. There is previous research done on the
magnetic actuation of bundled sperm cells. This resulted in
a mathematical model that can determine the velocities, the
force of a bundle, the trajectory, deformation of the tail and
shows the effect depending on the number of tails. These
results all depend on the strength of the magnetic field, the
frequency with which the magnetic field changes, phase differ-
ence, the elasticity of the tail, and the length of the tail. This
model has only been verified by comparing it to results found
in literature and not to found experimental data. To verify
the model and use it to determine the best way a bundle can
be actuated, the following question will be answered as part
of the bachelor assignment:

• What is the relation between the number of flagella and
the rate of change of propulsive drag and passive drag?

This main research question is:

• What is the net propulsive force of a swimming soft
microrobot with multiple flagella?

This question is supported by answering and validating the
following questions:

• Does increasing the number of flagella improve the
swimming speed of a swimming soft microrobot?

• What is the relation between swimming speed and the
number of flagella.

2 Bundles of sperm cells

2.1 Sperm cell

Starting with the basics, a sperm cell consists of 4 parts, the
head, midpiece, principal piece, and distal end as seen in Fig-
ure 1. For the reasons of simplicity, we will see the sperm cell
as 2 parts: the head, and tail. All of these parts have different
characteristics and purposes. The head of the sperm cell is an
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Figure 1: The structure of a bovine sperm cell and the Rice grain-shaped nanoparticles adhered to the sperm cells head

oval-shaped object. In this head, all the genetic material, nu-
cleus, and organelles are located. For this research, only the
shape and size and the resulting drag forces are of interest.
the normal size of the head is about 11 μm and the normal
width is 6 μm [7]. The tail of a sperm cell consists of the
flagellum and the midpiece. The flagellum uses motor units
to produce a screw-like movement in a fluid, or a sinusoidal
movement near surfaces. In this specific case, the sperm cells
are not motile by themselves and are actuated at the head.
Because of this, we can see the midpiece as a part of the tail.
The length of the tail is between 60 and 70 μm long. the tail
radius is 0.2μm.

2.2 Production of sperm-shaped magnetic
microrobots

Non-motile cells are coated with rice grain-shaped nanopar-
ticles at the head of the cell. A solution of FeCl3 H2O is
aged with NaH2PO4 for 72 h at 100 C, resulting in positively
charged elongated 100 nm iron oxide nanoparticles that ad-
here to the negatively charged bovine sperm cells as seen in
Figure 1. [6] The assumption is made that all these particles
are dis- tributed uniformly over the head of the bundle, and
that they are not present anywhere else on the cell.

3 Movement of magnetic actuated
swimming soft microrobots with
multiple flagella

3.1 Movement of magnetic actuated soft
swimmer

The way a sperm-like soft swimmer moves, is not similar to
motile sperm cells. When the magnetically actuatable head of
a sperm cell is not aligned with the magnetic field, the mag-
netic force on the head causes a rotation of the head. The
head will rotate till it reaches the state that the magnetic
force and the drag forces on the head are in equilibrium. This
rotation of the head causes a wave through the tail or tails.
This wave travels along the tail till an equilibrium of elastic
and drag forces is reached over the whole tail. If the angle
of the magnetic field is constantly changing, there will be a
constant moment on the head of the soft swimmer. This also
results in constant wave propagation through the tail, because
an equilibrium of forces is never reached. In figure 2 the wave
produced by these forces is displayed.

The movement that is created can be separated into two
distinct parts: the power stroke, and the recovery stroke. The
power stroke is defined as a movement of the tail in the direc-
tion of the center line, while the recovery stroke is a movement
away from the center line. Various parameters such as length,
frequency, and amplitude affect the resulting shape.

Figure 2: three frames of a soft swimmer getting actuated by a moment on the head and Standard terminology for variables
measured
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3.2 Comparing of sperm cells and soft swim-
mers

Sperm motion is typically analyzed using four parameters:(1)
curvilinear velocity (VCL), which describes the actual sperm
path; (2) average path velocity (VAP); (3) straight line ve-
locity (VSL); and (4) linearity (LIN=VSL/VCL), which is a
measure of the straightness of the path shown in figure 2. [1]

3.3 Mathematical model

A mathematical model that simulates the displacements and
the interactions of these soft microrobots were used. Within
this model, the assumption is made that the soft swimmers
are moving through a fluid at a very low Reynolds number of
the order 10−3 − 10−5. This is a valid assumption because of
the very small length of the filaments which is directly linked
with the Reynolds number.

3.3.1 Displacements of the flagella

As stated in the previous section, the deformation of the tail
is governed by a balance between the elastic and drag forces.
The displacement of the tail is described as a set of tangent
angles between segments of the tail. The governing equation
by these elastic and drag forces is [8]:

ki
∂4φi

∂s4
+ ξ⊥

∂φi

∂t
= 0, (1)

Where ki and ξ⊥ are respectivily the bending stiffness and
normal drag coefficient. By implementing the boundary con-
ditions that the connection between the head and the tail does
not change, the first segment is oscillating according to the
function of the magnetic field and the end of the tail is free
and therefore has no moments of forces.The tangent angle is
approximated by

∂φ(0, t)

∂s
≈ −φ1 + φ2 = B sin(ωt+Δφ). (2)

This results in a 1D differential equation that is solved using
the implicit method. [5] Before the 1D differential equation
can be solved, space and time steps need to be defined. The
space step Δs defines the length of a tailsegment, and the
time step Δt will define the time between each measurement.
By discretizing equation 1 and implementing these time and
space steps.The fourth-order derivative of the tangent angle
is calculated by using

(3)
∂4φ(s, t)

∂s4
≈ 1

Δs4
(φ(s+ 2Δs, t)− 4φ(s+Δs, t) + 6φ(s, t)

− 4φ(s−Δs, t) + φ(s− 2δs, t)),

and the resulting derivative as:

∂φ(s, t)

∂t
≈ ξ⊥

k

φ(s, t)− φ(s, t−Δt)

Δt
. (4)

Using the implicit method on these equations, the equation
for an arbitrary tailsegment is:

φi+2−4φi+1+(6− ξ⊥Δx4

kδt
)φi−4φi−1+φi−2 =−ξ⊥Δx4

kδt
φi,t−1

(5)

To solve these equations for a large number of tailsegment,
the following matrix is constructed:

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 0 0 0 0 0 · · · 0
−1 1 0 0 0 0 · · · 0
1 −4 F −4 1 0 · · · 0
0 1 −4 F −4 1 · · · 0
...

. . .
. . .

. . .
. . .

. . .
. . .

...
0 · · · 1 −4 F −4 1 0
0 · · · 0 1 −4 F −4 1
0 · · · 0 0 −1 3 −3 1
0 · · · 0 0 0 1 −2 1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

φ1

φ2

φ3

φ4

...
φn−1

φn

φn+1

φn+2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0
B sin(ωt+Δφ)

Gφ3,t−1

Gφ4,t−1

...
Gφn−1,t−1

Gφn,t−1

0
0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(6)

Where F = 6− ξ⊥Δs4

κΔt and G = − ξ⊥Δs4

κΔt . Solving this results
in the angle and displacement in the y-direction for each tail
segment. To obtain the total displacement of the tail, the
length of each segment in the x and y directions needs to be
calculated. So the coordinate vector of a segment on the tail
is calculated by:

r (si, t) =

(
x (si, t)
y (si, t)

)
=

( ∑s1
j=0 Δs cos (φ (sj , t))∑s1
j=0 Δs sin (φ (sj , t))

)
(7)

These values need to be added to the previous segment to and
will result in the total displacement of the tail with respect
to time, this is shown in Figure 4.
Now the total displacement of the tail and the length, an-
gle, and displacement of each tail segment is known. This is
shown in Figure 3.

Figure 3: The displacement of the tail and the decomposed
velocity of a tailsegment.

Because the forces that are produced by the tail are necessary
to determine the velocity of the cells, The resistive force theo-
rem is applied. The resistive force theorem (RFT) is a which
describes the interaction between the fluid and the flagellum
[4]. This theorem requires a transverse and longitudinal ve-
locity of a tailsegment to calculate the produced thrust and
drag forces of that segment. Because the displacement of a
tailsegment is described in Equation 7 we can determine the
velocity of the segment as follows:

v(s, t) =
∂r(s, t)

∂t
= ṙ(s, t) (8)
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This v can be decomposed in its normal (v⊥) and tangential
(v‖) components. By multiplying these with the correspond-
ing tangential drag (ξ‖) and normal drag (ξ⊥), the normal
and tangential forces are determined:

δF = δF‖ + δF⊥ = v‖ · ξ‖ + v⊥ · ξ⊥ (9)

where ξ⊥ and ξ‖ are the constant and the normal and tan-
gential drag.

ξ⊥ =
4πμ

log(tl/tr) + 0.193
(10)

ξ‖ =
2πμ

log(tl/tr)− 0.807
(11)

This is visualized in Figure 5.

Figure 5: The decomposed velocities, forces and the total
force vector caused by displacement in the x and y direction.

Where δF is the resultant thrust of a tailsegment, which con-
tains transverse and longitudinal parts.This is shown in fig-
ure 5. A tailsegment can only produce a positive longitudinal
force if Vy > Vxcosθ, where θ is the orientation of the seg-
ment. and when ξ⊥ > ξ‖ By integrating over an entire cycle,
the total propulsive force can be determined. The tangential
(ξ‖) and normal drag coefficients (ξ⊥) in combination with
the magnitude of the total force, can be used to calculate the
swimming speed of the bundle of sperm cells.

3.3.2 Interflagellar interactions

The interactions between the flagella are based on the forces
derived from the RFT and are calculated by a model that can
calculate the effects of the force that one tail creates can have
on another tail. This is modeled by the use of the method
of regularized stokeslets [3]. This method is a Lagrangian
method to determine Stokes flow driven by forces distributed
at material points in a fluid. The principle of superposition
is used to determine exact solutions of the Stokes equations
when forces are given by a cutoff function. The regularized
stokeslets function can be implemented into the flexible beam
deformation equation to get a new function for flagellar defor-
mation with coupling. This results in a function that accounts
for the flagella deformation caused by the interactions.

3.3.3 Swimming speed

To calculate the swimming velocity of the soft swimming mi-
crorobots, the drag of the head and the total propelling force
of the bundle needs to be calculated. The head is assumed to
be an oval which is similar as Figure 1. The drag forces on
the head is split up in 2 parts, the linear drag force and the
relation between torque and rotation of the head [2]:

Fdx = 6aμπvxC1, (12)

Fdy = 6aμπvyC2 (13)

MG = 8aμπb2ωC3 (14)

where μ is viscosity, a the major axis and b the minor axis.
C1, C2 and C3 are the following constants:

C1 =
8

3
e3(−2e+ (1 + e2) ln

(
1 + e

1− E

)−1

(15)

C2 =
16

3
e3(2e+ (3e2 − 1) ln

(
1 + e

1− E

)−1

(16)

Figure 4: The angels and corresponding tail deformation of a tail devided in 20 segments.
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C2 =
4

3
e3(

2− e2

1− e2
(−2e+ (1 + e2) ln

(
1 + e

1− E

)−1

(17)

Where e =
√
1− b2

a2 . With this, the swimming speed can be

calculated. By taking the Riemann sum of all forces caused
by each segment for all tails the speed is calculated. By using
the angle σ of the head, the x and y components of the ve-
locity can be determined. With the velocities vx and vy the
cartesian position of the cell can be calculated. With these
positions and the know timesteps, the VSL, VCL, and LIN
can be calculated as follows:

V SL =

√
x2 + y2

tsimulation
(18)

V CL =
1

m

tsimulation∑
t=0

√
v2x + v2y (19)

LIN =
V SL

V CL
· 100% (20)

3.4 Spermnumber

To be able to compare the parameters VSL,VCL,LIN and
propulsive force ,while varying all physical properties of the
sperm cells, an dimensionless variable is required. For soft
microrobotics with wave propagating along its filament, the
sperm number can be used. The sperm number (Sn) is the
taillenght (Ltail) devided by the scale length (L0):

Sn =
Ltail

L0
(21) L0 = 4

√
K

ωξ⊥
(22)

Where the scale length is determined by angular velocity(ω),
the tails bending stiffness (K), and the normal drag coeffi-
cient (ξ⊥). Where K and ω are:

K = EAR2
g (23) ω = 2πf (24)

With Young’s Modules (E), cross-section (A), Radius of gy-
ration (Gr) and the actuation frequency (f). The sperm
number has a maximum value of 2.1 [11]. By making use of
the spermnumber, we can compare the 4 parameters (VSL,
VCL, LIN, and propulsive force) while varying the taillength,
frequency, and the stiffness of the tail.

4 Effects of different variables

To determine the difference between the swimming abilities
of a soft swimmer with 1 flagellum and a soft swimmer with
multiple flagella, we first need to determine what the effect of
changing the variables: frequency, tail length, and stiffness of
the tail are.

4.1 frequency

The actuation frequency is the frequency at which the mag-
netic fields change. If this frequency increases the angular
velocity of the head also increases. As seen in Figure 7 the
optimum for the frequency lies at a spermnumber of 1.75.
This frequency is also called the step-out frequency.

4.1.1 Magnetic force

The magnetic force has a direct impact on the step-out fre-
quency. If the sperm cell is actuated with a frequency below
the step-out frequency, the magnetic force is strong enough
to align the head of the sperm cell with the magnetic field.
If the soft swimmer is actuated with a frequency above the
step-out frequency, the magnetic force is not strong enough to
completely align the head of the sperm cell. When the head
does not align with the magnetic field, the deformation of the
tail will decrease. The more you will increase the frequency,
the deformation will become smaller until eventually, the fila-
ment will not deform at all. Therefore the step-out frequency
is the optimal frequency to operate on. If you want to actuate
the sperm cell on higher frequencies, you simply need to use
a stronger magnet to create a stronger magnetic force.

4.2 length

The tail length has direct influence on the propulsive force. A
longer tail can produce a higher propulsive force, but a longer
tail also means more drag.

f ≈ (
ξ⊥ − ξ‖

) ∫ L

0

(
∂y

∂t

∂y

∂x

)
dx (25)

As derived in Equation 25 when increasing L, the integral part
increases. But when increasing the taillength the normal and
tangential also increase. Equations 10 and 11 show the rate
at which this happens, when the log(tl/tr) = 0.807 or higher
the propulsive force will start to decrease. As seen in Figure
7a, this optimum for the tail length lies at a spermnumber of
2.1. This means that for the optimum propulsive force you
want a tail that is 2.1 times the scale length.

4.3 Stiffness

The stiffness of the tail has a big impact on the deflection of
the tail. While moving the elastic forces in the filament must
equal the viscous forces. The elastic forces tend to restore
the shape of the filament and the viscous forces oppose the
motion. Stiffness has a direct impact on the elastic forces. By
this direct impact on the elastic force, the bending stiffness of
the filament together with the actuating frequency determine
the wave pattern of the filament as seen in equation 21. As
seen in equation 25,∂y∂t

∂y
∂x has a big impact on the propulsive

force. When the filament has high stiffness, it will become
rigid, resulting in a low production of propulsive force while
still producing drag force. when the stiffness becomes too
low, the elastic forces are very low and therefore there will
be less viscous force exerted on the filament resulting in less
propulsive force. In Figure 7d it is seen that the propulsive
force and Linearity both peak around the spermnumber value
of 2 so with equation 21 a perfect combination between stiff-
ness and taillenght can be determined.
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(a) effect of the variables on the propulsive force (b) effect of the variables on the VSL

(c) effect of the variables on the VCL (d) effect of the variables on the Linearity

Figure 7: The effect of the variables on the Propulsive force, VSL, VCL and Linearity.

5 Effects of increasing the number
of flagella

When increasing the number of flagella an extra variable is
introduced. The phase difference between the flagella. For
the case of 2 flagella, as discussed in this section, we will
discuss the variables: Phase difference, actuation frequency,
tail length, and stiffness of the tail.

5.1 Phase difference

The phase difference is implemented as the angle difference
of which the flagella are connected to the head. The
propulsive force produces by a tailsegment depends on its
orientation with the propulsive axis. When increasing the
number of tails from 1 to 2, and not letting them beat in
sync, the propulsive force will be more constant. The
orientation of a tailsegment is dependent on the taillength,
tail stiffness, actuating frequency, and the connection of the
first segment with the head. Therefore it is hard to
determine when the mean propulsive force of a swimmer
with 2 tails is the highest. This is investigated by fixing 1
flagellum on a certain angle and varying the other flagellum
with an angle of −π to π.

Figure 8: The effect of the phase differenc on the propulsive
force.

As seen in Figure 8 the highest propulsive force is reached
for a phase of 0.65 π. In this particular case, the other
flagellum was fixed with a 0 angle to the head of the cell.
For all of the next results in this section about 2 flagella
cells, a phase difference of 0.65 π is used.
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(a) effect of the variables on the propulsive force for 2
flagella

(b) effect of the variables on the VSL for 2 flagella

(c) effect of the variables on the VCL for 2 flagella (d) effect of the variables on the Linearityfor 2 flagella

Figure 9: The effect of the variables on the Propulsive force, VSL, VCL and Linearity for 2 flagella.

5.2 Frequency

When comparing Figure 7 with Figure 9 you notice a small
shift in the peaks. When specifically comparing the propul-
sive forces from Figures 7a and 9a. The peak of the propulsive
force is shifted from 1.75 towards 1.85. Also, the Propulsive
force for the 2 flagella cell is almost a magnitude 3 higher.

5.3 Length

Changing the taillength for 1 or 2 flagella cells has no im-
pact on the position of the peak position, in both cases, the
peak lies at a spermnumber of 2.1. The difference lies in the
magnitude of the peak and the decrease of propulsive force
after the peak. The peak propulsive force for 2 flagella is 2.5
times higher than the peak propulsive force of a cell with 1
flagellum. The interesting thing is that in the case of 2 flag-
ella the propulsive force decreases much slower. Where the 1
flagellum cell has a decrease of 30%, the propulsive force of a
2 flagella cell only decreases with 10%.

5.4 Stiffness

Similar to the taillength, varying the stiffness of the flagella
has no direct impact on the peak position for the propul-

sive force. The peak of the propulsive force remains at a
spermnumber of 2. The value of the propulsive force at this
peak is also increased with a magnitude of 2.5. The shape of
the plots for the VSL, VCL and LIN stay the same and only
change slightly in magnitude as seen in Figures 7c, 7b, 9c and
9b.

6 Comparing the motion of 1 and 2
flagella soft swimmers

In this section, the difference each variable has on a
swimming soft microrobot with 1 and 2 flagella. All four
parameters to compare the motion are discussed. when
changing the variables for both robots.

6.1 VSL & VCL

The straight line velocity and curvilinear velocity are
discussed together. When comparing the VSL and VCL
from Figures 7c, 9c, 7b and 9b, you notice a big difference in
the curvilinear velocity. For all variables, the VCL of the
robot with 1 flagellum is about a factor 2 higher, while the
VSL of the robot with 2 flagella is slightly higher.
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This is caused by the fact that the transverse velocity of the
2 tailed robot is decreased much more than the longitudinal
velocity is increased. This impacts the VCL a lot, but the
total curve of the path of the robot is also a lot smaller.

6.2 LIN

After noticing the increase in VSL and decrease in VCL for
a 2 tailed robot, it is expected the linearity would be higher,
and that is indeed the case. The only difference is around a
spermnumber of 2.6 when varying the frequency, this is due
to the fact that the VCL here of the 1 tail robot VCL
decreases drastically.

6.3 Propulsive force

As aspected 2 flagella produce twice the propulsive force of 1
flagellum with the same properties.

6.4 Travelpath

After determining the impacts of the variables on the swim-
ming soft microrobot with 1 and 2 flagella, the optimum for
the 1 and 2 flagella robot is determined. For both robots, a
simulation of 20 seconds was run, where the optimal variables
were used. These values of the variables and resulting results
are displayed in Table 1. By using these results we can dis-
cuss the difference between the robots including the change
in travelpath.

In figure 10 the travelpath of a robot with 1 and 2 flagella is
displayed, including a zoomed-in projection of the curvilinear
path. As expected from the results in Table 1 the curves of the
2 flagellar robot are a lot smaller, therefore even though the
VCL of the 1 flagella robot is higher, it is correct that the VSL
is larger. S it shows that increasing the number of flagella of
a swimming soft microrobot increases the swimming speed of
the robot. Previous experimental data has shown that mag-
netized sperm cells can reach a VCL of 24.9± 14.4μm and a
VSL of 6.3 ± 1.2μm can be reached. These values are lower
than the results found from the simulations, therefore exper-
iments with the same variable that impacts the swimming
speed must be carried out.

Table 1: The optimal variables and corresponding results

number of flagella: 1 2
actuation frequency 6.9 hertz 7.5 hertz
taillength 66μm 71μm
bending stifness 2 · 10−20N/m2 2 · 10−20N/m2

phase difference N/A 0.65π
VSL 1.49 · 10−5m/s 1.69 · 10−5m/s
VCL 3.47 · 10−5m/s 2.53 · 10−5m/s
LIN 42.8 % 67.0 %
Propulsive Force 1.72 · 10−12N 3.29 · 10−12N
x distance 2.95 · 10−4m 3.38 · 10−4m
y distance −3.90.72 · 10−5m −2.07 · 10−5m

(a) The travelpath of a cell with 1 flagellum
(b) Zoomed in travelpath of a cell with 1 flagellum

(c) The travelpath of a cell with 2 flagella
(d) Zoomed in travelpath of a cell with 2 flagella

Figure 10: The travelpath of a bundle with 1 flagellum vs 2 flagella.
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7 concluding remarks

Increasing the number of flagella improves the swimming
speed of a soft microrobot. By further increasing the
number of flagella, an optimum amount of flagella can be
determined. But just increasing the number of flagella while
not optimizing the other variables that impact the swimming
speed is not the correct approach. For each additional
flagella, the soft microrobot behaves differently. To see if the
chance of behavior is constant or not, it is necessary to
determine a relation between the number of flagella and the
rate of change of propulsive drag and passive drag.
To do so, simulations with a higher number of flagella need
to be run. the change of propulsive and passive drag is
comparable, but to determine a relation more steps are
needed.
Before going into analyzing the behavior of a 3 or more
flagella soft microrobot, the effects of the head shape, head
size, and tail tapering, and the magnetic force should be
taken into account. The magnetic force allows us to shift the
step-out frequency to a higher number which could have a
positive impact. In the production of the sperm shape
microrobots, drag production should be reduced. This can
be achieved by changing the head shape and tail form.
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