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ABSTRACT: In this paper, the bending stiffness of sperm cells coated with nanoparticles, which is referred to as
IRONSperm, is characterized. An electromagnetic-based wireless method is used to determine the decay time.
This is done by magnetically displacing the flagellum of IRONSperm and measuring the time the flagellum
takes to elastically return to it’s relaxed position. Based on the decay time, the bending stiffness of IRONSperm
samples with different configurations of magnetizable cellular segments is calculated. The average decay time
is found to be 0.19(±0.1) s and the average bending stiffness is 14.75(±7.49)× 10−21Nm2.
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1 INTRODUCTION

Microrobots hold promise to be used biomedicine.
Microrobots can enter the human body and navigate
the natural pathways and target deep-seated locations
in the body, where they can deliver drugs, perform
cellular surgery, or biosensing [1, 2]. This minimally
invasive method is more precise and less harmful to
the human body than conventional types of medicine
due to the reduced chance of complications, lower
recovery time and postoperative pain [1].

To enable this type of medicine, untethered mi-
crorobots need to be powered and controlled from
outside the human body. This procedure can be done
by using magnetism [3, 4]. Besides the requirement
of being remotely controlled, these microrobots
also need to be biocompatible with the organic
tissue. Both of these requirements can be met using
biohybrid microrobots. These microrobots are based
on natural organisms. An example of natural cells
that show very promising results are sperm cells.

Sperm cells use their flexible flagellum to propel
themselves through viscous fluids. These cells show
excellent properties when it comes to biocompat-
ibility and propulsion through the human body,
which makes them a great basis for microrobots.
Khalil et al. developed a method in which mag-
netic nanoparticles surround the flagellum using
electromagnetic-based self-assembly [5]. Due to
these particles, the flagellum can be magnetically

actuated resulting in a biocompatible, untethered
microrobot suitable to be used for minimally invasive
medicine.

The propulsion force of these microrobots is corre-
lated to the bending stiffness of the flagellum. To
date, the influence of the magnetic nanoparticles on
the bending stiffness of the flagellum is still unknown.
To calculate the drag-based propulsive thrust and the
wave pattern of passively propagating wave along the
flagellum, the stiffness-viscosity-frequency combina-
tion must be determined. In this paper, the influence
of nanoparticles on the bending stiffness is investi-
gated.

2 OVERVIEW OF BIOHYBRID MICROROBOTS

Biohybrid microrobots show very promising results
to be used in minimally invasive medicine. Micro-
robots can navigate the human body and can reach
almost every site through the blood-, nervous- and
urinary system with several possible purposes. This
capability can be used for targeted therapy, e.g. drug
delivery, tissue removals such as biopsy, controllable
structures like stents and occlusions, and can also
be used to transmit information [1, 2]. Minimally
invasive procedures can ensure fast recovery, reduced
chance of complications, infections, and postoper-
ative pain while keeping the costs low [1]. Recent
advances in microrobotics show very promising
results when it comes to biohybrid microrobots.



Targeted drug delivery is probably the most important
medical application. Local treatment on the cellular
level minimizes toxicity and increase the efficiency
of a single-dose treatment [6, 7]. Sperm cells can
be used as a basis for the microrobots. Sperm
cells are optimally evolved to swim through the
(female) human body with its corresponding fluid
flow, chemicals, PH, and temperature. [5, 8]. Besides
that, sperm cells are capable of carrying hydrophilic
drugs [9] with interesting features: the cell has a
high drug loading capacity, it has a strong flagellar
propulsion system, can penetrate cells, is compati-
bility with many drugs, and can release the drug in
a controlled manner [10]. Besides that, the sperm
cell is biodegradable. For example, this can result
in excellent delivery of precise drugs concentrations
to tumor cells without damaging the surrounding
healthy tissue [8].

Microrobots can be actuated using magnets. This
magnetic technology is very interesting since it can
provide a large range of force, can control a micro-
robot in a 3D space, is cost-effective, and is easy
to customize and implement in medical instruments
[3, 4]. This magnetism is used to propel flexible
structures (helix or straight wire) in low Reynolds
numbers [11]. When the sperm cell is magnetically
actuated, non-motile cells can be used as well. This
results in a maximum swimming speed that is six
times lower than that of motile cells [12]. But the
robustness increases since the cell is no longer influ-
enced by environmental factors such as temperature
and pH which might harm motile cells. Because
magnetic particles are attached to the cell, this also
enables tracking inside living tissue using magnetic
resonance imaging [13].

Recently, Khalil et al. developed a hybrid sperm cell
and called it IRONSperm [5, 14]. In this method,
nanoparticles are electrostatically self-assembled on
the cell surface of non-motile bovine sperm cells to
make the cells magnetic. The sperm cell can then
be actuated by an oscillating magnetic field which
generates a travelling wave along the flagellum. Due
to the non-uniform surface charge of the sperm cell,
nanoparticles can be attached to different locations
on the sperm cell. These locations can be categorized
into four locations: head, mid piece, principal piece,
and distal end. This is displayed in Figure 2.a.
There are fifteen possible configurations on how

the nanoparticles can be attached, eight of these
configurations are displayed in Figure 2.f.

The microrobot is propelled when the flexible tail os-
cillates in a viscous fluid, generating travelling waves
along the filament that produces a propulsive force
[15]. The shape of the flexible tail with the travelling
waves along the filament for varying sperm numbers
can be seen in Figure 1. The sperm number is used to
display a relation between the length and the bending
stiffness of the flagellum, and is given by:

Sp = L(
ωξ⊥
IE

)
1
4 , (1)

where L is the length of the tail, ω is the angular fre-
quency, ξ⊥ is the normal drag coefficient and IE is the
bending stiffness. The formula to calculate the drag
coefficient under the influence of a nearby surface is
displayed by the following equation:

ξ⊥ =
4πη

log(2h
rt
)− 0.301

, (2)

where η is the viscosity of the fluid, h the distance
between the flagella and the nearest surface and
rt the cross-section radius of the flagellum. The
dimensionless sperm number is a key parameter in
the flagellar behaviour and propulsion of the sperm
cell. A relation between the sperm number and
propulsive force is displayed in Figure 1.

Research has shown that the propulsive force of the
sperm cell is optimal when the sperm number is 2.1
[15]. In order to develop microrobots with good
propulsion, it is necessary to know the sperm num-
ber of the microrobot. The only unknown in calcu-
lating the Sperm number is the bending stiffness IE.
The bending stiffness is an important parameter for
the performance of the IRONsperm. Daniel Estima
developed a method to, wirelessly and image-based,
estimate the bending stiffness of a flagellar system of
IRONSperm [16]. He used the method of Lindemann
et al. where the equation of motion between the elas-
tic force and viscous drag force is used to find a rela-
tion between the experimentally measured decay time
(τi) and the bending stiffness of the flagellum [17].

EI
∂4U(x, t)

∂x4
= −ξ⊥

∂U(x, t)

∂t
(3)

The equation of motion represents a force balance
where EI ∂4U(x,t)

∂x4 is the elastic force that generates an



Fig. 1: Relation between propulsive force and sperm number and
the waveform of filaments with sperm numbers ranging between
0.7 and 2.8.

elastic moment and restores the flagellum to the origi-
nal position when the flagellum is released from a de-
formed position. In Equation 3,−ξ⊥ ∂U(x,t)

∂t
represents

the viscous drag force on the flagellum exerted by the
surrounding fluid that balances the elastic force (see
Figure 3b). U(x,t) is the deviation from the equilib-
rium position which can be measured in the reference
frame of the head of the sperm cell (e1, e2). When
the magnetic field is removed, the flagellum moves
to the original undeformed configuration according to
the following rate:

1

τi
= (

µi

l
)4
IE

ξ⊥
(4)

In this equation, the length of the flagellum (l) and
the normal drag coefficient (ξ⊥) are known. When τi
is known, this equation can be solved for IE and an
estimation of the bending stiffness can be made [17].

It is not yet known what the relation between differ-
ent configurations of magnetizable cellular segments
and the bending stiffness of that sperm cell is. It is
expected that when nanoparticles are attached to the
flagellum, the magnetization is higher. The coating

of nanoparticles will probably result in less flexibility,
thus a higher bending stiffness. When there are no or
a small amount of nanoparticles attached, this will re-
sult in high flexibility (low bending stiffness) but low
magnetism. There has to be an optimum between the
volume of nanoparticles and the bending stiffness of
the bovine sperm cell. Once the relation between the
bending stiffness and volume of nanoparticles in the
cell is known, the application of the microrobot can
be optimized resulting in higher efficiency and bet-
ter controllability resulting in a better application in
medicine.

3 MAGNETIC EXCITATION OF IRONSPERM

Due to the extra volume and mass of the attached
nanoparticles on the flagellum, the bending stiffness
of the flagellum is expected to be higher. A method
is thought of to find an answer to the following
question: What is the correlation between different
configurations of magnetizable cellular segments and
the bending stiffness of the flagellum of IRONSperm?

Estimating the bending stiffness is done by determin-
ing the relaxation time of different configurations of
IRONSperm. The IRONSperm that is used for the
experiments are bovine sperm cells which are coated
with nanoparticles. These samples are created by
the Faculty of Biology of the technical University
of Dresden, Germany. Originally IRONSperm was
made out of rice-shaped iron nanoparticles. These
cells showed little movement when the magnetic
field was exerted. Therefore a switch was made
to using SPINOSperm. This SPINOSPerm is very
similar to IRONSperm, instead of using rice shaped
nanoparticles, spinell shaped nanoparticles are used.

Lindemann et. al. developed a method to measure
the stiffness of the flagella of impaled bull sperm
[17]. This same method with some adaptations will
be used to measure the stiffness of the flagella of
the SPINOSperm. In this technique, the head of the
sperm cell is attached naturally to the bottom of the
petri dish. Once it is made sure that the head of the
sperm is successfully stuck to the bottom surface and
the flagellum is free to move, the flagellum is dis-
placed laterally from its natural position using mag-
netic fields. The magnetic fields are released and the
relaxation time of the flagellum going back to its nat-



Fig. 2: Bovine sperm cell with different configuration of magnetizable cellular segments. a) Four sections that make up the sperm
cell consisting of head, mid piece, principal piece and distal end. b) IRONSperm with 1111 configuration. c) IRONSperm with 1011
configuration. d) IRONSperm with 1010 configuration. e) IRONSperm with 1000 configuration. f) Eight possible configurations of
IRONSperm. [12]

ural position is analyzed. A visualisation of this pro-
cess can be seen in Figure 3 and section 3.

The relaxation experiments are performed at the Sur-
gical Robotics Labatory at the University of Twente.
The hardware that is used is a Zeiss Axio Vert.A1 mi-
croscope with ZEN 2.6 software is record videos of
the relaxation of the flagellum and change recording
parameters such as frame rate and resolution. The
setup that previously has been developed, which is
present in the lab, will be used (Figure 5). In this
setup, there are two electromagnetic coils that are con-
trolled using Elmo controllers and the magnetic am-
plitude and direction can be adjusted using a GUI win-
dow.

Once a suitable sperm cell is found, the recording is
started. A magnetic field of 5mT is exerted on the cell
which displaces the flagellum. Once the flagellum is
in a stable and displaced state, the magnetic field is
turned off which causes the flagellum to move back

due to the elastic moment of the sperm cell. This
process is repeated ten times for every experiment to
find an average. On every cell, there are multiple tri-
als performed with different angles of displacement.
This is done to investigate if the bending stiffness is
dependent on the angle of displacement.

Once the videos are recorded, Matlab software is
used to analyse the obtained videos frame by frame
to extract the bending stiffness of the measured
SPINOSperm samples. To do this, Equation 4 is used
where τ is the experimentally measured decay time
extracted from the videos. µ is 1.875 for the first
mode [17]. l is the length of the sperm cell calculated
with Matlab. ξ⊥ is the calculated normal drag coef-
ficient corrected after taking into account the close
boundary effect, which is found to be 3.54×10−3Pas.

This process of estimating the bending stiffness is
done on the same batch of SPINOSperm to ensure



Fig. 3: Actuation of IRONSperm. a) The magnetic field and the
frame of reference to the sperm head (e1, e2). b) the magnetic
field |B| elastically deforms the flagellum by exerting torque on
the dipole moment. Mvisc and Mel represent the viscous and
elastic moment according to Equation 3.

consistency throughout different experiments. After
the bending stiffness of these cells are calculated, the
type of cell according to Figure 2 is determined visu-
ally by analysing at the microscope images and look-
ing where the flagellum is coated. It is only relevant to
check the three sections of the flagellum for coating.
For the head, it is irrelevancy whether there is a coat-
ing or not. The head is fixed to the bottom of the petri
dish, therefore it can not move and therefore the pres-
ence of nanoparticles on the head does not contribute
to the bending stiffness of the flagellum. Based on the
bending stiffness extracted from the experiments and
comparing the results of different type of cells with
each other a conclusion can be drawn.

Fig. 4: Magnetically displaced flagellum of IRONSperm. When
|B| = 0, the flagellum is in a relaxed position. When |B| 6= 0 the
flagellum is magnetically excited.

Fig. 5: Illustration of the experimental setup. (1) Camera used to
record the microscopic images. (2) Illumination LED and image
filter (3) 3D-printed peace to hold the electromagnetic coils and
deliver a planar magnetic field on the sample position (4) Plexi-
glas disk to hold the sample (5) Semi-circular wedge to support
the coil position (6) Electromagnetic coils.



4 CHARACTERIZATION OF THE BENDING
STIFFNESS

As mentioned in the previous section, the experiments
were initially performed on IRONSPerm covered with
rice-shaped nanoparticles. In the IRONSPerm sam-
ples of which some are displayed in Figure 6, there
were a lot of nanoparticle clusters. These clusters
made it difficult to find the IRONSperm cells among
the clusters of nanoparticles. Also when a sample
was found, some cells were stuck to the bottom which
made them not usable (Figure 6d).

Fig. 6: Samples of IRONSperm, a) clusters of nanoparticles that
look like sperm cells b) Large cluster of nanoparticles. c) Clus-
ter of nanoparticles which looks like a sperm cell. d) An IRON-
Sperm cell that is stuck to the petri-dish and therefore does not
move.

The SPINOSperm samples responded better to
the magnetic field than the IRONSperm samples.
Therefore, SPINOSperm samples were used for
further experiments. These SPINOSperm samples
showed to be more promising and this resulted in
nine different cells that were found in the batch on
which experiments were done. These cells can be
seen in Figure 7. When analysing the results it was
found that in one of the experiments the head of the
cell was not properly fixed. Therefore this experiment
was left out of the research (cell 7 on the bottom left
of Figure 7).

The bending stiffness of the cells that were found for
the eight cells can be seen in Table 1. The table shows
the type of cell of every experiment where the seg-
ment of the head is indicated with H instead of a bi-
nary number. The reason why this is done is that the
head is fixed to the bottom of the petri dish. This re-
stricts the head from moving and therefore the cellu-

lar segmentation of the head does not influence the
bending stiffness. Besides the cell type, the table dis-
plays the decay time τ , the bending stiffness IE and
the length of the investigated flagella. The values of
the bending stiffness are plotted in a bar chart, see
Figure 8. Figure 9 shows the average bending stiff-
ness per cell type.

Fig. 7: All SPINOSperm samples under a 50x magnification. In
the top right corner of each image, the type of cell is given. Cell
7 of type 1011 is not used since the head is not fixed properly.

Table 1: Bending stiffness of SPINOSperm. τ is the experimen-
tally measured decay time, Length is the measured length of the
flagellum and IE is the calculated bending stiffness

Type of cell
τ

[s]
Length

[ 10−6 m]
IE

[10−21Nm2]
H010 0.23 56.5 12.79 (±0.95)
H011 0.12 55.7 24.75 (±4.51)
H011 0.13 45.8 9.99 (±1.65)
H011 0.12 52.3 17.81 (±2.26)
H101 0.39 50.0 4.65 (±0.39)
H111 0.07 50.5 25.92 (±4.27)
H111 0.28 58.2 12.14 (±2.20)
H111 0.18 46.8 9.91 (±2.11)

Average 0.19 52.0 14.75 (±7.49)

When looking at the bar chart in Figure 8, it can be
seen that there is a large variation between the re-
sults. Not only between the different type of cells,
but also between different cells of the same cell type.
It also can be seen that not all cell types from Fig-
ure 2.f. are analysed. The reason for this is that is
was not possible to perform enough experiments in
the given time span where all cell types were found.



Fig. 8: Bar chart of the Bending stiffness of eight samples, cate-
gorized by cell type. Error bars are standard deviation.

Fig. 9: Bar chart of the average bending stiffness per cell type.
Error bars are standard deviation.

Besides that, only samples of the same batch were
analysed to keep the experiments as consistent as pos-
sible. To increase the consistency of the experiments,
a small adjustment to the setup was proposed and car-
ried out. This adjustment was modifying the semi-
circular which supports the magnetic coils (part 5 in
Figure 5). The inner diameter of the semi-circle was
increased, so this wedge is no longer resting on the
Plexiglas disk that holds the sample. This was done
to allow the Plexiglas disk to rotate and on its turn
made it possible to rotate the sample in such a way
that the frame of reference lines up with the frame
of reference of the microscope to increase the consis-
tency throughout the experiments. Due to limited lab
access, this were all the samples that were found in
the given time.

5 DISCUSSION

Lindemann et al. estimated the bending stiff-
ness of non-motile bull sperm in a medium with
no ATP to be 29(±9) × 10−21Nm2 [17]. When
comparing this value with the found value of
14.75(±7.49) × 10−21Nm2 it can be seen that the
results are in the same order of magnitude. When
comparing the found bending stiffness with that of
motile flagella, 1.8 × 10−21Nm2 [18] the found
values are 8 times stiffer than that of motile cells.

Due to the novelty of the method used, the accuracy
of the method is not known. To verify the accuracy
of the method it is recommended to use a control
group to verify and calibrate this method. This can
be done by placing a filament which is magnetic,
has a known bending stiffness, and has the same
dimensions as a sperm cell in the setup. Then use
the setup to determine the bending stiffness using
the same method and verify whether the calculated
bending stiffness is similar to the already known
stiffness of the piece.

Figure 8 shows a large variation between the different
samples, also between samples of the same cell type.
This can be explained by the natural variation of the
bovine sperm cells. Every sperm cell is different and
therefore also their bending stiffness. Lindemann
et al. found a standard deviation of 31% between
non-motile, bovine sperm cells [17]. The experiments
of SPINOSperm with different cellular segmentation
of nanoparticles show a standard deviation of 51%.
This larger error is expected since there is not only
the natural variation between cells, but there is a
second variable which is the different configurations
of attached nanoparticles that influence the bending
stiffness.

In the available time, eight useful samples were
found. One sample for H010 and H101 cells and
three samples for H011 and H111 cells. Due to this
small number of experiments for each cell type, the
calculated average bending stiffness of these cell
types do not yield an accurate representation of the
average bending stiffness. With more experiments
for each cell type a better estimation of the average
bending stiffness can be made.



6 CONCLUSION

The average decay time is found to be 0.19
seconds and the average bending stiffness is
14.75(±7.49) × 10−21Nm2. The bending stiffness
of H010 cells is 12.79(±0.95) × 10−21Nm2, H011
cells is 17.52(±7.38) × 10−21Nm2, H101 cells
is 4.65(±0.40) × 10−21Nm2, and H111 cells is
15.99(±8.67)× 10−21Nm2.

There is a large variation in bending stiffness between
different cell types. Based on Figure 9, no clear rela-
tion can be found between the bending stiffness and
configuration of the magnetizable coating. Therefore,
no conclusion can be drawn based on the available
data about the influence of different configurations
of magnetizable cellular segments and the bending
stiffness. With more data for each cell type, a relation
might be found.
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