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Abstract

Biohybrid microrobots are an emerging research area for in vivo applications, such as minimally
invasive surgeries and local drug delivery. However, predicting the behaviour of these micro-
robots is challenging, multiple parameters influence the behaviour of microrobots. This paper
focuses on the frequency actuation of IRONSperm with different concentrations of nanoparti-
cles. IRONSperm is a type of nanoparticle-coated bull sperm cells and is actuated by a rotating
magnetic field. The rotation magnetic field allows the biohybrid microrobot to interact with a
surface resulting in a translational velocity. It is demonstrated how an increase in nanoparticles
influences the cut-off frequency by looking at the translational velocity. The response showed

no effect of the increase in nanoparticles on the cut-off frequency.
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1 Introduction

Worldwide 18.094.716 cancer diagnoses were detected in 2020. Of which 15.3% of all female
cancer cases are within the uteri or ovarian tract [1]. The current cancer treatment utilizes
combinations of surgery, chemotherapy and radiation. These treatments are effective but are
invasive to the patient. To make the treatments as minimally invasive as possible, current
research focuses on localized chemotherapy [2]. Localized drug delivery is directly administered
at the disease site. This has multiple advantages for example; a decrease in drug circulation
through the body and reduced side effects; reduced medicine usage because of direct drug delivery
at the site of disease; and controlled drug release to ensure drug uptake in the cancer cells [2].
However, local delivery of the drug is still a challenge.

Microrobots can be used for local drug delivery. These robots have dimensions in the mm
scale and can reach parts of the human body that are difficult to reach with normal medical
devices [3]. Besides drug delivery, microrobots can be used for stem cell delivery [4] and thrombus
treatment [5]. Microrobots are too small to have power sources, sensors and computer circuits
for movement [6]. Therefore, microrobots have been designed with various propulsion methods,
such as electric field, magnetic field, light field and sound field [7]. Of these, magnetic actuation
is preferred, because it is safe to use for biological tissues and has controllable, remote and long-
range actuation [8, 9]. With untethered microrobots, hard-to-reach locations can be accessed
due to their size and no obligation to cut the body.

When making magnetic microrobots, they should be biocompatible and cytotoxicity should
be avoided. Using non-biocompatible materials, toxic substances can accumulate in the body
and cause inflammatory responses [10]. A solution is using biological cells, which are more
biocompatible. For example, sperm cells are natural swimmers and propel themselves using a
flagellum movement. Unfortunately, the speed of the microrobot sperm cell is slower than the
free-swimming sperm cells [11].

Adding artificial components can support the biological cells in their movement. Soft bio-
hybrid microrobots are combined biological cells and artificial components, with the advantages
of wireless actuation, biocompatibility, flexibility, cargo loading and adaptability [12]. Different
soft biohybrid microrobots are an emerging research area and shows promising results [4, 5, 13].
Santomauro et al. added Th3* to the Chlamydomonas reinhardtii cells and directional actuated
the C. reinhardtii cells by an external magnetic field [14].

Another example of biohybrid microrobots are dead bull sperm cells combined with iron
oxide (Fe30y4) nanoparticles, called IRONSperm. It is a soft biohybrid microrobot and can
magnetically be actuated [9]. Previous research showed the assembly of nanoparticles on single
sperm cells [15]. This microrobot was successfully actuated and had a swimming speed of 0.2
body length/s. Besides, Magdanz et al. [15] showed that IRONSperm can successfully be loaded
with medicines. This shows promising results for IRONSperm drug-delivery microrobots (Figure
1.) However, a more stable actuation and higher drug-loaded concentration is preferred.

For higher drug-loaded concentration and more stable actuation, a bigger cluster of IRON-
Sperm was formed. A cluster of IRONSperm needs a smaller magnetic field for actuation. With
cluster formation, the soft biohybrid microbot was able to roll on a surface and move forward
with a smaller magnetic moment [9]. Middelhoek et al. showed proof of principle of the rolling
motion of the cluster [9]. However, predicting the behaviour of these biohybrid microrobots
is limited. For further development of an actuation model, different parameters can be in-
vestigated. To start, it is important to determine the cut-off frequency based on the cluster
appearance. Two main conditions of the cluster appearance are size and nanoparticle concen-
tration. In this report the goal is to find a correlation between the cluster concentration and
the cut-off frequency.

Three concentrations of IRONSperm (1, 2, 3 mg/mL) will be investigated over a frequency
range from 0.1 to 10 Hz. The translational velocity and cluster configuration will be received
using visual feedback. Using this data, the actuation model of IRONSperm can be further devel-
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Figure 1: Biohybrid microrobots are used for minimally invasive treatment in the female repro-
duction tract. The microrobots made from sperm cells and nanoparticles can be controlled by
a rotating magnetic field and localized with CT imaging [16].

oped. For future applications, such a model can predict the behavior of the cluster. Eventually,
a controller could be made were visual input and location of the external magnet are utilized to
guide the cluster along a predetermined trajectory.



2 Actuation of soft biohybrid microrobots

Magdanz et al. [15] showed electrostatically self-assembly of magnetic nanoparticles around
sperm cells. Due to the positively charged nanoparticles and the negative surface charge of the
sperm cell. Magnetization of the sperm cell gives an actuation field and by applying a rotating
magnetic field, the biohybrid microrobot, called IRONSperm, controllably swims forward.

Single IRONSperms can entangle together due to physical interactions [9]. A rotation
magnetic field gives the iron cells more physical interactions and clusters are realized. The
nanoparticles are heterogeneously divided among the sperm cells and sperm cell membranes.
The heterogeneous distribution provides electrostatic and magnetic interactions between single
TRONSperm forming a cluster. Applied magnetic field strength, the concentration of sperm cells
and nanoparticles and self-assembly time influences the cluster configuration [9]. These clusters
can be approximated as soft-magnetic ellipsoids, with major axis a and minor axis b (Figure 2).

Applying an external magnetic rotation field provides wireless magnetic actuation of these
biohybrid microrobots. The external magnetic field gives the IRONSperm cluster a need to align
since the magnetic moment of the IRONSperm cluster results in torque if the external magnetic
field is not aligned (Figure 2). The magnetic field direction §; and the cluster orientation
0. influence the amount of torque received. As well as, the demagnetization factor n, in the
preferred magnetization direction of the cluster e; and the demagnetization factor n, in the
preferred magnetization direction of the cluster es.

Figure 2: An IRONSperm cluster is approximated as an ellipsoid. An magnetic field and moment
are acting on the cluster [9].

The cluster formation increases the magnetic moment of the microrobot compared to a single
IRONSperm, resulting in a bigger magnetic torque. Magnetic torque, viscous drag torque and
contact drag torque influence the rolling locomotion of the IRONSperm [9]. Magnetic torque
Tm 18 given by

Tm =m X B, (1)

with magnetic moment m and magnetic field B. Also, the viscous drag torque 74, defined as
Td = frwe, (2)

acts on the IRONSperm cluster, depending on the rotational drag coefficient f, and angular
velocity of the cluster w.. Last, there is surface drag torque 7s, a torque exerted on the cluster



created by the drag forces of contact with the surface. Together the torque balance is given by:
Tm +Td+7s =0. (3)

The cut-off frequency of the cluster is the maximum angular velocity at which the cluster
does not rotate at the same rate as the external magnetic field. The cluster is approximated as
a soft-magnetic ellipsoid and has a cut-off frequency w,, of
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with volume of the cluster V' and vacuum magnetic permeability g [9]. The cut-off frequency
is the frequency where the cluster is not synchronized with the magnetic field. When actuated
below the cut-off frequency, the angular velocity of the cluster equals the angular velocity of the
magnetic field. After the cut-off frequency, the angular velocity of the cluster is slower. When
clusters are actuated above their cut-off frequency, the angular velocity decreases over time. The
angular velocity of the soft-magnetic cluster is given by:
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with angular velocity of the magnetic field w; and time ¢. The rotation of a cluster can be used
for locomotion. When the cluster is in contact with the surface, the magnetic torque causes the
cluster to rotate. Since it is in contact with the surface, the surface drag will ensure the forward
rolling motion of the cluster around its axis over the surface. The translational velocity v is

v =pwy/(2m), (6)

with perimeter p. In optimum circumstances, the cluster will roll without slipping and travel-
ling the length of its perimeter in one rotation. Therefore, clusters characterized by a greater
perimeter have a higher translational velocity compared to clusters with a smaller perimeter.



3 Methods

3.1 Frequency response of the clusters

IRONSperm samples is formed with electrostatic-based self-assembly proceeded by colleagues
(Appendix A). Resulting in IRONSperm samples with nanoparticle concentrations of 1 mg/mL,
2 mg/mL and 3 mg/mL. The frequency response is measured for the three concentrations, each
featuring two different clusters (measurement A and B). Multiple clusters for each concentration
are produced. With an external magnet, it is checked if the clusters reacted on the magnet.
From each concentration, the two clusters, which reacted when the magnet was furthest away
are used. The clusters are sorted on size, the biggest clusters are used in measurement A and
the smallest in measurement B.

A sample is placed inside a transparent perspex tube with an inner diameter of 10 mm and
an outer diameter of 15 mm, filled with 0.9% saline. The RPM (rotating permanent magnet)
is connected to a KUKA robotic arm and is located 50 mm above the tube (Figure 3). The
RPM is a cylindrical magnet (NdFeB Grade-N45) with a height of 20.0 mm and a radius of
17.5 mm. The clusters receive a maximum magnetic field strength of 28 mT. For each trial,
the permanent magnet stayed fixed. Before starting the measurements, the cluster has at least
been moved back and forth once with the RPM, to ensure magnetic coupling and stable cluster
shape. When coupled, the cluster is moved by the RPM with a counterclock wise rotation to the
left side. The rotational direction is changed when the IRONSperm cluster has no translational
velocity. The cluster moving direction is changed 6 times for each concentration. The actuation
frequency of the RPM is ranging from 0.1 Hz to 10 Hz. With a step size of 0.1 Hz between 0.1
and 2 Hz and a step size of 0.5 Hz between 2 and 10 Hz. Using a FLIR Blackfly camera with
Fujinon 1:1.2/6 mm lens the movement is captured in video with a framerate of 30 frames per
second. The camera is placed perpendicular to the perspex tube (Figure 3). For a frequency of
1.5 Hz, a camera is placed beneath the sample and recorded the movement.

Figure 3: Wireless manipulation system of the KUKA robotic arm with a rotating magnetic
field attached.



3.2 Data analysis

Using the SpinView application the cluster movement of every frequency was captured in sep-
arate videos. The line profile function in Tracker Video Analysis and Modeling Tool is used.
The videos are loaded into the software and a frameskip of 20 is applied to reduce computing
time. The intensity spectrum is determined for each frame at the y-value over which the cluster
moves. Next, the pixel height is calculated within the Tracker software.

The line profiles for every 20th frame have been imported into MatLab and converted to the
travelled distance. Using the filming frequency, a time-distance plot is created. The translational
velocity is then calculated with the linear part of the graph. The translational velocity is further
analysed with the cut-off frequency and cut-off velocity. The cut-off frequency is determined
as the largest peak after which the graph stabilizes in the velocity-frequency plot. The corre-
sponding velocity is the cut-off translational velocity of the cluster. To find a relation between
the actuation and concentration, the Pearson correlation coefficient (R-value) is calculated for
cut-off frequency and cut-off velocity.

Cluster shape over time is determined using the Image Processing Toolbox of MatLab. Using
the side-view recordings, the cluster shape is represented using the perimeter, area and major
and minor axis. The 3D approximation is calculated by a frame for the x, y and z view of the
cluster each. The major and minor axes are determined for these frames. It is assumed that the
clusters are ellipsoidal and a, b and ¢ are the semi-axes. With this, the volume is calculated for
en ellipsoidal. Eventually, the velocity is normalized to the perimeter and volume.



4 Results

4.1 Actuation

IRONSperm cluster is actuated with the magnetic RPM and the cluster has a rolling movement.
When in contact with the top surface of the tube, the cluster rolls along the surface and moves
forward (Figure 4). The cluster only rotates as the RPM rotates. The angular velocity of the
cluster is translated into translational velocity if the cluster is in contact with a surface. The
RPM is in the middle of the movement at a height of 5 cm. When the cluster moves towards
the RPM, the cluster moves faster than the cluster past the RPM (Figure 5). During actuation,
the clusters move an average of 28.5 + 5.7 mm horizontally in the tube.

887s 13.33s

Figure 4: Actuation of an IRONSperm cluster with 2 mg/mL nanoparticle concentration at
1.5 RPM frequency. Overtime, the cluster moves along the x direction as the RPM rotates
clockwise.
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Figure 5: Travelled distance over time of the cluster with 3 mg/mL concentration. (A) Measure-
ment A with an actuation frequency of 1.4 Hz. (B) Measurement B with an actuation frequency
of 1.4 Hz.



The cluster rotates with the same frequency as the RPM till the cut-off frequency. After the
cut-off frequency, the angular velocity stabilizes despite the increasing frequency of RPM. The
clusters rotate along the top side of the tube. They are inconsistent in size and shape over the
different measurements (Figure 6). There is a difference in size, travelled distance and time.

2.43s . 4.86s 7.53s

1 mg/mL

0s 7.77s 15.53s 23.33s
4.43s 8.87s 13.33s

2 mg/mL

2.43s 433s 7s

3 mg/mL

Figure 6: For measurements A and B are the IRONSperm clusters actuated at frequency =
1.5 Hz and have an angular velocity. When in contact with the wall, the angular velocity is
translated into translational velocity. Moving towards the RPM, the cluster accelerates faster
than moving away from the RPM. The clusters in measurement A are bigger and take less time
to achieve their outer end of the movement.

4.2 Translational velocity

Up till the cut-off frequency, the translational velocity increases with actuation frequency (Figure
7). After the cut-off frequency, the clusters move with a lower angular velocity than the RPM
and have a plateaued velocity. The increase in translational velocity before the cut-off frequency
is faster than the expected translational velocity (Equation 6). The cluster rolls a larger distance
than the perimeter and gives a higher translational velocity (Appendix B).

The average of the translational velocity after the cut-off frequency is calculated (Figure
8). The cluster with nanoparticle concentration of 1 mg/mL has, with 5.80 mm/s, the highest
translational velocity after cut-off frequency. And 0.99 mm/s at concentration 2 mg/mL is the
slowest moving cluster after cut-off frequency. A weak decreasing correlation with Pearson



correlation coefficient of -0.3567 is established between the concentrations and translational
velocity.
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Figure 7: Increasement of the translational velocity of three different concentrations up to the
cut-off frequency. After the cut-off frequency, there is stagnation. (A) In measurement A the
different concentrations have the same appearance. (B) Measurement B gives bigger differences
between clusters.
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Figure 8: Average translational velocity after the cut-off frequency for different nanoparticle
concentrations in measurements A and B. Between nanoparticle concentration and translational
velocity is a medium decreasing correlation (R = -0.3567).



4.3 Cut-off frequency

The magnetic response of the IRONSperm cluster is described by the cut-off frequency (Table 1).
The cut-off frequency has a corresponding cut-off velocity. The cut-off velocity is also the highest
velocity the cluster achieves. The nanoparticle concentration of 1 mg/mL in measurement B
gives the highest cut-off frequency (3 Hz) with cut-off velocity (8.11 £ 0.85 mm/s) (Figure 9).
The IRONSperm cluster of 2 mg/mL in measurement A has the lowest cut-off frequency (0.7 Hz)
with cut-off velocity (4.09 + 0.19 mm/s). For the cut-off frequency as for the cut-off velocity,
there is a weak decreasing correlation between concentration and cut-off.

Table 1: cut-off frequency ws, and velocity v are measured for IRONSperm concentrations.

Measurement | NP [mg/mL] | v [mm/s| | ws, [Hz]
A 1 6.13 £0.25 2.5
2 4.09 £0.19 0.7
3 6.93 + 0.55 1.8
B 1 8.11 +0.85 3
2 2.17 +0.23 0.5
3 5.21 +0.80 2.5
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Figure 9: IRONSperm clusters have different cut-off properties for concentrations 1 mg/mL, 2
mg/mL and 3 mg/mL. (A) Cut-off frequency decreases with a weak correlation by concentration
(R =-0.2867). (B) The translational velocity of the IRONSperm cluster at the cut-off frequency
has a weak correlation (R = -0.2212).

4.4 Cluster shape
4.4.1 1D measurements

Change in perimeter is measured with the side view. Only sample 1 mg/mL in measurement A
and 2 mg/mL in measurement B, shows change in perimeter after the cut-off frequency. The
other samples don’t change with increasing frequency, but the error does increase (Figure 10).
The clusters in measurement A have an average perimeter of 12.65 + 0.73 mm and the clusters
in measurement B have an average perimeter of 8.12 &+ 0.56 mm.

10
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Figure 10: No correlation between IRONSperm cluster configuration in 1D side view and actu-
ation frequency is found for any concentration. (A) Measurement A shows the time-averaged
perimeter. The cluster with a concentration of 1 mg/mL has a change in perimeter after the
cut-off frequency of 2.5 Hz. (B) Time-averaged perimeter in measurement B for the actuation
frequency.

4.4.2 3D approximation

Besides the difference in the perimeter of the side view, there is a difference across the samples
in the other axis of the approximated ellipsoid with axes a, b and ¢ (Table 2).

Table 2: IRONSperm approximation of ellipsoid at frequency = 1.5 Hz.

Measurement | NP [mg/mL] | a [mm] | b [mm] | ¢ [mm] | V [1072 mm?]
A 1 4.70 2.31 1.69 7.68
2 4.16 1.30 2.83 6.43
3 4.72 2.18 1.68 7.27
B 1 2.85 1.77 1.16 2.45
2 1.842 1.33 1.10 1.12
3 2.49 1.27 0.92 1.22

4.5 Normalization
4.5.1 Normalization by perimeter

Since the concentration does not influence the actuation response of the cluster, the assumption
is that larger clusters travel faster than smaller clusters (Equation 6). The translational velocity
is normalized to the perimeter around which the cluster travels (Figure 11). For measurement

A the difference between the three samples decreases, but still no correlation is found (Figure
12).

11
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Figure 11: Normalization of the translational velocity for measurement A and B. Normalized
by the perimeter for each frequency.
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Figure 12: The cut-off velocity normalized to the perimeter for measurements A and B. There is
no correlation found between the normalized cut-off velocity and the concentration (R = 0.0496).

4.5.2 Normalization by volume
Normalization with the volume shows a smaller difference between the concentrations for mea-

surement A (Figure 13, 14). But over all the normalized cut-off velocities, there is a weak

12



increasing correlation found (R = 0.1664).
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Figure 13: Normalization of the translational velocity over frequency increase for measurement
A and B. Normalized by the average volume of the cluster over all frequencies.
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Figure 14: Normalization of the cut-off velocity for measurement A and B. Normalized by the
average volume of the cluster over all frequencies. Between the normalized cut-off velocity and
the concentration is a weak increasing correlation (R = 0.1664).
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5 Discussion

5.1 Fabrication

The received biohybrid microrobots react differently on an external magnet when the micro-
robots are in the vails. Some vails showed no functionality anymore and were not clustered
anymore. Therefore, two working clusters have been selected beforehand for each concentration.
On top of that, all vails of each concentration contain the same amount of nanoparticles and
sperm cells. However, the clusters differ in size. And thus the density of the clusters differs
across samples. This influences the drag forces and the actuation.

5.2 Actuation

The clusters move due to the alignment with the magnetic field. The cluster can be seen as
another small magnet, which wants to align in the magnetic field of the RPM. Since the RPM
is rotating, the cluster will also rotate. Besides the rotation, the cluster is in contact with a
surface. The surface drag force and the rotational force result in a translational velocity of the
cluster.

The clusters only have a translational velocity when the cluster is in contact with the surface.
When there is no contact, the cluster is only rotating. Therefore, the magnetic force has to be
sufficient enough to pull the cluster to the top of the tube. The cluster can be moved on the
bottom surface, but the cluster has to be rotated in the other direction, to travel in the same
orientation of the translational velocity. This is due to the different contact locations on the
cluster. To achieve rolling on the bottom, there is a small working area. The magnetic field has
to be strong enough to allow the cluster to rotate. However, the magnetic attraction force has
to be smaller than the gravity force, so the cluster stays on the bottom.

Looking at Figure 5, the travelled distance decreases with the position. When the cluster
passes the RPM, the cluster decreases speed. The magnetic attraction force works against the
movement. The cluster moves less than the perimeter during one rotation (Equation 6). This
also applies the other way around, the cluster is moving towards the RPM, and the magnetic
attraction force works with the translational velocity. The cluster is moving faster than the
perimeter during one rotation. This influence can be reduced by a smaller magnetic field.
However, the magnetic field has to be large enough to roll on the top.

As seen in Figure 6, the cluster of 2 mg/mL in measurement B moves the smallest distance.
The clusters in measurement B are smaller with a factor of 2.5 compared to measurement A
(Table 2). But clusters with concentrations 1 mg/mL and 3 mg/mL do not show a difference in
travelled distance. The shape of the cluster differs across the clusters in all samples. However, the
volume of the cluster with 2 mg/mL concentration differs only 1.4% to the volume of the cluster
with 3 mg/mL concentration compared to the cluster volume in measurement A. Therefore, the
difference in volume does not explain the contrast in travelled distance.

The difference in magnetization might explain the disparity. If the protocol for produc-
tion is followed, no difference would theoretically be present in magnetization. However, the
magnetization of the clusters is not measured and thus not guaranteed.

5.3 Translational velocity and cut-off frequency

The translational velocity graphs resulted in the cut-off frequency, the average velocity after
cut-off and the cut-off velocity. The translational velocity before the cut-off frequency should
be the same as Equation 6. But as seen the translational velocity is faster than the theoretical
velocity. For each frequency, the translational velocity is determined for the linear part of the
distance-time plot. Here the magnetic attraction force works in favour of the cluster, described
in 5.2 Actuation. Therefore, the translational velocity is larger than the theoretical velocity.

14



The velocity at the cut-off frequency is the highest achieved translational velocity for every
cluster. Here, the cluster is coupled with the RPM. Therefore, the cluster still rotates with the
angular velocity of the translational velocity. This enhances the cluster movement. After the
cut-off frequency, the cluster is decoupled and rotates with a smaller rotational velocity than
the RPM. After the cut-off frequency, the translational velocity is stabilized. Even though the
RPM’s angular velocity increases, the cluster’s angular velocity and translational velocity do not
change. As the angular velocity does not change, the viscous drag torque also stays the same
(Equation 2). Therefore, there will be an equilibrium between the magnetic and surface drag
torque. Since the magnetic torque does not change with an increase in frequency, the surface
drag torque does not change either (Equation 3). As all torque stabilizes, the system stabilizes
and therefore the translational velocity stabilizes.

It was assumed, there is a linear correlation between concentration and cut-off frequency.
With a higher concentration of nanoparticles, there is a higher coupling with the magnet. Better
coupling should result in a higher cut-off frequency. But the results do not show a linear
increasing correlation. On the contrary, Figure 9 shows a small decreasing correlation. An
increase in nanoparticles will not always ensure the improvement of the system. Omne of the
reasons can be a decrease in entanglement and thus decrease in density. Besides, the clusters
of 2 mg/mL might not be the best representation of the concentration. The concentration of 2
mg/mL has the lowest cut-off frequency. Before the measurements were made, the attraction
to an external magnet was looked at. For 1 and 3 mg/mL, the best-reacted cluster with the
magnet are used. However, the used clusters of 2 mg/mlL were the only ones working. This
might be an error in production.

5.4 Cluster shape and normalization

The clusters showed a small decreasing correlation with the concentration. However, the con-
centration is not the only difference across the clusters. A big influence on the translational
velocity can be the shape and volume, such as the difference in the viscous drag. Therefore, the
cluster is described in multiple shape-dependent parameters.

First, the perimeter showed a change around the cut-off frequency. After the cut-off fre-
quency, the cluster is not coupled to the magnet. Therefore, the cluster can rotate around its
y-axis instead of the z-axis (Figure 4). Other sides of the cluster are then visible and change the
measurement. This is also the reason why the error increases after the cut-off frequency. The
perimeter does not change with the frequency.

Since the translational velocity depends on the perimeter (Equation 6), it has been normal-
ized. This normalization showed a smaller correlation for the cut-off velocity, compared to the
non-normalized cut-off velocity. But not only the perimeter but also the shape influences the
translational velocity since it influences the viscous drag. During the measurements, only the
side view has been captured for all frequencies. The bottom view has been captured just for 1.5
Hz. The volume is calculated with an elliptic approximation, but this does not take the different
shapes of the sides into account (Appendix C). The normalization by volume of the clusters did
show a small increasing correlation for the cut-off frequency.

The normalization by perimeter and volume showed no significant difference between the
actuation of the concentrations. There is a medium decreasing correlation found for the cut-off
frequency and a small increasing correlation for the normalization. There is an assumption, that
the found cut-off frequency is correlated with the size of the cluster rather than the concentration.
In Appendix D only the volume has been taken into account for the cut-off frequency and
translational velocity after the cut-off frequency. The data set is insignificant for any outcome.
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5.5 Reccommondations

Future experiments should help find a model for the clusters on the frequency for clinical applica-
tion. It is needed to find parameters that influence the behaviour of the biohybrid microrobots.
The frequency range up to the cut-off frequency is most important, since this range will be used
for the locomotion through a vascular system.

Besides the concentration, the size should theoretically influence the behaviour (Equation 4).
This needs to be experimentally supported. The current inconclusive representation of cut-off
frequency against volume (Appendix D) has to be expanded. To receive a more robust data set
and account for potential variations, the number of clusters should minimally be tripled. Next
to size, there is the assumption, the shape also influences the cluster. Current clusters were not
able to be changed in shape, as Magdanz et al. showed [17]. Current IRONSperm clusters use
different nanoparticles ensuring more entanglement and stable cluster shape. Different cluster
shapes result in different drag forces and thus other behaviour of the microrobots. Within the
fabrication process and the actuation process, it can be examined how the shape of the clusters
can be influenced. Preferably, looking into more sphere-like clusters. A larger cluster will then
fit in a vessel, and more drugs can be targeted to a specific location. Eventually, the clinical
application has to be tested. Before that happens, the response for moving against gravity;
having a different magnetic field; and moving in body fluids has to be examined.

6 Conclusion

In conclusion, research on the frequency actuation of biohybrid microrobots has provided insight
into their behaviour and performance. The most surprising observation is the lack of a correlation
between the different concentrations of nanoparticles and the cut-off frequency. This suggests
that other factors have a crucial role in determining the cut-off frequency for IRONSperm
clusters. Furthermore, the clusters were cohesively and did not leave any components behind.
This enhances the stability of the IRONSperm system, showing potential for a robust and reliable
microrobot. Looking ahead, the biohybrid microrobots’ behaviour has to be further exploited.
All in all, TRONSperm clusters have the potential for further innovation and contribution to the
ongoing research of microrobots.
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A Biohybrid microrobot assembly

Nanoparticle-coated bull sperm cells are fabricated by electrostatic-based self-assembly [9]. The
iron oxide nanoparticles (Fe3O4) are fabricated from a redox reaction of FeCls, FeCly and
NH4OH. The charge of the nanoparticles and magnetization of the nanoparticles are checked
(Figure 15A-B). This showed high magnetization of the iron oxide particles and a big popula-
tion of negatively charged nanoparticles. The local surface charges of the bull sperm will allow
assembly with the nanoparticles [16].
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Figure 15: Biohybrid microrobot fabrication from iron chloride salts nanoparticles. The iron
oxide (Fe3O,4) nanoparticles are characterized before the fabrication of biohybrid microrobots.
(A) The zeta potential of magnetic iron oxide nanoparticles shows mostly negatively charged
particles. (B) The nanoparticles have a high magnetization.

Eventually, 50 L of iron oxide (Fe3O4) nanoparticles solution 10 mg/mL is added to the
first tube, 100 pL to the second and 150 pL to the third (Figure 15C). 350uL solution of sperm
cells 2.5 x 107 cells/mL is added to all microcentrifugation tubes and filled with distilled water
to a total volume of 500uL. Resulting in nanoparticle concentrations of 1 mg/mL, 2 mg/mL and
3 mg/mL combined with the sperm [16].

The sperm cells with nanoparticles entangle due to physical interactions. But to further
assemble a cluster, an external rotating magnetic field is applied [9].
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B Translational velocity before cut-off frequency

Equation 6 shows the velocity is dependent on the perimeter of the cluster. The measured data
is bigger than the theoretical velocity (Figure 16).

10 |
A A *  Measured
9 p / Regression ||
- — ——— Theoretical
) 8~ - /// T
£ 7 / //// - 3mg/mL
; ”
% : // /* * * "
—O // /,/*/* V' .
g st 17 A : |
© A . * /7’ B
S 4 - S * e ¥ // // i |
i A . v -
» ) : - .
c 3 el 1 > - _
s / : o B
- 2L ¥ * P o _
* A& o g
7‘(/ /V/ — - -
1 ) :}‘ ' / == == ==" |
L 1 l l l l
=
0 0.5 1 15 : ) |
Actuation frequency [Hz]
10 | i
B /// *  Measured
9 S - Regression | |
- ) '
G ~ — —— — Theoretical |
) 8 ,/// // ) =
E //// // T
.E. 7 //// *‘//*’/ % e
> \ .
% / / * /*/ | ] |
| * * //
| P I
g * - /// —
© . ‘
E : =
o . —
E ﬂﬂﬂﬂﬂﬂﬂ
g e
C - |
E - e
| i .
| | l
- 2 25 3

Actuation frequency [Hz]

Figure 16: The measured velocity before the cut-off frequency for measurements A and B, with
a regression line through the origin. The translational velocity is 1.8-3.3 times bigger than the
theoretical velocity.
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C Cluster shapes for 3D approximation

Side 1 Side 2

1 mg/mL
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3 mg/mL

Side 3

Side 1 Side 2

Side 3

Figure 17: All 3 sides from the cluster used for the 3D approximation at frequency 1.5 Hz. Side
1 is the front view and side 2 and 3 are different bottom views. Measurement A had larger

clusters than measurement B.

D Regression lines for shape-dependent cut-off frequency
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Figure 18: Assumption that the cut-off frequency and velocity is dependent on the volume.
(A) Regression line of cut-off frequency and volume. (B) A regression line through the cut-off
velocity after the cut-off frequency and volume shows en increase in velocity over volume.
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