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ABSTRACT: Sperm cell based micro-robots may in the future be used for in vivo medical therapies such as
targeted drug delivery. They can navigate small vessels and navigate parts of the body that are otherwise in-
accessible. The aims of this study are two-fold. First, differential magnetometry as a method for magnetically
localizing these micro-robots is evaluated. Second, a method for magnetically actuating nano-particle coated
sperm clusters will be demonstrated. Micro-robots fabricated by coating sperm cells with super paramagnetic
iron oxide nano-particles are used. It is shown that nano-particle coated sperm cells experience reduced per-
formance compared to free nano-particles in suspension. This may introduce challenges for localization using
differential magnetometry. The rolling velocity of clusters are measured and they are found to demonstrate
unique behaviors dependent on an applied magnetic field. In the future, these methods may show broader appli-
cation and development within medicine.
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1 INTRODUCTION

Micro-robots present the field of medicine with ex-

citing new possibilities for delivering drugs and ther-

apy to locations in the body currently inaccessible

through conventional surgical methods. The small

size of micro-robots allows for the potential naviga-

tion of narrow capillaries throughout the body and lo-

cations in the brain that are too narrow or too other-

wise inaccessible to currently provide treatment[1].

Within the field of micro-robots, bio-hybrid designs

are particularly promising. In nature cells and micro-

organisms show high energy conversion efficiency

and robust locomotion that synthetic micro-robot de-

signs have been unable to replicate[2]. Bio-hybrid

micro-robot designs utilize a biological component

such as dead cells in order to construct a robot that

can most closely mimic the structures and locomotion

patterns of living organisms[3].

Sperm cells present a unique opportunity for use as

bio-hybrid micro-robots. They are through nature,

uniquely designed for locomotion within the body.

Dead sperm cells can be induced to tangle together

and form clusters. Single sperm cell robots could be

used to navigate narrow capillaries and larger clusters

may be used for larger vessels. Sperm cells can also

be coated with magnetic nano-particles. Then, using

time varying magnetic fields, these clusters can be ac-

tuated and made to roll and controlled. This approach

presents an opportunity to use sperm cells as micro-

robots in vivo.

Recent research has demonstrated how single nano-

particle coated sperm cells can be actuated and made

to swim[4]. Limited research has also been done to

characterize the rolling motion of sperm cells when

subjected to rotating magnetic field and show how

they can be loaded with drugs to potentially allow for

targeted drug delivery. Rolling motion is particularly

important for micro-robots because in comparison to

actuating micro-robots with a pulling magnetic force,

it can be done with a weaker magnetic field[5].

It is also necessary to track micro-robots, and mag-

netic localization is a promising method for doing

so. In particular, differential magnetometry will be

used as a method to localize sperm cell based micro-

robots. This is a process that capitalizes on the non-

linear magnetization of super-paramagnetic iron ox-

ide nano-particles which will be used.

Differential magnetometry works by first subjecting a

sample to an alternating magnetic field. The sample

is consequently excited and it’s magnetic susceptibil-

ity can be measured with a closely placed pickup coil.

This may be done to measure nano-particles but noise

will be generated by adjacent compounds and materi-

als, in the case of in vivo detection, tissues[6].

In order to better detect small quantities of nano-

particles and reduce interference from surrounding

tissues, a varied static offset field is introduced.

This is what defines differential magnetometry. Hu-

man tissues are diamagnetic and have a linear mag-

netization curve. By measuring the derivative of

the magnetization of a sample under various offsets
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Fig. 1: A single sperm cell coated in nano-particles[8]

super-paramagnetic nano-particles can be differenti-

ated from surrounding diamagnetic tissues or materi-

als by their non-linear magnetization which contrasts

the linear nature of surrounding tissue[6].

In this manner, differential magnetometry may allow

relatively minuscule quantities of IRONSperm to be

detected magnetically.

This study intends to firstly present a novel method

for localizing nano-particle coated sperm cells using

magnetic methods. Secondly, it will build on previ-

ous research done to investigate the rolling motion of

sperm cells by looking at motion on a larger scale and

characterizing the rolling motion of sperm cells based

on magnetic field strength and rotational frequency

1.1 Sperm based micro-robots

Previous research has shown that by subjecting a

sperm cell coated with magnetic nano-particles, here

on defined as an IRONSperm, to a time varying mag-

netic field, the cells and their attached flagella can be

made oscillate in such a way as to produce propul-

sion[7]. This presents an opportunity for navigation

of narrow vessels within the body such as capillaries.

Shown in Figure 1 is a single IRONSperm. A coating

of nano-particles can be observed coating its flagel-

lum and part of its head.

The specific nano-particles used to coat IRON-

Sperm are super-paramagnetic iron oxide nano-

particles(SPION). Synthetic iron oxide particles with

a core size below 100 nm exhibit super-paramagnetic

behavior. This means the particles exhibit a much

greater magnetic susceptibility than bulk magnets.

Additionally, when in the presence of a magnetic

field they will become magnetized but upon re-

moval of the field display no residual magnetic in-

teraction[9]. The increased magnetic susceptibility

of super-paramagnetic nano-particles allows IRON-

sperm to be magnetically actuated and localized with

minimal quantities of iron present.

1.2 Fabrication of IRONsperm

IRONsperm is fabricated through a process in

which dead bovine sperm cells are bound to super-

paramagnetic iron oxide nano-particles through elec-

trostatic interaction [4]. When a suspension contain-

ing sterilized bovine sperm cells is mixed with one

of nano-particles and a charge is induced, an elec-

trostatic attraction causes positively charged nano-

particles and negatively charged sperm cells to bind

to each other, causing nano-particles to form a surface

coating on the sperm cells [4].

Two different varieties of nano-particle were used

for the fabrication of IRONsperm. First, ellipsoid

shaped nano-particles approximately 100 nm in ma-

jor diameter were used. Synomag-70 nano-particles

were used to fabricate a different sample of IRON-

sperm. Synomag-70 is a commercial variety of spher-

ical nano-particle approximately 70nm in diameter.

The iron concentration of ellipsoid shaped nano-

particles was 123mg/ml in free suspension. The

iron concentration and sperm concentration of IRON-

sperm fabricated with those particles was not deter-

mined.

The iron concentration of the Synomag-70 used to

fabricate IRONSperm is known to be 25mg/ml and

the iron concentration of IRONSperm itself was deter-

mined to be 2.5mg/ml. Additionally, the sperm con-

centration of this sample was determined to be 10e7

cells/ml

2 MAGNETIC LOCALIZATION

2.1 LapDiffMag

A laparoscopic differential magnetometer was used

for the magnetic localization of sperm cells and nano-

particles. It consists of an excitation coil, a probe, and
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a control unit. The excitation coil is 27 cm in outer

diameter and is used to simultaneously produce the

static and alternating fields needed for detection[10].

The probe contains two coils used for detection [10].

They are encased at the end of a cylindrical rod 10

mm in diameter and 425mm in length.

The control unit, placed on a wheeled trolley, contains

the electronics needed for control, data processing and

power amplification[10].

When a super-paramagnetic sample is placed within

the excitation field and the detection probe is held in

close proximity to a sample, a voltage is produced

across the probe which is measured and recorded. The

probe voltage is dependent on the distance from a

sample.

During measurement, the probe needs to be held with-

out any movement so a robotic arm was used to ma-

nipulate it with precision. Despite this, perfect align-

ment of the probe with respect to a sample is challeng-

ing and sub millimeter variations in alignment can

have significant impacts on probe output voltage. For

this reason, it is difficult to accurately repeat measure-

ments performed with the LapDiffMag.

In order to perform a measurement with the LapDiff-

Mag, the setup must first be calibrated without a sam-

ple present in order to obtain a reference. If the probe

is to be measured at multiple points in space, calibra-

tion measurements must first be done at every point in

space to be measured. Calibration is a time consum-

ing process and because it must first be done without

a sample present. After performing calibration, mea-

surements may be performed. For accurate results a

series of measurements is done and averaged. Each

individual measurement takes approximately 1 sec-

ond.

2.2 LapDiffMag Measurement Procedure

In order to characterize the voltage response of the

probe as it is moved both horizontally and vertically

with respect to a sample, two separate test procedures

were designed.

The apparatus shown in Figure 2 was used to deter-

mine the probe voltage response as it is moved hori-

zontally and vertically. The excitation coil is laid flat

and a wooden block is placed at the center of the coil.

The block has a hole bored into the center which is

Fig. 2: Experimental setup for lateral probe measurements

used as a holder to fix a sample within the excitation

field. Placed inside this holder is a 0.2ml PCR tube

which may hold volume of sample fluid. The PCR

tube is placed top down within the holder such that

the sample fluid is suspended through adhesion in the

conical tip of the PCR tube at minimal distance from

the probe tip.

The response to lateral and vertical movements was

separately measured. To measure lateral response, the

probe was suspended at a vertical distance of 0.5mm,

centered directly of the sample. It was then moved

along the x-axis in 2mm increments within the range

-8mm to 8mm. At each point the average voltage

of the probe over 10 measurements was recorded.

To measure depth response, the probe was centered

above the PCR tube with respect to the x and y axis. It

was initially placed in contact with the top of the PCR

tube at a distance of 0mm from the sample and moved

upward in 2mm increments to a maximum range dis-

tance of 8mm from the sample.

Lateral measurements were performed with both

IRONsperm and nano-particles. Depth measurements

were performed only with nano-particles.

2.3 Nano-particle measurements

The lateral test procedure was first repeated several

times using a 50 μL each quantity of Synomag-70

nano-particles with iron concentrations of 5mg/ml,

15mg/ml, and 25mg/ml. The results are presented in

Figure 3. Some initial measurements were performed
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Fig. 3: Lateral probe measurements with three different concen-

trations of Synomag-70.

with the ellipsoid shaped nano-particles. However,

they produced a relatively weak response with the

LapDiffMag and tests were not continued.

For all samples measured, the voltage of the probe

decreased with distance from the sample. The volt-

age response was largely symmetric with the positive

and negative x-axis. However, for samples with an

iron concentration of 25mg/ml and 15mg/ml, nega-

tive values of x produced slightly greater voltages than

corresponding positive values along the x-axis. It is

expected that the voltage response should be symmet-

ric as probe distance increases, and the observed be-

havior can likely be attributed to a to a misalignment

of the probe when conducting these sets of measure-

ments.

It was also observed that the probe voltage varied lin-

early with the iron concentration of a sample being

observed. This behavior was expected based on pre-

vious research done with the LapDiffMag.

After performing lateral measurements, the depth test

procedure was performed using 50 μL samples of

Synomag-70 with concentrations of 25mg/ml and 15

mg/ml. Due to time constraints, a 5mg/ml measure-

ment could not be obtained. The results of the detec-

tion depth test are displayed in Figure 4.

For both samples measured, the probe voltage de-

creases as distance from the sample is increased. This

is expected as the magnetic field generated by a mag-

net in a uniform magnetic field decays with the third

Fig. 4: The voltage decreases as the vertical distance between

the probe and sample increases. Shown are measurements for

two concentrations of Synomag-70 nano-particles.

power of distance[8]. Additionally by comparing

measurements of multiple concentrations the voltage

of the probe was further validated to be linearly pro-

portional to iron concentration.

2.4 IRONSperm measurements

The experiments performed in the previous section

were repeated using both varieties of IRONSperm dis-

cussed in Section 1.2. With both varieties of IRON-

Sperm, no voltage above the background noise level

was recorded.

The IRONSperm fabricated with ellipsoid shaped

nano-particles was measured first using the lateral test

procedure. A 100 μL sample was initially used. Due

to the suspected lack of their super-paramagnetic be-

havior, tests were not continued with the ellipsoid

shaped particles.

Next, a lateral test was performed with a 100 μL sam-

ple of IRONSperm fabricated with Synomag-70 nano-

particles. Again no signal above the background

noise level was detected. Based on the tests done

with free Synomag-70 nano-particles it was expected

that these IRONSperm would produce a response. A

100 μL volume of IRONSperm with an iron density of

2.5mg/ml would have the same iron quantity as the

50 μL sample of free nano-particles shown in Figure

3 because its iron concentration is double that of the

IRONSperm.
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Fig. 5: Magnetization curves for Synomag-70 nano-particles and

IRONSperm measured with the SPaQ.

A possible explanation for this behavior is that the

magnetic susceptibility of nano-particles is reduced

when they are bound to sperm cells. To quantify

the reduction in magnetic susceptibility that occurred

to nano-particles due to binding, additional tests

were performed with a super-paramagnetic quantifier

(SPaQ). This is a a more sensitive tabletop differen-

tial magnetometer specially designed for measuring

the magnetization curve of super-paramagnetic nano-

particles[11].

To compare nano-particles when they are free and

when bound to IRONSperm, a 100 μL sample of

Synomag-70 IRONSperm was measured and com-

pared to a 100 μL sample of Synomag-70 free par-

ticles diluted to an iron concentration of 2.5mg/ml.

The iron content of both samples was equivalent.

Both samples were individually measured with an ex-

citation frequency of 500, 1000, 2500, and 5000Hz.

Excitation frequency did not significantly impact the

response of the SPaQ. However, the most consistent

magnetization response was produced at 1000Hz and

the results are shown in Figure 5

Figure 5 shows the magnetization curve of both sam-

ples at an excitation frequency of 1000 Hz. This can

explain the poor performance of IRONSperm when

measured with the LapDiffMag. The max signal dif-

ference of each curve ΔSmax is defined as its maxi-

mum measured amplitude subtracted by its minimum

amplitude. This is a measure of a sample’s mea-

surement sensitivity[11]. The maximum signal differ-

ence of the measured Synomag-70 (3.16e-9mV) sam-

ple was greater than that of the IRONSperm sample

(1.50e-10mV).

The full width of the curve at half maximum (FWHM)

is another important property derived from the mag-

netization curve. It is used as a measure of the re-

solving power of a sample. The ratio of ΔS
FWHM

is of-

ten used as a measure of sample’s performance when

measured using differential magnetometry[11].

Synomag-70 free particles had a ΔS
FWHM

of (5.81e-

10) compared to (1.49e-11) for IRONSperm, approx-

imately 4 times greater. This likely explains why no

signal was detected from IRONSpermwhen measured

using the LapDiffMag.

Due to the decreased performance of IRONSperm

with differential magnetometry, localization with the

LapDiffMag is not feasible with the samples used.

It may be possible to concentrate IRONSperm fur-

ther and increase its iron concentration to compen-

sate for reduced performance. Alternatively, a more

sensitive differential magnetometer which can detect

IRONSperm at low concentrations may be used.

2.5 Localization using LapDiffMag

Two procedures of magnetically localizing IRON-

Sperm clusters using the LapDiffMag were consid-

ered. One possible option to localize IRONSperm

with the LapDiffMag is to hold the probe position

fixed and derive the position of an IRONSperm cluster

relative to it based on the output probe voltage.

This method of localizing IRONSperm was initially

considered. If the quantity and magnetization of

IRONSperm is known, then it was originally believed

that the voltage response of LapDiffMag could be an-

alytically derived. In practice, the LapDiffMag does

not have the necessary sensitivity to implement such a

procedure and the system is too complex because the

sample must be aligned with sub-millimeter precision

using only visual feedback. It is consequently very

difficult to control the position of the sample with re-

spect all three axes. Additionally, the excitation field

is non-uniform.[10] introduces additional complexity.

An alternative method of localization using the

LapDiffMag is to perform a sweep along the axis of

measurement, recording the probe voltage on a regu-

lar interval. If this is done, a pattern similar to the ones

shown in Figure 3 will be observed. As the probe ap-

proaches the sample, the output voltage will increase.

The location of a sample can then be identified by lo-

cating the maximum voltage during the sweep.
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Fig. 6: Torque generated an IRONSperm

Localizing IRONSperm using a sweep requires a set

of multiple measurements to be done and will take

significantly longer than the method in which posi-

tion is derived using the theoretical model. However,

this method is more robust because it does not rely on

analytically determining the voltage-distance relation

prior to measurement which was explained to be dif-

ficult. It is therefore recommended that a sweep be

performed when localizing IRONSperm.

3 MAGNETIC ACTUATION

3.1 Theory of rolling magnetic actuation

Using a rotating magnetic field, IRONSperm clusters

can be made to roll along a surface, producing motion.

Clusters can also be actuated using a magnetic field,

however the strength of a magnetic field needed to

actuate clusters through magnetic attraction is much

greater than the field needed to generate a comparable

motion through rolling.

Consider the diagram displayed in Figure 6. An ap-

proximately spherical shaped IRONSperm cluster has

been magnetized to a magnetic moment m within the

presence of a magnetic field B.

The difference in alignment between the magnetic

moment of the IRONSperm cluster and the magnetic

field B can be described by the angle θ around the

y axis. A magnetic torque τ will be inducted on the

IRONSperm cluster described by Ampere’s Law.

τ = m× B (1)

Fig. 7: The experimental actuation apparatus. A permanent mag-

net is held 75 mm above the IRONSperm in a plastic housing,

exposing the IRONSperm to field of magnitude 6.2 mT.

When the IRONSperm are in contact with a surface,

such as the bottom of a tube or vessel, this torque will

produce a rolling motion and generate a translational

movement parallel to the surface.

3.2 Experimental Procedure

To validate the theoretical model for magnetic actua-

tion, an experimental apparatus was built with which

IRONSperm was actuated. This is shown in Figure

7. An approximately 500 μL sample of IRONSperm

was diluted with 500 μL of demineralized water and

placed a plastic tube with a diameter of 6mm and

length of 37mm. This tube was fixed to a square alu-

minum bar for stability.

Held above the IRONSperm filled tube was a perma-

nent magnet whose rotational speed was controlled by

a servo motor. The motor and permanent magnet were

affixed to a 6-DOF KUKA robot which was used to

position and control the height of the permanent mag-

net.

When placed in a magnetic field, individual IRON-

Sperm clusters are subjected to a magnetic attractive

force causing clusters to aggregate. This can be ob-

served as IRONSperm pulled is out of suspension and

collects into larger clusters on the bottom of the tube

due to gravity.

To observe the rolling locomotion of IRONSperm,

clusters were collected on one side of the plastic tube.

The permanent magnet was then actuated with a angu-
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Fig. 8: Locomotion of IRONSperm under a rotating field of magnitude 6.2 mT. From top to bottom 5 RPM, 20 RPM, 60 RPM, and

140 RPM. Images are taken in 5 second intervals.

lar velocity to induce locomotion of the IRONSperm.

Note that the permanent magnet was held centered

above the plastic tube and was moved with the respect

with the x, y or z-axis to produce locomotion.

This procedure was repeated using different rotational

speeds of the permanent magnetic and varying its

height above the tube to control the strength of the

magnetic field which IRONSperm were subjected to.

3.3 Magnetic actuation results

Initially the permanent magnet was held above the

IRONSperm tube. The resulting magnetic field was

measured at the location of the tube and had a mag-

nitude of 6.2mT. The rolling motion and behavior of

IRONSperm was then observed at a range of frequen-

cies between 5 and 600RPM. Snapshots of the mea-

surements taken at 5, 20, 60, and 140RPM are shown

in Figure 8.

Under the rotating magnet field IRONSperm was ob-

served aggregating into clusters and rolling along the

bottom of the tube, their rotation in sync with that of

the permanent magnet.

In Figure 8, a few unique behaviors of IRONSperm

can be observed. At low frequencies such as 5RPM

and 20RPM shown, large clusters tend to aggregate.

At high frequencies significantly smaller clusters are

observed forming.

Fig. 9: Average rolling speed of IRONSperm under a magnetic

field of magnitude 6.2 mT at various magnet RPMs.

A possible explanation for this behavior is that at high

frequencies, clusters will surpass their step out fre-

quencies and do not have time to align with the ori-

entation of the rotating field. Because clusters may

then rotate at different frequencies, they will have dif-

ficulty aggregating. Additionally, the bonds between

individual clusters are relatively fragile and high ac-

celerations may cause larger more fragile clusters to

collapse into smaller ones.

Figure 9 shows the average rolling speed of clusters
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Fig. 10: Locomotion of IRONSperm under a rotating field of magnitude 9.32 mT. From top to bottom 20 RPM, 140 RPM, and 280

RPM counterclockwise. Images are taken in 2.5 second intervals.

at various magnet rotation speeds. It was observed

that IRONSperm clusters move faster at higher ro-

tation speeds of the permanent magnet. Up until a

magnet speed of 25RPM, the relation between cluster

velocity and magnet speed was approximately linear.

Cluster velocity then started to taper of and showed

a slight decrease past 140RPM. The linear relation

at low RPMs may be explained by large rotating in

sync with the permanent magnet and showing a pro-

portional increase in velocity. The taper may be ex-

plained by small clusters beginning to form at inter-

mediate RPMs, and although they may be rotating in

sync with the magnet, due to their smaller diameter,

these clusters experienced a lower velocity. Past 140

RPM, clusters may have begun to step out and as a

consequence, experience reduced rotational velocity.

Note that is graph was plotted with relatively few data

points and more data should be collected to validate

these results.

The strength of the magnetic field to which a clus-

ters are subjected plays a significant role in their

rolling behavior. Rolling motion was observed in

IRONSperm under magnetic field strengths as low

as 1.8mT, although their speed was greatly reduced.

Unique behavior was observed when the magnetic

field strength was increased by lowering the height of

the magnet. At a field strength of approximately 8.8

mT, the attractive forces between IRONSperm clus-

ters and the permanent magnet were sufficiently large

to pull clusters against the top wall of the tube over-

coming gravity. To observe rolling behavior along the

top of the tube, additional measurements were per-

formed under a field strength of 9.3mT. Snapshots of

these are displayed in Figure 10. Note that the time

interval of snapshots in Figure 10 is half that of 8 due

to increased rolling speed of clusters.

Under a field strength of 9.3mT measurements were

performed by varying the rotational speed of the mag-

net at 20, 140, and 280RPM in the counterclockwise

direction. When IRONSperm clusters are in contact

with the top of the tube, they were observed to roll

counter to the rotation of the permanent magnet.

It was also observed under a stronger magnetic field

and rolling along the top surface of the tube, clusters

were able to achieve a greater rolling velocity. It is

apparent from comparing the 20RPM and 140RPM

in Figures 8 and 10, that under an increased magnetic

field yet equal rotational speed of the magnet, clusters

achieve a higher rolling frequency.

Furthermore, under a stronger magnetic field, clusters

exhibit an increased step-out frequency. Under a field

strength of 6.2mT, cluster speed did not increase past

magnet speeds of 140RPM. Seen in Figure 10, an in-

crease in cluster velocity is observed between magnet

speeds of 140RPM and 280RPM counterclockwise .

This can be explained by Equation 1. The torque that

is applied to a cluster is directly proportional to the

magnetic field B. Because a higher torque is applied

under a greater magnetic field, the step-out frequency

of clusters is increased.

4 CONCLUSIONS

In this study, methods for magnetically actuating and

localizing nano-particle coated sperm cells were ex-

plored. To localize IRONSperm differential magne-

tometry was considered due to its ability to detect the
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super-paramagnetic nano-particle coating of IRON-

Sperm. It was observed that nano-particles experi-

enced a reduction in magnetic susceptibility and de-

tection performance through the process of binding to

sperm cells when compared to particles in free sus-

pension. As a consequence, localization of IRON-

Sperm was not achieved using the LapDiffMag dif-

ferential magnetometer.

Also in this study, IRONSperm clusters were actuated

using a rotating field generated by a permanent mag-

net held above a fluid filled tube containing IRON-

Sperm. Cluster velocity was observed to increase with

both the rotational velocity of the permanent magnet

as well as the magnitude of the applied magnetic field.

Additional behavior was also observed. IRONSperm

cluster size was dependent on magnet rotation fre-

quency and under a sufficiently strong magnetic field,

a pulling magnetic force between clusters and the per-

manent magnet was observed. Clusters were pulled

against the top wall of the tube and rolled counter to

the rotation of the permanent magnet.

Sperm based micro-robots are a viable future method

for targeted drug delivery and other forms of therapy.

Magnetic localization using differential magnetome-

try may allow the tracking of minimal amounts of

these robots in vivo. Using low strength and rotat-

ing magnetic fields to actuate sperm through rolling,

it may also be possible to navigate these robots to

very specific and currently unreachable sites within

the body. The combined application of these tech-

nologies will allow for greatly improved care within

the field of medicine.
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