
MagnetoSperm: A microrobot that navigates using weak magnetic fields
Islam S. M. Khalil, Herman C. Dijkslag, Leon Abelmann, and Sarthak Misra 

 
Citation: Applied Physics Letters 104, 223701 (2014); doi: 10.1063/1.4880035 
View online: http://dx.doi.org/10.1063/1.4880035 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/104/22?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
A self-positioning and rolling magnetic microrobot on arbitrary thin surfaces 
J. Appl. Phys. 115, 17E303 (2014); 10.1063/1.4855875 
 
Behavior of rotating magnetic microrobots above the step-out frequency with application to control of multi-
microrobot systems 
Appl. Phys. Lett. 104, 144101 (2014); 10.1063/1.4870768 
 
How does buoyancy of hydrogel microrobots affect their magnetic propulsion in liquids? 
Appl. Phys. Lett. 102, 124102 (2013); 10.1063/1.4798508 
 
Wireless resonant magnetic microactuator for untethered mobile microrobots 
Appl. Phys. Lett. 92, 144103 (2008); 10.1063/1.2907697 
 
Elucidation of propulsive force of microrobot using magnetic fluid 
J. Appl. Phys. 91, 7003 (2002); 10.1063/1.1452197 

 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

62.241.151.161 On: Mon, 09 Jun 2014 05:59:56

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/454711315/x01/AIP-PT/COMSOL_APLArticleDL_060414/COMSOL_banner_US_IEEE-Supplement-2014_1640x440.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Islam+S.+M.+Khalil&option1=author
http://scitation.aip.org/search?value1=Herman+C.+Dijkslag&option1=author
http://scitation.aip.org/search?value1=Leon+Abelmann&option1=author
http://scitation.aip.org/search?value1=Sarthak+Misra&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4880035
http://scitation.aip.org/content/aip/journal/apl/104/22?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/17/10.1063/1.4855875?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/104/14/10.1063/1.4870768?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/104/14/10.1063/1.4870768?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/102/12/10.1063/1.4798508?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/92/14/10.1063/1.2907697?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/91/10/10.1063/1.1452197?ver=pdfcov


MagnetoSperm: A microrobot that navigates using weak magnetic fields

Islam S. M. Khalil,1,a) Herman C. Dijkslag,2 Leon Abelmann,3,4 and Sarthak Misra2,b)

1German University in Cairo, New Cairo City 13411, Egypt
2MIRA–Institute for Biomedical Technology and Technical Medicine, University of Twente,
7500 AE Enschede, The Netherlands
3MESAþ Institute for Nanotechnology, University of Twente, 7500 AE Enschede, The Netherlands
4Korean Institute of Science and Technology, 66123 Saarbr€ucken, Germany

(Received 19 January 2014; accepted 20 March 2014; published online 2 June 2014)

In this work, a propulsion system similar in motion to a sperm-cell is investigated. This system

consists of a structure resembling a sperm-cell with a magnetic head and a flexible tail of 42 lm and

280 lm in length, respectively. The thickness, length, and width of this structure are 5.2 lm, 322 lm,

and 42 lm, respectively. The magnetic head includes a 200 nm-thick cobalt-nickel layer. The

cobalt-nickel layer provides a dipole moment and allows the flexible structure to align along

oscillating weak (less than 5 mT) magnetic field lines, and hence generates a propulsion thrust force

that overcomes the drag force. The frequency response of this system shows that the propulsion

mechanism allows for swimming at an average speed of 158 6 32 lm/s at alternating weak magnetic

field of 45 Hz. In addition, we experimentally demonstrate controlled steering of the flexible structure

towards reference positions. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4880035]

Electromagnetic systems and magnetic microrobots

have become an active area of study because of their poten-

tial to carry-out limited non-trivial tasks.1–4 However, the

limited projection distance of the magnetic field gradients

generated using electromagnetic systems has motivated

many researchers5–14 to investigate several propulsion mech-

anism and use electromagnetic coils only for steering.

Dreyfus et al.11 and Zhang et al.5 have developed microro-

bots with flexible longitudinal and rigid helical structures

that move using oscillating and rotating magnetic fields,

respectively. These structures were inspired by the natural

design of the sperm-flagella and the E. coli bacteria. Gillies

et al.15 have modeled the sperm flagellar motion in a micro-

scopic slide chamber to obtain the flagellar beat frequency

and head centroid position. Tony et al. have also investigated

the propulsion mechanism of a macroscopic swimmer (with

flagellar motion) through measurements of propulsive forces

and time-varying shapes.16 However, properties of this pro-

pulsion mechanism (e.g., the frequency response and motion

control techniques) at microscale has not yet been shown.

In this study, we discuss the properties and characteriza-

tion of a self-propelled microrobot which we refer to as

MagnetoSperm. This microrobot is similar in shape to a

sperm-cell. It can be steered and propelled using weak oscil-

lating magnetic fields. These fields would allow the flexible

structure of MagnetoSperm to oscillate and generate a thrust

force, as shown in Fig. 1. (Please refer to the accompanying
video that demonstrates the propulsion of MagnetoSperm
using oscillating weak magnetic fields.) We characterize the

frequency response of MagnetoSperm using an oscillating

field with a frequency range of 0 Hz–65 Hz (the beat fre-

quency of a flagellum of a sperm cell ranges from 20 Hz to

50 Hz).17 This characterization is used to determine the

maximum swimming speed that can be used in the design of

a feedback control system for the motion of MagnetoSperm.

MagnetoSperm consists of an ellipsoid head and a trape-

zoidal tail to mimic the shape of a sperm-cell. Fabrication of

MagnetoSperm is done essentially in two steps (Fig. 2).

First, the head, neck, and tail structures are defined from an

SU-8 polymer using photolithography. SU-8 has been chosen

for its mechanical stability and ease of fabrication. Second, a

200 nm thick cobalt-nickel layer (Co80Ni20) is patterned on

the head by lift-off.

The propulsion of MagnetoSperm is provided by the

oscillating weak magnetic fields that exerts a magnetic tor-

que on the magnetic dipole of ellipsoid head. We calculate

the drag force and the magnetic force on MagnetoSperm to

show that it swims using the weak oscillating fields rather

FIG. 1. MagnetoSperm moving under the influence of the oscillating

(25 Hz) weak magnetic fields (�5 mT). At t¼ 0 s, zero magnetic field is

applied. At t¼ 1 s, oscillating weak magnetic fields are applied. The mag-

netic torque exerted on the dipole moment of MagnetoSperm oscillates its

flexible tail and results in a thrust force. This thrust force allows

MagnetoSperm to swim at a speed of 53 lm/s. The dashed blue and red lines

indicate the starting and ending positions of MagnetoSperm. Please refer to
the accompanying video that demonstrates the propulsion of MagnetoSperm
using oscillating weak magnetic fields. (Multimedia view) [URL:

http://dx.doi.org/10.1063/1.4880035.1]
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than the magnetic field gradients. A lower limit of the drag

force on MagnetoSperm can be obtained by neglecting its

head and assuming that its morphology is similar to a long

thin needle of length (l) and diameter (d)18

Fdð _PÞ ¼ g
l

ln
2l

d

� �
� 0:81

_P; (1)

where Fdð _PÞ and _P are the drag force and the velocity of

MagnetoSperm, respectively. Further, g is the dynamic vis-

cosity of water (1 mPa s), and l and d are the length (322 lm)

and diameter (5.2 lm) of MagnetoSperm, respectively.

Using (1), the linear drag force is calculated to be

1.2� 10�11 N at a speed of 158 lm/s (maximum average

speed of MagnetoSperm at frequency of 45 Hz). The mag-

netic force exerted on the magnetic dipole of MagnetoSperm

is given by

FðPÞ ¼
ð

v
Msdv � rBðPÞ ¼ m � rBðPÞ; (2)

where F(P) is the magnetic force at point (P). Further, Ms

and v are the magnetization saturation (1.19� 106 A/m) and

volume of the Co80Ni20 that is deposited on the head of

MagnetoSperm, respectively. Further, B(P) is the magnetic

field at point (P). Using (2), the maximum magnetic force

exerted on MagnetoSperm is calculated to be 3.89� 10�13

N at magnetic field gradient of 2 mT/m. This calculation

shows that the maximum magnetic force exerted on the

MagnetoSperm by our magnetic system is 2 orders-of-

magnitude smaller than the drag force. Therefore, motion

of MagnetoSperm (Fig. 1) is due to the thrust force gener-

ated based on the oscillation of the flexible tail. This result

would allow us to propel (Fig. 1) and steer (Fig. 4)

MagnetoSperm using weak magnetic fields without the

magnetic field gradients.

We use an electromagnetic system to provide uniform

weak magnetic fields to move and steer MagnetoSperm.

The field lines are oscillated to move MagnetoSperm in

two-dimensional space. The angle between the oscillating

magnetic field lines is approximately 90�. Position of

MagnetoSperm is detected using a microscopic system and

a feature tracking algorithm.19 Uniform magnetic fields are

applied and oscillated with a frequency range of

0 Hz–65 Hz. This frequency range is devised based on the

frequency response of our electromagnetic coils. The

FIG. 2. Schematic illustration of the

fabrication of MagnetoSperm: A 5 lm

SU-8 layer is spin-coated on a silicon

support wafer (a) and patterned using

standard photolithography ((b), (c)).

Using a resist lift-off mask (d), a

200 nm Co80Ni20 element is defined on

the head by e-beam evaporation ((d),

(e)). The MagnetoSperm is released

into liquid by etching the entire silicon

wafer in a 5% tetramethylammonium

hydroxide solution at 85 �C. The major

and minor diameters of the ellipsoid

head of MagnetoSperm are indicated

by a (42.6 lm) and b (27.6 lm),

respectively.
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magnitude of the magnetic field drops by 50% at approxi-

mately 80 Hz (50% of the magnetic field magnitude at

0 Hz).

The magnitude of the magnetic fields within the fre-

quency range of 0 Hz–65 Hz is almost constant (Fig. 3). The

slight decrease of the magnitude of the magnetic fields has

a negligible effect on the oscillation of MagnetoSperm as a

low magnitude of torque will ultimately align the

MagnetoSperm along the field lines. However, the oscilla-

tion amplitude of MagnetoSperm decreases as we increase

the frequency of the oscillating magnetic fields. Therefore,

the change in the swimming velocity is only due to the fre-

quency of the oscillating fields that controls the oscillation

amplitude of MagnetoSperm. Fig. 3 shows that increasing

the frequency of the oscillating fields above 45 Hz results in

a decrease in the swimming speed. We attribute this

decrease to the oscillation amplitude that decreases at high

frequencies since MagnetoSperm can no longer follow the

oscillating field lines.

We measure the average speed at each frequency 5

times. Fig. 3 shows the frequency response of MagnetoSperm

in the mentioned frequency range. We observe that the maxi-

mum swimming speed is 158 6 32 lm/s at alternating weak

magnetic field (less than 5 mT) of 45 Hz. Increasing the fre-

quency of the oscillating fields more than 45 Hz results in a

decrease in the average swimming speed of MagnetoSperm.

FIG. 3. Frequency response of MagnetoSperm (upper-left corner) and single

air-core electromagnetic coil. Average speed of MagnetoSperm and magni-

tude of magnetic fields are calculated from 5 trials and measurements at

each frequency, respectively. Magnetic fields are measured using a cali-

brated three-axis Hall magnetometer (Sentron AG, Digital Teslameter

3MS1-A2D3-2-2 T, Switzerland). The average speed decreases at oscillating

magnetic field with frequency of 50 Hz. The red arrows represent the oscil-

lating magnetic fields with an angle of approximately 90�. The major and

minor diameters of the ellipsoid head of MagnetoSperm are indicated by a
(42.6 lm) and b (27.6 lm), respectively. Please refer to the accompanying
video that shows a simulation of the oscillating magnetic fields. (Multimedia

view) [URL: http://dx.doi.org/10.1063/1.4880035.1]

FIG. 4. MagnetoSperm is steered towards two reference positions (small blue circles) under the influence of the controlled oscillating magnetic fields of 5 Hz.

The oscillating magnetic fields are directed towards the reference position to move and steer MagnetoSperm. The red arrow indicates the oscillation of the

MagnetoSperm, whereas the large blue circle is assigned using a feature tracking algorithm.14 Please refer to the accompanying video that demonstrates the
steering and propulsion of MagnetoSperm using oscillating weak magnetic fields. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4880035.1]
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Fig. 3 shows a qualitative match of the maximum swimming

speed between our experimental results and those measured

by Dreyfus et al.11 The difference between the maximum

swimming speed is due to the size, morphology, properties of

medium that affect the beating frequency of the tail, and

hence affect the swimming speed of the structure.20

The frequency response of MagnetoSperm can be used

to control its swimming speed during a point-to-point motion

control task. This can be done by directing the magnetic field

lines towards a reference position and oscillating the fields to

induce a thrust force through the flexible tail. Fig. 4 shows

the motion of MagnetoSperm at a frequency of 5 Hz. In this

representative experiment, the magnetic fields are oriented

towards two reference positions (small blue circle). The

magnetic dipole moment of MagnetoSperm allows for its

alignment along the field lines. Motion of MagnetoSperm is

observed after the oscillation of the applied field lines.

Please refer to the accompanying video that demonstrates
the steering and propulsion of MagnetoSperm using oscillat-
ing weak magnetic fields.

In conclusion, we present a microscopic investigation

on a propulsion mechanism using oscillating weak magnetic

fields. This investigation includes the manufacturing and

characterization of MagnetoSperm which consists of a mag-

netic head and a flexible tail. The frequency response charac-

terization shows that MagnetoSperm swims at average speed

of 0.1 body lengths per second to 0.5 body lengths per sec-

ond for a frequency range of 5 Hz–45 Hz.

The research leading to these results has received fund-

ing from MIRA-Institute for Biomedical Technology and

Technical Medicine, University of Twente. The authors

thank Ms. Ozlem Sardan Sukas for assistance with the design

and manufacturing of the MagnetoSperm.
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