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Magnetic micromanipulation using magnetic tweezers is a versatile biophysical technique and has
been used for single-molecule unfolding, rheology measurements, and studies of force-regulated
processes in living cells. This article describes an inexpensive magnetic tweezer setup for the
application of precisely controlled forces up to 100 nN onto 5 �m magnetic beads. High precision
of the force is achieved by a parametric force calibration method together with a real-time control
of the magnetic tweezer position and current. High forces are achieved by bead-magnet distances of
only a few micrometers. Applying such high forces can be used to characterize the local
viscoelasticity of soft materials in the nonlinear regime, or to study force-regulated processes and
mechanochemical signal transduction in living cells. The setup can be easily adapted to any inverted
microscope. © 2007 American Institute of Physics. �DOI: 10.1063/1.2804771�

INTRODUCTION

Micromanipulation and microrheology techniques such
as atomic force microscopy, micropipettes, microneedles, as
well as optical and magnetic traps have important applica-
tions in biophysics and cell biology. The use of magnetic
forces in biology dates back to the early 20th century, when
Heilbronn, a botanist, inserted magnetic particles into proto-
plasts and observed their movement in a magnetic gradient.1

Similar work was carried out by Freundlich and Seifriz in
echinoderm eggs around the same time.2 In 1949, Crick and
Hughes characterized the viscoelastic response of chick
fibroblasts,3 and later Yagi4 and Hiramoto5 further refined the
magnetic particle method as a tool to study the viscoelastic-
ity of living cells. Since then, many researchers have utilized
and improved different variants of the magnetic particle
method as a tool for manipulating biomolecules, protein
force spectroscopy, and microrheology studies in soft mate-
rials and cells.

Multidimensional magnetic tweezers with several mag-
netic poles that can be used to move magnetic particles in
arbitrary directions6–8 are the most versatile; however, they
are limited by the magnitude of force that can be applied.
The most flexible design so far has been the exchangable-
pole magnetic trap recently developed by Fisher et al.,9 in
which the pole geometry can be changed depending on the
requirements of the experiment.

Two-pole setups can be used to generate high and alter-
nating forces between two opposing magnets.10–13 Guilford
and Gore11 used optical tracking and current feedback in
their two-pole magnetic trap and were able to apply forces of
up to 80 nN on spherical metal particles of �10 �m diam-
eter, suitable for tissue studies but not for single cell
experiments.

Vertical magnetic tweezers use the vertical gradient be-
tween two magnetic poles placed above the sample stage.
This geometry has been used for DNA unfolding experi-

ments and adhesion studies, but, while generating homog-
enous gradient fields, it is limited in the range of applicable
forces ��0.2 nN�.14–17 The highest forces are usually ob-
tained with one-pole microneedle geometries, either imple-
mented using permanent magnets18 or electromagnets with
soft iron cores.19–22 Another fundamentally different type,
not discussed here further, uses homogenous magnetic fields
to rotate permanently magnetized particles �magnetic
twisting�.23–25

The aim of the present work was to increase the magni-
tude of applicable forces compared to earlier implementa-
tions of the magnetic tweezers method in an inexpensive and
easily reproducible setup. It consists of a single solenoid
with a high-permeability soft iron core attached to a remote-
controlled micromanipulator. High forces of up to 100 nN
onto 5 �m magnetic beads are achieved by distances be-
tween core and bead as small as 10 �m. An inherent problem
of this design is the poor control of force due to the highly
nonlinear force-distance relationship. We solved this problem
by constantly tracking the distance between bead and core,
and adapting the solenoid current and/or the core position
using the micromanipulator. Force is calibrated using the
classic viscous drag approach,4 and an empirical fit is used to
describe the nonlinear relationship between distance, current,
and force with an analytical formula. This setup provides
high timing and force accuracy, and can be adapted to all
common inverted microscopes equipped with a charge
coupled device �CCD� camera.

SYSTEM DESIGN

An overview of the setup is shown in Fig. 1. The mag-
netic microneedle consists of a cylindrical rod made of high-
permeability nickel alloy. If a magnetic bead with volume V
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and magnetic susceptibility � is exposed to an external mag-
netic field H=B /�, the field induces in the bead a magnetic
moment

m = � � V � H . �1�

If the magnetic field is inhomogenous ��B�0�, the probe
experiences a gradient force,

F = �m ·
�

�r
�B . �2�

The limiting factors for F are the magnetic moment of the
probe, which is determined by its size and susceptibility as
well as the magnitude of the applied magnetic field, and the
gradient of the field. The field magnitude can be increased by
increasing the solenoid current or number of coil turns until
the core is saturated. The permeability ��H� of the core is a
material parameter which determines the total magnetic flux
through the core at a certain external field. Thus, the core
material should be selected for the highest possible perme-
ability, as well as lowest hysteresivity. The gradient strength
depends on the geometry of the core. If the core is needle
shaped, the magnetic flux is bundled and the gradient will
reach a maximum near the needle tip.

Data shown here were obtained with a core material of
either HyMU-80 �Carpenter Technology, Reading, PA� or
Mumetall �Vacuumschmelze GmbH, Hanau, Germany�. The
core has a diameter of 4.5 mm and a length of 100 mm. One
end is tapered and has a sharp tip with radius of �10 �m.
Tapering is done using a diamond grinder, and the tip is
polished using #4000 grade sandpaper. The magnetic field is
generated by a solenoid, which consists of 200 turns of
0.5 mm copper wire on a brass frame enclosing the micron-
eedle, and is connected to a power supply. The microneedle
is attached to an Eppendorf InjectMan NI-2 micromanipula-
tor �Eppendorf AG, Hamburg, Germany� for precise posi-
tioning with an accuracy of 40 nm. The micromanipulator
has a RS-232 interface and can be remote controlled by a
personal computer �PC�. The magnetic flux density of the
microneedle is monitored by a miniature Hall probe
�SS496A, Honeywell, Morristown, NJ� attached to the rear
end of the core.

The current source for the solenoid current is custom
built and can generate a current of up to 3 A at an output
power of 35 W. It consists of an OPA-549 high current op-
erational amplifier �Texas Instruments, Dallas, TX� powered
by a regulated power supply in a voltage-to-current conver-
sion circuit.

Bright-field images of bead and needle tip are taken by a
CCD camera �Orca-ER, Hamamatsu GmbH, Herrsching� at
frame rates of 40 Hz. For simultaneous imaging of the struc-
ture of living cells or other specimens that are probed, illu-
mination can be switched to dark field or epifluorescence
during experiments either manually or using remote-
controlled shutters and filter wheels. In these modes, how-
ever, bead positions cannot be tracked real time.

The voltage signal for controlling solenoid current and
the image acquisition trigger signal are generated by a PC
equipped with a 16 bit data acquisition board �NI-6052E,
National Instruments, Austin, TX�. For every captured frame,
solenoid current and magnetic flux density are simulta-
neously recorded using the analog-to-digital �AD� converter
of the NI-6052E board. The CCD camera is triggered using
the card’s timer output. Image acquisition and driving current
are synchronized, and a hardware generated transistor-
transistor logic �TTL� pulse is used to define the start of an
experiment.

Software for image acquisition, bead tracking and con-
trol of the electromagnet was programmed in C�� as a stan-
dalone application under WINDOWS XP using the VISUAL.NET

development environment and can be obtained from the au-
thors upon request. Drivers for CDD camera and the AD/DA
board were supplied by the manufacturer. Even though the
program used here was developed for the Hamamatsu digital
camera application programming interface �DCAM� proto-
col, the National Instruments data acquisition �DAQ� boards,
the Eppendorf InjectMan micromanipulator, and for Leica
microscopes, the software can be easily adapted to other
hardware or operating system platforms and does not depend
on any specific software environment or host application.

Positions of one or more beads in the field of view are
determined by pattern matching and then tracked through
subsequent frames using an intensity-weighted center-of-
mass algorithm.26 The position of the needle tip in the field

FIG. 1. �Color online� Schematic view of the setup. The
�-metal core of a solenoid is attached to a microman-
ipulator on a microscope equipped with a heated x-y
stage, antivibration table, motorized z drive and shutter,
and a CCD camera connected to a PC. Solenoid current
and core tip position are controlled by the PC, and bead
positions are tracked in real time.
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of view is determined by erosion and dilation operations on a
downscaled image, followed by thresholding and segmenta-
tion, yielding a binary image of needle and background that
is then used to find the needle position. Bead and needle
positions, the current, and the magnetic flux density for every
image taken are written to a text file. Images are acquired
into a frame buffer in the PC memory at 40 frames
per second and can optionally be stored on hard disk for later
analysis.

FORCE FEEDBACK

Driving current or needle position can be changed after
every frame in order to react to changes in bead position
�Fig. 1�. This ensures accurate force control even for bead-
needle distances of only a few micrometers. Without force
feedback, the bead movement towards the magnet would
lead to a steeply increasing force and, possibly, to contact
between the bead and the magnet. For distances of more than
20 �m, the nonlinearity of the force-distance relationship is
less pronounced, and it is sufficient to update the driving
current only. For shorter distances, however, it is necessary
to move the needle as well. The reaction time of the control
mechanism is limited by the camera frame rate �up to 40 Hz�
for current updates, and by the response time of the micro-
manipulator to RS232 commands ��50 ms� for the needle
position.

CALIBRATION AND VALIDATION

Force calibration

Force is calibrated by measuring the velocity of a bead
moving through a viscous fluid, as described elsewhere.4 A
small number of the beads to be calibrated are diluted in
uncured PDMS with known viscosity � between 0.1 and
10 Pa s �factory-calibrated poly�dimethylsiloxane�, Sigma-
Aldrich, St. Louis, MO�. The needle is then immersed into
the solution, and bead movements are tracked during re-
peated current on-off cycles, each on or off phase lasting 1 s.
Settling of the viscous fluid causes a bead drift, which we
determine during the current-off phases. The force acting on
a bead during the current-on phase was then computed from
the drift-corrected velocities v according to Stokes’ formula
for viscous drag,

F = 6� � � � r � v . �3�

The radius r of the beads used here �Table I� had standard
deviations of less than 0.2 �m between beads as determined
with optical and scanning electron microscopy. Force-
distance curves for multiple beads and currents are recorded,
and a simple mathematical expression is fitted to the data of
all beads, distances, forces, and currents �Fig. 2�,

TABLE I. Comparison of different types of beads in terms of force-to-volume ratio. Force is given for a driving
current of 3 A and a bead-to-needle distance of 20 �m.

Bangs Labs
�Compel beads�

Spherotech
�CFM-40-10�

Invitrogen
�Dynabeads M-450�

Custom Fe3O4

�ferrimagnetic�

Diameter 5.8±0.2 �m 4.9±0.3 �m 4.5±0.2 �m 4.5±0.2 �m
F at 3 A, 20�m 2 nN 3.5 nN 12 nN 60 nN
F /V 0.02±0.002 nN/�m3 0.08±0.01 nN/�m3 0.25±0.03 nN/�m3 1.25±0.17 nN/�m3

FIG. 2. �Color online� �A� force-distance curves are
recorded at different currents �shown here: 100, 600,
and 2500 mA� for 4.5 �m superparamagnetic beads
�Invitrogen Dynabeads�. �B� Fitting Eq. �4� to all data
points yields a common intersection of the force-
distance curves from multiple currents. Note that in a
double-logarithmic plot, the force-distance curves form
straight lines. �C� Equation �5� is fitted to the slopes of
the double-logarithmically plotted force-distance curves
�i.e., the power-law exponent of the force-distance rela-
tionship� at different currents. At high currents, both
beads and pole tip are saturated and the slope flattens
out. �D� coercitive currents for different magnetization
currents are recorded and fitted by a fourth-order poly-
nomial to compensate for the magnetic hysteresis of the
solenoid core material.
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F�d,I� = F0 � � d

d0
�c�I�

. �4�

Equation �4� describes the relationship between force F, cur-
rent I, and distance d, using two scaling parameters �F0 and
d0� for force and distance, and a current-dependent distance
exponent, c�I�, describing the slope of the F-d curve in a
log-log plot. For instance, c=−2 corresponds to F�1/d2 and
c=−1 to F�1/d. This current-dependent exponent is fitted
to the function

c�I� =
c1

1 + c2 � exp�c3 � I�
, �5�

using three parameters c1¯3. With a total of five parameters,
this calibration formula accurately describes the force at any
measured distance and current. Equation �4� can be rear-
ranged to compute the driving current that is necessary to
obtain a desired force at any given distance between the bead
and the needle,

I�F,d� = 1/c3 � ln�1/c2 � �c1 � 	 ln�d/d0�
ln�F/F0�
 − 1�� .

�6a�

Alternatively, Eq. �4� can be rearranged to compute the
needle position �i.e., the bead-needle distance� that is neces-
sary to obtain a desired force at a given current,

d�F,I� = d0 � � F

F0
�1/b�I�

. �6b�

Equations �6a� and �6b� are at the core of the force feedback
mechanism described above.

Angle dependence

The magnitude of the magnetic field gradient, and hence
the force magnitude, depends crucially on the shape of the
needle tip. Highest forces and steepest gradients are obtained
using the smallest possible tip radius. The direction of forces
was found to point always to the surface normal of the tip.
That means that, for beads within an angle of about 120°
around the tip and a distance not higher than 100 �m from
the tip, the force vector points towards the center of the circle
describing the tip �Fig. 3�. For these beads, the magnitude of
force depends only on the Euclidean distance to the tip, and
is independent of the bead position relative to the needle
axis. This feature of the force-distance relationship greatly
simplifies the force calibration procedure and magnetic twee-
zer experiments. For instance, without loss of accuracy, the
forcing direction and the needle axis need not be precisely
aligned, and the needle tip can be moved a few micrometer
above the z plane of the bead to avoid contact between the
needle and the substrate to which the bead adheres.

Characterization of beads

Until some years ago, the large variations of magnetic
susceptibility in commercialy available magnetic beads made
accurate force calibration impossible.11 Nowadays, this no
longer seems to be an issue. We compared superparamag-
netic and ferrimagnetic beads from different suppliers. Best

results in terms of force-to-volume ratio were obtained for
superparamagnetic 4.5 �m Invitrogen Dynabeads and 4 �m
custom-made ferrimagnetic beads �Table I�.

Hysteresis compensation

Despite being superparamagnetic, the magnetic needle
still shows some hysteresis, which means the magnetic flux
does not completely vanish after switching off the current.
The hysteresis can worsen if the needle heats up as a result of
machining, such as lathing or grinding. One way to over-
come this is by reannealing the needle material at high tem-
peratures ��800 °C� which restores the superparamagnetic
properties. Another way described here is to cancel the rem-
anent magnetic field by superimposing a small compensation
magnetic field generated by the solenoid. The magnitude of
the coercitive current depends on the magnetic history of the
material, i.e., the highest magnetic field strength it has been
subjected to. We calibrated the compensation current that
was necessary for hysteresis compensation in the following
way. A Hall probe to monitor the magnetic flux through the
core is attached to the proximal �blunt� end of the needle.
After application of a brief �1 s� magnetization current pulse,
the compensation current necessary to generate zero flux is
determined. The relationship between magnetization current
and compensation current is fit to a fourth-order polynomial
in order to determine the necessary compensation current for
any level of magnetization �Fig. 2�. Between experiments,
the magnetization of the core is erased by applying a sinu-
soidal voltage with decaying amplitude �de-Gaussing�, which
creates a random orientation of the permanent magnetic do-
mains in the material and, hence, zero total flux.

Timing

Driving current and camera shutter are precisely syn-
chronized by a hardware clock signal. To ensure accurate
timing and a fast onset of force despite the high inductivity
of the coil, we monitored the actual coil current by measur-

FIG. 3. �Color online� Force vectors point towards the needle tip. Force
magnitude only depends on the bead-tip distance for all beads within a cone
of about 120° around the tip �solid lines�.
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ing the voltage across a 1 	 resistor in series to the solenoid.
The rise time of the current and hence force was less than
100 �s �Fig. 4�.

DISCUSSION AND APPLICATIONS

Open chamber design

The necessarily short distance between bead and magnet
makes this design incompatible with a closed chamber de-
sign for live cell imaging, which limits the duration of ex-
periments involving living cells or other specimens where
contact to air has to be avoided. This limitation can be some-
what eased by using an open chamber and covering the sur-
face with mineral oil after immersing the magnet, essentially
sealing it from air contact while maintaining full maneuver-

ability of the magnet. Another option is flushing the media
with a constant stream of an air/CO2 mixture.

Force accuracy

The major source of error for force calculation is the
distance between bead and magnet during calibration or
tracking. For the calculation of the applied force using Eq.
�4�, an uncertainty 
d in measuring the distance leads to a
relative error in force reconstruction,


F

F
=�� �F�d,I�

�d
�


d

d
�2

= 
c�I� �

d

d

 . �7�

For a distance d=10 �m and an error 
d=1 �m, the relative
error is between 15% and 20%, and becomes smaller for
larger distances. The distance error and variations in bead
diameter add up to a total relative error between 18% and
28% depending on bead type. This estimate agrees with the
rms difference between our force-distance data points of
beads �Fig. 2� and the predictions from Eq. �4�.

APPLICATIONS

A typical use of magnetic tweezers is the characteriza-
tion of local viscoelastic properties of soft materials �mi-
crorheology�. High forces are needed to study the nonlinear
regime of viscoelasticity, where biological materials are
known to exhibit various phenomena such as stiffening or
yielding. We measured the bead displacement during appli-
cation of a stepwise increasing force of up to 10 nN to beads
attached to or embedded in a linear elastic medium �poly-
acrylamide gel� or a living cell �Figs. 5�a� and 5�b��. For
beads embedded in the polyacrylamide gel, the apparent
elastic modulus G�t=1 s� �defined as the inverse of the
force-normalized displacement after every 1 s force step,
J�t=1 s�� is constant, as expected for a linear elastic mate-

FIG. 4. �Color online� Solenoid current, and hence force, is delayed by less
than 100 �s compared to the control voltage generated by the DA converter
�DAC� board. This ensures that force application and image acquisition can
be synchronized.

FIG. 5. �Color online� �a� Magnetic
beads were embedded into a polyacry-
lamide �PAA� gel or attached to the
surface of a collagen-coated PAA gel,
or attached to the apical membrane of
cells via fibronectin �FN�-integrin
linkages. �b� Displacement of beads
embedded into the gel and attached to
cells as a response to a stepwise in-
creasing force. Note the purely elastic
response of the gel and the viscoelastic
creep of the cell. �c� Apparent stiffness
1 /J�t=1 s� of all three conditions vs
applied force. While the gel-embedded
beads show linear behaviour, surface-
bound beads on PAA gel and cells
show different amounts of nonlinearity
at higher forces. �d� The amount of
disrupted beads vs force is an indicator
of bead binding strength.
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rial. This serves as a reference and countercheck for the force
calibration. Beads coated with fibronectin and attached to
polyacrylamide gel with a thin layer of collagen on top show
a slightly nonlinear behavior as a result of bead pivoting.27

Fibronectin-coated beads attached to the surface of adherent
cells display a more pronounced nonlinearity and appear in-
creasingly stiffer at higher forces. This nonlinearity can arise
both from the properties of the cytoskeleton as well as the
geometry of the setting—some beads are completely inter-
nalized by the cell while others are loosely bound to the
outer membrane and are pulled away from the cell at higher
forces. Analyzing the force at which beads detach from the
cell surface can also be used to determine membrane binding
strength for different ligand coatings �Fig. 5�d��.

Because the forces obtained with this magnetic tweezers
design are on the same order of magnitude as the forces
generated by cells during adhesion, migration, or
cytokinesis,28 we suggest that the high-force magnetic twee-
zer setup described here is particularly suitable for studying
these biological processes and their underlying regulatory
mechanisms.
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