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Here we present a new, compact magnetic tweezers design that enables precise application of a wide range of dynamic
forces to soft materials without the need to raise or lower the magnet height above the sample. This is achieved through
the controlled rotation of the permanent magnet array with respect to the fixed symmetry axis defined by a custom-
built iron yoke. These design improvements increase the portability of the device and can be implemented within
existing microscope setups without the need for extensive modification of the sample holders or light path. This device
is particularly well-suited to active microrheology measurements using either creep analysis, in which a step force is
applied to a micron-sized magnetic particle that is embedded in a complex fluid, or oscillatory microrheology, in which
the particle is driven with a periodic waveform of controlled amplitude and frequency. In both cases, the motions of the
particle are measured and analyzed to determine the local dynamic mechanical properties of the material.
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I. INTRODUCTION

Microrheology devices measure the behavior of complex
viscoelastic materials at small length scales over which in-
homogeneities and microstructures strongly contribute to ma-
terial response. Such techniques have been used to under-
stand the complex physics which governs the behavior of soft
structured materials, such as DNA solutions, carbon nanotube
suspensions, liquid crystals, cytoskeletal networks and living
cells1–6. Common experimental approaches include the analy-
sis of the thermal motions of embedded particles (called “pas-
sive” microrheology) or the analysis of the driven motions of
particles using optical or magnetic tweezers (called “active”
microrheology)7. Of these, magnetic tweezers can apply the
highest forces and exhibit the largest dynamic force range,
thus enabling measurement of the broadest range of materi-
als, with moduli as high as ≈1 kPa 8,9.

Such particle-based microrheology methods typically
leverage optical microscopy to observe and record particle
motion, and are thus well-suited for combination with other
microscopy techniques (e.g. fluorescence microscopy, con-
focal scanning microscopy, FCS, FRAP) to characterize ma-
terials more fully10. However, such combinations are only
possible if the microrheology device can be physically cou-
pled to the microscope of interest. Although simple portable
versions of magnetic tweezers devices exist, they typically do
not provide large applied forces, can be difficult to calibrate,
and it is challenging to dynamically vary the applied force11.
By contrast high-force magnetic tweezers are typically built
around custom microscope bases, in order to accommodate
the custom-built magnet arrays12–14.

To achieve large forces, large magnetic field gradients are
required. These have been demonstrated using electromag-
netic devices, which allow for rapid changes in field strength
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by changes in applied current6,15,16. Yet electromagnetic de-
vices have disadvantages: they typically exhibit hysteretic re-
sponses and require high-voltage power supplies and com-
puterized feedback control to provide well-controlled forces.
Moreover, because of the high currents required, such devices
can require active cooling to prevent sample overheating due
to Joule heating15,17.

Permanent rare earth magnets, typically formed from an al-
loy of neodymium, iron, and boron (NdFeB), are an excel-
lent alternative and can provide similar magnetic field gradi-
ents, and thus similar forces, at the sample plane. In this case,
the magnetic field amplitude and gradient are determined by
the specific magnetic material selection and array design and
the field values are fixed with respect to the magnet rest
frame18,19. The field gradients, and thus forces, can be easily
and robustly varied with respect to the specimen plane using
motorized stages that change the separation distance between
the magnet array and the sample20. Although the use of pre-
cision linear stages, rather than current control, significantly
simplifies the design, eliminates the possibility of hysteretic
responses and removes the need for cooling and complex elec-
tronics17,21, it also introduces several implementation chal-
lenges, including the disruption of the light path, an inability
to apply true step forces due to the finite translation time of the
heavy magnets, and noise associated with the motion and set-
tling of the magnet into position. Moreover, such motions can
be on the order of centimeters, requiring significant physical
space above the specimen plane to accommodate the magnet
array, motors, and travel distance. These space requirements
limit the broad application of NdFeB-magnet based magnetic
tweezers devices in conjunction with commercially-available
microscopes. Finally, although it is possible to achieve os-
cillatory forces with NdFeB-based microrheology devices by
translating the magnetic array along the optical axis22, achiev-
ing oscillation around zero applied force is challenging, and
it is difficult to probe high frequency behavior (>5 Hz) be-
cause the motion creates vibrations which propagate through
the instrument, causing a deleterious decrease in the signal to
noise ratio. Thus, compact devices that allow for faster force-
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switching for creep analysis and oscillatory microrheology are
desired.

In this work, we describe a simple, motor-driven NdFeB-
based magnetic tweezers instrument which eliminates the
need for translational movement of the magnet assembly al-
together. This is achieved by the use of a different magnet ge-
ometry, in which a diametrically-magnetized cylindrical mag-
net is rotated in plane with respect to a fixed field-focusing
iron yoke. This produces a time-varying magnetic field at the
specimen plane. Through use of appropriate calibration and
motor control, we demonstrate that it is possible to apply con-
stant applied forces across three decades of force and to pro-
duce periodic force waveforms over two decades of frequen-
cies (0.01 Hz to 1 Hz). Additionally, because the device relies
on a rotary magnet within a small enclosed magnet assembly,
the compact device is effectively static in the experimental
setup; this reduces the spatial requirements for implementa-
tion and allows incorporation into complicated experimental
configurations, while significantly reducing the time to switch
the magnet array into different force configurations.

II. DEVICE DESIGN

The key innovation in this design is the use of a diamet-
rically opposed cylindrical magnet (RX04X0DIA, K&J Mag-
netics) which is oriented with respect to a fixed iron yoke with
tips that focus and direct the magnetic field toward the sam-
ple (see Fig. 1, inset) 18. Rotating the cylindrical magnet
about its central axis changes its alignment with respect to the
focusing yoke and thereby creates a time varying magnetic
field at the sample, which varies from zero to about 0.1 T in
our design. We used a servo motor (AKM23F, Kollmorgen)
to drive this rotation and control the rotation speed. Concomi-
tantly, the magnetic field gradient varies, which provides a
time varying applied force on paramagnetic probe beads posi-
tioned at the specimen plane.

To demonstrate the full range of capabilities of this device,
and enable a broad range of dynamic mechanical measure-
ments of soft materials, the magnet array was then incor-
porated into a previous magnetic tweezers design22. Imag-
ing was achieved using a custom built inverted microscope
in which images are collected by a CCD camera and fed
into custom LabVIEW algorithms capable of extracting the
three-dimensional movement of multiple probe beads in real
time. The magnet assembly was mounted onto a stepper mo-
tor driven gantry to control the height of the magnet array
above the specimen plan. This gantry was designed to achieve
well-controlled, low-noise application of oscillatory force, as
previously described22. . We note that linear translation was
used here as a convenient means of dynamically changing the
applied force range in order to test a wide range of materials
and magnetic beads and to fully investigate the instrument per-
formance. However, a linear stage is not required to achieve
force modulation through rotation, a key feature of this de-
sign. The instrument could be further simplified if rapid force
modulation was not required by replacing the rotary motor
with a simple manual rotary mount. This would significantly
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FIG. 1. The device is designed to apply forces to paramagnetic
beads using a compact rotating magnet assembly instead of translat-
ing magnets over centimeter-scale distances. A hollow core diamet-
ric magnet is surrounded by a iron yoke which directs the magnetic
field through tips to the sample plane. As the magnets are rotated by
a servo motor, the field gradient at the sample plane is changed. The
magnet assembly also incorporates a counter circuit which decreases
the cogging torque generated by the magnet and iron yoke.

increase the device portability and reduce cost.
Using an F. W. Bell gaussmeter (Model 5170) fixed to the

sample holder, we recorded the magnetic field as a function of
rotational angle φ and separation distance z between the probe
and the magnet assembly. We assigned φ = 0 to the magnet
position where field gradient is maximum. We find that the
magnetic field gradient oscillates with the rotational position
of the magnet assembly and decreases smoothly with increas-
ing separation distance (Fig. 2). Thus, by continuously rotat-
ing the magnet at fixed magnet height, an oscillatory magnetic
field gradient may be be applied to the sample plane.

As the cylindrical magnet is rotated, a significant cogging
torque is created by the attraction between the iron yoke and
the rotating cylindrical magnet, which is a challenge for a
compact motor to overcome. To mitigate this effect, we em-
ploy a second magnetic circuit to counter the cogging (Fig.
1). A second cylindrical magnet is placed above the active
magnet and is surrounded by an iron piece whose shape mim-
ics the yoke but whose orientation is rotated 90◦. As the
whole magnet spindle assembly rotates, the cogging torques
developed by the counter circuit and active magnetic circuit
are superimposed and partially cancel, thus significantly re-
ducing the cogging torque the servo motor must overcome to
continuously rotate the magnet. Although it may be possible
to eliminate cogging with more complex yoke/tip design, we
opted for a simpler design and selected a servo motor capa-
ble of overcoming the remaining cogging force using active
feedback loops.

Realtime control of the Kollmorgen AKM23F servo mo-
tor was carried out using a Kollmorgen Single Axis Servo
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FIG. 2. (A) The gradient of the magnetic field, which determines the
applied force on paramagnetic beads, depends on both the rotational
magnet position, φ , and the height of the magnet above the sample, z.
(B) and (C) show line profiles for two particular separation distances,
z = 0.4mm and z = 3mm. As the magnets are rotated through φ ,
the field gradient increases from and then decreases to zero. The
magnitude of this increase is controlled by the vertical position of
the magnet assembly, z.

Drive (AKD-P00606-NBEC-0000), a National Instruments
(NI) Servo Drive Interface (NI 9516) and an NI CompactRIO
Controller (CRIO-9030). This hardware configuration allows
users to employ high-level commands within the NI Lab-
VIEW SoftMotion software module to control motors and
drives. We used a simple LabVIEW module to command the
motor drive to maintain constant velocity on the servo mo-
tor. This is made possible through PID control loops enacted
within the hardware which respond to changes in the speed at
the microsecond timescale.

III. OPERATION AND EXPERIMENTAL VALIDATION

This oscillatory magnetic field gradient produces an os-
cillatory force on superparamagnetic particles given by ~F =
~∇(~m ·~B), where m is the magnetic moment of the particle and
B is the magnetic field. In our design, the magnetic field gra-
dient is overwhelmingly in the z direction, which is along the
optical axis and orthogonal to the sample plane, and the small
superparamagnetic particles employed quickly become satu-
rated under the relatively large magnetic fields present in our
experiments23. Therefore, the force experienced by the par-
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FIG. 3. Various configurations of bead size and magnet separation
height allow a large range of applied forces. This range can be esti-
mated accurately by directly measuring the magnetic field and using
known magnetic properties of paramagnetic beads. We confirm there
is strong agreement between the force values measured by multiple
methods and the forces calculated from the measured magnetic field.
(A) Forces measured through the motion of a single-molecule teth-
ered particle agree with forces measured from the gradient in the
magnetic field. (B) Much higher forces measured through the the
drag force on colloidal beads are in agreement with the forces mea-
sured through the gradient in the magnetic field.

ticles is well-approximated by Fz = msat
∂B
∂ z , where msat rep-

resents the saturated magnetic moment of the colloidal parti-
cle. Moreover, in cases where msat is known, as is the case
for many commercially produced magnetic beads, it is pos-
sible to calculate the force experienced by the beads from
direct measurements of the magnetic field23. In this work,
we use polystyrene beads with diameters ranging from about
1 µm to 22 µm into which a paramagnetic material is embed-
ded, allowing the applied force to vary from about 0.1 pN to
1000 pN. Two modes of operation are explored: rapid force
switching via the application of step force profiles, and oscil-
latory force profiles via the continuous rotation of the magnet
array.

To investigate and validate the dynamic force capabilities
of the device, the motion of these beads in the sample is cap-
tured with a CCD camera and analyzed using particle tracking
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algorithms to give three dimensional trajectories, as previous
described12,21,24. Briefly, to track the 2D motions within the
image plane, a line is drawn through the bead center and the
line intensity is calculated for every frame in both the x and
y directions. A convolution between the line intensity of a
given frame and the line intensity from the previous frame is
performed. The x- and y- spatial shifts that generate the max-
imum value in this convolution determine the 2D bead dis-
placement of the bead from one frame to the next. To measure
the motion orthogonal to the image plane (i.e. z-direction), we
leverage the bead height-dependent radial changes in diffrac-
tion patterns that can be measured and calibrated to allow for
nanometer-scale accuracy in the measurement of z-position.
In all cases, the coverslip surface is simultaneously tracked us-
ing immobilized reference beads, allowing the absolute height
of the beads with respect to the coverslip surface to be mea-
sured, and reducing the effects of noise from mechanical vi-
brations or thermal drift. Such measurements can be carried
out in real time at 60 Hz for up to ≈ 30 particles. These tra-
jectories are then used to investigate and validate the dynamic
force capabilities of the device.

A. Validation of Force Range

To validate our ability to apply controlled forces on small
magnetic particles positioned at the sample plane, we em-
ployed two complementary approaches, as previously de-
scribed12,21,22,24. We note that force calibration methods can
be challenging, particularly when the particle is near a bound-
ing surface25–27. For small applied forces (typically < 20 pN),
we used a tethered bead assay in which single poly(ethylene
glycol) molecules attach beads to the glass coverslip sur-
face28. A bead tethered by a polymer and pulled away from
its anchoring point acts as a pendulum. The Brownian move-
ment of the bead produces mean square fluctuations sensitive
to the applied force via the equipartition theorem29. By track-
ing the particle displacement and modeling the tracked motion
using a Lorentzian function we extract the applied force28,30.
To a good approximation, the force on one-micron diameter
MyOne C1 beads (Invitrogen 65801D) at z = 0.5 mm recov-
ers the result calculated using the gaussmeter data (Fig. 3A),
confirming that the magnetic field gradient provides a robust
force profile at the sample plane. The values describing the
response of the beads to a magnetic field were taken directly
from the literature23. For the MyOne (1 µm diameter), M-
280 (2.8 µm diameter), and M-450 (4.5 µm diameter) beads,
the volume susceptibility is measured as 1.38, 0.76 and 1.63,
respectively, and the saturation magnetization is measured as
336, 336, and 353 kAm−1, respectively23.

A different approach is required at higher forces because
the characteristic timescale of thermal bead fluctuations ap-
proaches the framerate of the camera and, at sufficiently high
forces, the polymer tethers rupture. To achieve higher forces,
we use larger 4.5 µm diameter beads, which have a larger
value of msat and a much larger volume, and thus experience
hundreds of picoNewtons of force, and measure their motion
using drag viscometry. Experimentally, beads are subjected

to constant force and their movements tracked over tens of
microns to ensure that terminal velocity is achieved. From
this bead motion data, and using the known drag coefficient,
the drag force on the bead is extracted using Stoke’s Law
(Fig. 3B). Each data point represents an average over multiple
magnetic beads. We find these large magnetic beads demon-
strate bead-to-bead variation in force response, which we at-
tribute to the variance in embedded paramagnetic material
content. Nonetheless, the calculated values of force, which
were determined using the measured magnetic field gradient
and known value of the bead magnetic moment, are found to
be in good agreement with measured values of average force.
This provides confidence that the values of calibrated forces
determined using the gaussmeter data are accurate and can
be used in microrheological measurements to extract the me-
chanical response of the soft material surrounding the bead.

B. Application of Step Forces

Step function-like force behavior can be achieved by
quickly rotating the magnet using the servo motor from one
fixed position to another, thus creating an associated change
in force on magnetic particles positioned in the sample plane
(See Fig. 4). These rotational movements are small and oc-
cur internally, in comparison with the centimeter-scale trans-
lational movements needed in typical translational systems,
and thus the magnet motion can be achieved over shorter
timescales and with less noise, allowing tracking of the probe
bead motion throughout the force application. Such move-
ment is useful in active microrheology experiments where
step-like force application is crucial for straightforward data
analysis of a material’s creep response6. The time delay to
establish a new applied force is limited by the motor rotation
speed, which in our design is on the order of 0.1 s.

Figure 4 demonstrates instrument’s ability to quickly
switch between arbitrary applied forces and to maintain track-
ing of the probe bead over long distances and times because
the noise associated with magnet rotation is small and the il-
lumination is uninterrupted by the rotary motion. At t = 0, a
4.5 µm bead is subjected to a step increase in force (regime A)
and begins to move from the surface. In this regime, the bead
speed is not constant due to the reduction in hydrodynamic
drag as the bead-surface separation increases beyond a parti-
cle diameter31. At t = 5 s, the onset of Regime B, the magnet
is rotated to the zero applied force position (φ = π/2) and the
bead motion immediately halts. Later at t = 15 s, the onset
of Regime C, the magnet is returned to the original position,
and the force is re-applied. At this bead-glass separation dis-
tance, the drag coefficient is constant and the bead approaches
its terminal velocity. In contrast to prior NdFeB magnetic
tweezer designs22,32, our device can easily apply zero force to
arrest bead motion, and can track bead motion while the mag-
nets are being moved, allowing time-resolved measurement
of bead dynamics during periods of force variation. Addi-
tionally, these high forces may be applied indefinitely without
heating or sample degradation, which is a common problem in
optical tweezers or electromagnet-based magnetic tweezers.
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FIG. 4. Viscous drag experiment on a 4.5 µm bead in glycerol so-
lution. As the bead moves from the surface, (A) the reduced hydro-
dynamic drag on the bead lessens and the bead velocity increases.
(B) The magnet array is moved to the zero applied force position
(φ = π/2) and the bead motion immediately halts. (C) Later, force is
re-applied and the bead approaches its terminal velocity. The dashed
line (orange) represents the linear fit used to extract the terminal
velocity and measure the applied force. Here, the applied force is
277± 0.76 pN, which is in good agreement with 271 pN, the esti-
mate from measurements of the magnetic field gradient.

C. Application of Oscillatory Forces

Oscillatory forces are produced by continuously rotating
the magnet assembly with respect to the fixed iron yoke. This
causes a periodic variation in the field gradient at the sample,
leading to periodic time-varying forces on beads in the sam-
ple plane. In practice, high frequency operation is limited by
the speed at which images can be acquired and the speed at
which the motor can rotate the magnet assembly, while low
frequency operation is limited only by the time allowed for
data capture.

Importantly, the addition of the oscillatory function does
not compromise our ability to translate the magnet assembly
orthogonal to the sample plane. Thus, by maintaining a con-
stant angular magnet position, the device can be used in a
completely analogous way to the standard operational mode
of magnetic tweezers. The oscillatory function represents an-
other dimension of control.

We note that the force-angle relationships presented in Fig.
3 demonstrate a force discontinuity at φ = ±π/2, where
the superparamagnetic beads flip their polarization direction.
Thus, although the instrument can robustly apply oscillations
in force when the magnet orientation is continuously rotated,
the form of the applied oscillatory behavior is not sinusoidal
(Fig. 5). Although the application of non-sinusoidal forces
by the instrument complicates the analysis of the measured
behavior, there is a framework for interpreting and analyzing
such non-sinusoidal data33–39. We do not expect any mea-
surable torque due to the flipping polarization direction based
on the time scales we are able to access in this measurement.
We capture images approximately every 10 ms, whereas we
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FIG. 5. Example traces of oscillatory data using a 4.5 µm bead in
a polyacrylamide gel (3% acrylamide and 0.06% bis-acrylamide) at
two frequencies. (A) The application of 0.67 Hz oscillatory force
results in a nearly elastic response in the bead displacement. (B)
0.067 Hz oscillations in force also result in elastic response. We
observe a slight variation in the loading during magnet rotation, in
which the bead alternates between two maxima of slightly different
values; this effect, which may arise from slight misalignment of the
magnetic array, introduces a slight error in the measurement of the ef-
fective elastic constants. However, the uncertainty is relatively small
(≈10% of mean) and the measured values are in good agreement
with previously reported values.

expect the magnetic relaxation time constant to be ≈1 µs40.
To evaluate the ability of our instrument to accurately mea-

sure the dynamic mechanical response of elastic materials, we
measure the motions of beads embedded in a polyacrylamide
gel prepared with standardized protocols41 and subjected to
oscillatory forces (Fig. 5). Experimentally, we measure the
particle displacement as a function of time under applied force
and determine the mean value of displacement or force using
the maximal (peak) and minimal (troughs) values of the peri-
odic traces. From the ratio of the mean values of the applied
force and measured displacement, we calculate an effective
spring constant, k, which provides a measure of the elastic
energy stored by the gel network. In this loading geometry,
the spring constant is equal to the elastic modulus scaled by
a geometrical factor42: G′ = k

6πa . From these measurements,
we estimate the elastic modulus of the gel to be 230± 22 Pa
which is within a good approximation of bulk measurements
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of 200 Pa43,44. We find similar responses for two oscillation
frequencies (0.67 Hz and 0.067 Hz), consistent with the ex-
pected insensitivity to frequency for elastic materials (Fig. 5).

IV. CONCLUSION

We have demonstrated a compact and versatile rotary
NdFeB-based magnetic tweezers device that can achieve rapid
force switching and can produce oscillatory forces through
a wide range of frequencies (≈0.01 Hz to 1 Hz) and applied
forces (≈0 pN to 1000 pN). In comparison with other meth-
ods which probe micromechanical behavior, this instrumental
design presents several advantages including relatively sim-
ple and compact layout, stable zero force behavior, and multi-
ple modes of operation, without compromising the typical ad-
vantages of NdFeB-based magnetic tweezers including mul-
tiplexing. Similar designs could be employed in a portable
and modular fashion on microscopes not explicitly designed
for magnetic tweezers work, enabling the coupled use of mi-
cromechanical measurements with a wider range of character-
ization techniques.
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