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We present the design and characterization of a magnetic tweezers device that employs a

ring-shaped neodymium iron boron (NdFeB) magnet. Because the gradient of the magnetic field

generated by ring magnets changes sign along its symmetry axis, magnetic tweezers devices that

employ ring magnets can both push and pull on microscale magnetic beads, opening new avenues

for the micromanipulation of soft materials. We demonstrate the application of such a device to

oscillatory microrheology measurements of soft networks of microtubules, an essential cellular

biopolymer. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4717988]

Microscale manipulation using confined electric and

magnetic fields has broad applications for sorting cells and

colloids and for the mechanical characterization of materi-

als.1 The ability to apply known stresses to soft materials is

particularly useful in determining the spatial distributions of

stiffness and/or viscosity in heterogeneous samples or in

determining the rheology of precious materials that cannot

be obtained in large quantities.2 In oscillatory measurements,

the amplitude and frequency of the applied stress are control-

lably varied by the modulation of an external electric or

magnetic field. The resultant motion of microscale dielectric

or magnetic probes is directly related to the frequency-

dependent complex shear moduli of the material into which

they are embedded.

Two technologies are commonly used for such micro-

rheology measurements: optical traps and magnetic tweez-

ers. Optical trapping methods provide nanometer-resolution

of probe position and can operate at high frequencies.3 How-

ever, optically transparent materials of fairly low index of

refraction are required, and the application of constant force

requires computer–controlled feedback to compensate for

instrument compliance. Although magnetic tweezers devices

provide a valuable alternative, most microrheology measure-

ments have relied on the use of electromagnets operating at

high current, which can heat samples and exhibit hysteretic

responses, and very few oscillatory measurements have been

reported.4,5 Neodymium iron boron (NdFeB)-based magnetic

tweezers are non-invasive and easily provide constant force

to the sample plane without the use of feedback control, thus

offering a possible alternative. However, most NdFeB-based

magnetic tweezers employ opposed pairs of cubic magnets

that typically allow for only unidirectional pulling and there-

fore do not allow for oscillatory measurements around a

stress-free state.6,7

In this report, we present the design and characterization

of a magnetic tweezers device that employs a ring-shaped

NdFeB magnet to apply forces along the optical axis of the

microscope. Because the gradient of the magnetic field gen-

erated by a ring magnet changes sign along the symmetry

axis, magnetic tweezers devices that employ ring magnets

can both push and pull on microscale magnetic beads, mak-

ing them ideal for use in oscillatory microrheology

measurements.

To better understand how magnet size and shape can con-

tribute to the magnetic fields applied to soft samples, we con-

sider an axially magnetized ring, which can be treated as two

parallel, infinitely thin solenoids with radii R1 and R2

(R2>R1), identical length l, and current density I0 but carrying

currents in opposite directions.8 The magnetic field generated

by these idealized current loops can be determined using the

Biot-Savart Law, where the current density loI is replaced

with the remanent field of the permanent magnet Br. The mag-

netic field, B along the axis of the ring is given by

BðzÞ ¼ Br
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where z¼ 0 indicates the ring midplane. The force experi-

enced by small superparamagnetic beads with magnetic

moment m
* ðB

*

Þ is given by F
*

¼ 1
2
r
*
�

m
* ðB

*
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*
�

. For such

beads, it is reasonable to assume that the direction of m is

always in the direction of the external field, thus m
* ðB

*

Þ � B
*

is equal to the scalar product of m and B.6 Moreover, in the

limit of high B-field strengths, m saturates to a constant

value, thus in this limit, the applied force is directly propor-

tional to the gradient in the magnetic field. As the scalar

product of m and B is always positive, we solve for jB(z)j
and djB(z)j=dz for a ring magnet with R1¼ 0.125 in.,

R2¼ 0.375 in., and l¼ 0.125 in.9 We find two sign reversals

in the field gradient along the axis, within a few millimeters

of the magnet front face (given by Dz¼ 0), as shown in

Figure 1. This suggests that ring-based magnets can, at least

in principle, apply both pushing and pulling forces to embed-

ded beads.

a)Author to whom correspondence should be addressed: Electronic mail:

valentine@engineering.ucsb.edu.
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To more explicitly account for the physical shape of

commercially available ring magnets, we use finite element

modeling to predict magnetic fields generated by a ring mag-

net of square cross-section with R1¼ 0.125 in., R2¼ 0.375

in., and length l¼ 0.125 in.5 The radial symmetry allows us

to simulate a 2D magnetic field using a widely available fi-

nite element (FE) software package (Finite Element Method

Magnetics (FEMM), using the Newton AC solver with 10�8

precision to minimize the angle for any vertex).10 We find

the magnetic field profile closely approximates that of the

idealized current loops, again indicating that pushing and

pulling forces can be achieved, and there is no indication of

irregularities or instability points in close proximity of the

magnet. Similar FE modeling has been shown to accurately

predict the magnetic field strengths and gradients for cube

magnet arrays and has also predicted force reversals for

some cube magnet geometries; however such devices have

not yet been exploited experimentally for bidirectional

microscale manipulation.6

To test the utility of ring-magnet-based magnetic tweez-

ers in practice, we mount a single neodymium iron boron

(NdFeB, Grade N42) ring magnet of square cross-section

with R1¼ 0.125 in., R2¼ 0.375 in., l¼ 0.125 in., and maxi-

mum remanent field Br¼ 1.32 T (applied magnets) onto a

custom-built magnetic tweezers system that enables precise

manipulation of magnetic beads along the optical axis (the z-

axis) and simultaneous three-dimensional tracking of bead

position.11 Briefly, a simple inverted microscope is con-

structed using an oil-immersion objective (100�, 1.25 N.A.)

mounted onto a piezoelectric stage (P-725; Physik Instru-

mente) to enable nanopositioning of the focal plane. A

650 nm light emitting diode (Roithner Lasertechnik) pro-

vides illumination, and a CCD camera (CV-A10 CL; JAI)

captures brightfield images at a frame rate of 60 Hz. Varia-

tion of the magnetic field (and thus magnetic force) at the

sample plane is achieved by vertically translating the mag-

nets with a DC-servo motor (M-126.PD1; Physik Instru-

mente). Real-time tracking of the three-dimensional bead

position is achieved using custom image analysis routines

written in LABVIEW (National Instruments) that detect lateral

x-y motions by cross-correlating the two-dimensional pixel

intensity across frames, and detect z motions by analyzing

the bead’s diffraction image, which is very sensitive to the

vertical separation of the bead and focal plane.4 In typical

diffraction-based magnetic tweezers devices, the intrinsic

tracking accuracy is estimated to be �1 nm.11 To eliminate

contributions from the mechanical motion of the stage and/

or sample, the motions of surface-attached reference beads

are also tracked and subtracted from magnetic bead motion

before the bead trajectories are analyzed.

To calibrate the force experienced by paramagnetic

beads in the focal plane, we measure the velocity at which

single 4.5 lm diameter beads move through a pure glycerol

solution with shear viscosity of 1.15 Pa�s and relate this ve-

locity to the applied force using Stokes law. As predicted,

we observe two force reversals as a function of distance

along the z-axis, as shown in Figure 3. The sign convention

is chosen such that F< 0 describes pushing forces whereas

F> 0 describes pulling. One transition occurs within a milli-

meter of the front face of the magnet, and a second occurs at

an axial distance of �4 mm. This second, gentler transition

is a good candidate for stable manipulation of beads around

a zero-force position, a requirement for applications to oscil-

latory microrheology. Although we determine force through

a discrete set of measurements along various axial distances,

we anticipate that the force-distance curve should be smooth
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FIG. 1. Magnetic field B(z), jB(z)j, and magnetic field gradient djBj/dz as a

function of distance away from the magnet front face (given by Dz¼ 0) of

an idealized current loop pair using Eq. (1) with R1¼ 0.125 in., R2¼ 0.375

in., l¼ 0.125 in. and Br¼ 1.32 T. We choose to display the negative gradient

to allow for easier comparisons to the force calibration data shown in Figure

3. The grey background indicates the range of Dz for which djBj/dz changes

sign.
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FIG. 2. Results of FEMM simulations. (a) Heat map shows field magnitude

of a 2D slice through an axially magnetized NdFeB ring magnet of square

cross-section with R1¼ 0.125 in., R2¼ 0.375 in., and l¼ 0.125 in. (b) The

magnitude of the magnetic field calculated along the symmetry axis (shown

in white dotted line in the heat map). Inset schematic shows the magnetic

field lines generated by a ring magnet. (c) The magnetic field gradient djBj/
dz, calculated by numerical differentiation of jB(z)j after smoothing by a

2nd-order Savitzky-Golay algorithm with a 5 point window. Both smoothing

and differentiation were performed using Igor Pro software (Wavemetrics).

In panels B and C, the grey background indicates the range of Dz for which

djBj/dz changes sign.
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and continuous. Thus, we generate a spline curve that

approximates the data by fitting a fourth-order polynomial

expression, which is then used to determine the applied force

at any position along the z-axis; in practice, we determine

the force range of interest by fitting the displacements

Dz¼ 3–6 mm (Figure 3, inset).

The experimentally determined force-distance curve

depends not only on the strength and gradient of the B-field

but also on the B-dependent induced magnetic moment of

the embedded beads, which we choose to neglect in our

models. However, the magnetic moment is expected to point

in the direction of the external field and to increase monot-

onically with applied field until saturation is reached. Thus,

the measured force profile exhibits the same general features

as were determined using simple current loop or 2d FE mod-

els, including reasonable estimates of the zero-force points,

as shown (Figures 1–3). This demonstrates the utility of ana-

lytical and finite element-based models in predicting the

force-displacement properties of magnetic tweezers and

therefore in designing improved devices.

To demonstrate the utility of this device for microscale

rheology measurements, we embed 4.5 lm paramagnetic

beads in a soft entangled gel of microtubules, an essential

cytoskeletal polymer.12 Gels are prepared at a concentration

of 20 lM, giving an average network mesh size of �2 lm, as

previously described,12 and used within �16 h of prepara-

tion. We move the ring magnet up and down around the posi-

tion corresponding to the second force reversal point

(indicated by the arrow in Figure 3). The slope of the force-

displacement curve is not constant around this position, thus

to achieve symmetric application of �15 pN of force, the

magnets are displaced �1.25 mm in the pulling direction and

�0.75 mm in the pushing direction during each cycle. For

homogeneous materials, we estimate the stiffest material that

could be probed by this method would have an elastic modu-

lus G0max�F=(Cda) where F is the applied force, d is the

smallest resolvable bead displacement, a is the particle ra-

dius, and C is a geometric factor that is typically taken to be

6p.13 For the device described here, F¼ 15 pN, d�5 nm,

which is a conservative estimate given the typical accuracy

of diffraction-based bead tracking,11 and a � 2 lm; thus we

estimate G0max � 80 Pa.

To achieve cyclical actuation, the servo motor that verti-

cally lifts the magnet array is driven using a triangle wave-

form. The maximum driving frequency depends on both the

available servo motor speeds and the vertical travel distance

for the magnet array that is required in order to achieve the

desired force range. The deceleration and velocity reversal at

the minimum and maximum displacement ranges tend to

soften the transition from pushing to pulling (and vice versa),

leading to a plateau value in applied force as shown in Figure

4. In order to minimize the computational time, and therefore

the disruption to the real-time tracking of particle position,

we query magnet position every 1/6 s (i.e., ten times slower

than the rate of image acquisition); however, magnet posi-

tion is moved smoothly and continuously throughout the

test.

We find the magnetic beads are driven along the z-axis

around a stress-free equilibrium position, which we define as

(x,y,z)¼ (0,0,0). As shown in Figure 4, bead displacement

primarily occurs along the z axis (black markers), with

smaller lateral x-y motions (indicated by the thin solid lines).

We find that if the bead of interest is not well-aligned with

the center of the ring magnet, z-x or z-y coupling is observed.

To ensure that the force is primarily applied in the z direc-

tion, we mount our specimen on an x-y micropositioning

stage that is used to manually align the bead with the magnet

center at the start of each measurement. Practically, we find

that beads within a circular zone of 10–15 lm of the ring

center are pulled purely along the z-axis. It may be possible

to widen this zone using different ring magnet sizes or

geometries. Alternatively, it may be possible to use three-

dimensional tracking to calibrate the motions of beads mov-

ing outside of this zone as a function of radial position, thus

enabling measurements of multiple beads within a single

field of view.

From these data, we can extract important physical char-

acteristics of the gel. First, we plot the cycle-averaged force

versus displacement curves in a Lissajous-Bowditch plot
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(Figure 5). The curves display the ellipsoidal shape charac-

teristic of viscoelastic materials over all frequencies tested

(0.05–0.35 Hz). To measure gel stiffness, we calculate the ra-

tio of peak force Fp to peak displacement zp, as shown in

Figure 4. The microtubule gels are heterogeneous, and the

elastic response we measure likely depends on the geometry

of the network–probe interface. Thus, we choose to present

the localized elastic response in terms of gel stiffness,

j¼Fp/zp to distinguish the microscale mechanical response

from the scale-invariant continuum elastic modulus. Peak

positions and amplitudes are determined through a parabolic

fit to those force or position data with amplitudes within

�30% of the peak value. We repeat this for a range of driv-

ing frequencies (0.1–0.35 Hz) and find the gels have mean

stiffness in the range of �30 pN/lm, and demonstrate an ap-

proximate two-fold increase in stiffness over the frequency

range measured here. This stiffness is consistent with prior

creep compliance measurements of similar entangled micro-

tubule gels using a conventional magnetic tweezers device

and �30-s force pulses.12

We can quantitatively determine the ratio of elastic and

viscous contributions to gel rheological response by observ-

ing the time lag between the peaks in the force and displace-

ment. We recast the time lag in terms of the phase angle d,

defined as the ratio of time lag to oscillation period and nor-

malized such that for elastic gels when F(t) and Dz(t) are in

phase, d¼ 0�, whereas for viscous solutions when F(t) and

Dz(t) are out of phase, d¼ 90�. We find d< 20� in all cases,

indicating that microtubule networks respond as viscoelastic

solids under microscale deformation (Figure 5).

In summary, we have demonstrated the use of a NdFeB

ring magnet to generate a magnetic tweezers device that can

both push and pull on microscale magnetic beads and have

used this device to characterize the microrheological proper-

ties of entangled microtubule gels. Importantly, it is possible

to modulate force around a stress-free equilibrium state,

which is not possible using standard NdFeB-based magnetic

tweezers geometries and is useful when characterizing the

rheology of soft materials that exhibit nonlinear effects, such

as collagen and actin.14 Moreover, both tensile and compres-

sive forces can be applied, opening avenues for use in micro-

indentation studies, in addition to microrheology. Finally,

although we demonstrate the use of this device with a modest

force range of 0–15 pN, it is possible that higher forces can

be achieved by using more powerful magnets or by incorpo-

rating focusing tips made of a high magnetic susceptibility

material (i.e., iron) which confine the magnetic fields at the

surface.6,15
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