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We describe a micromachined force sensor that is able to measure forces as small as 1 pN in both
air and water. First, we measured the force field produced by an electromagnet on individual 2.8 �m
magnetic beads glued to the sensor. By repeating with 11 different beads, we measured a 9%
standard deviation in saturation magnetization. We next demonstrated that the sensor was fully
functional when immersed in physiological buffer. These results show that the force sensors can be
useful for magnetic force calibration and also for measurement of biophysical forces on chip.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2364118�

Functionalized magnetic microspheres are useful for
a variety of intracellular and molecular biophysics
applications,1–4 but their utility depends on the ability to ap-
ply well-controlled and calibrated forces. Popular calibration
methods have relied on inference of force from the Stokes
drag3,5 and Brownian dynamics,1 while other methods have
used calibrated microneedles,4,6 gravity,7 or known proper-
ties of polymers.8 While very useful, these methods have
drawbacks in some cases. In the Stokes drag calibration, the
particle radius and solvent viscosity must be known accu-
rately; the magnetic particle may also travel a large distance
compared with the particle diameter, leading to complica-
tions when the field gradient is large. When using Brownian
dynamics, the length of the tether must be measured or de-
duced, and the temperature must be well controlled. To ad-
dress these complications, we have designed, fabricated, and
tested a compliant surface-micromachined spring with which
the lateral force field of an electromagnet on a single mag-
netic microparticle can be calibrated. This provides a simple
force calibration method that does not depend on particle
shape, length of polymer tethers, or solvent conditions, and
is sensitive enough to allow characterization of a single bead.

As seen in Fig. 1�a�, the device consists of gratings at-
tached to a folded-beam suspension, as described in a previ-
ous surface micromachining implementation.9 It is fabricated
by surface micromachining methods10 using the SUMMiT
V™ process, with polycrystalline silicon �polysilicon� as the
structural material. The spring constant of the grating can be
calculated analytically as

k = 2Ew3t�Lo
3 + Li

3�−1, �1�

where E=164 GPa11 is Young’s modulus, w=0.75 �m is the
linewidth as measured by high resolution scanning electron
microscopy �SEM�, t=2.25 �m is the spring thickness, and
Lo and Li are the respective lengths of the outer and inner
spring beams, as indicated in Fig. 1�b�. For this letter, we use
springs with Li=542 �m and Lo=561 �m having a calcu-
lated spring constant of 0.93 pN/nm. To check the accuracy
of the calculated spring constant we used NIST traceable
mass standard microspheres �Catalog No. 64170, Poly-
sciences� and measured the deflection due to the weight of
the microspheres when the chip was turned onto its side.

Using this method �to be described in a forthcoming publi-
cation�, we obtained a spring constant of 0.76±0.06 pN/nm.
This value is slightly lower than the calculated value, but is
reasonable given the strong dependence of the spring con-
stant on the linewidth and the variability in linewidth from
chip to chip due to differing linewidth loss across a wafer
during processing. Imaging the grating with a numerical ap-
erture of 0.50, 50� objective �Olympus LMPlanFl� provides
2.5 nm in-plane displacement resolution and therefore about
1.9 pN force sensitivity. By design, the springs have a maxi-
mum deflection of 18 �m, and the deflection remained be-
low 1 �m for all of the data herein. For a 561 �m spring
length, a 1 �m deflection is expected to be well within the
linear range.

Using two micromanipulators and pulled glass fibers, we
affixed with vacuum grease individual beads �Dynal M270
streptavidin, product No. 653.05, lot No. F72000� to a de-
sired location on the microelectromechanical system
�MEMS� force sensor with approximately 5 �m precision.12

Figure 1�c� shows a single bead affixed to a sensor and po-
sitioned about 200 �m away from the magnet face. The pro-
cess required about 10 min”bead and was efficient enough to
allow us to individually characterize 11 beads and thus ob-
tain a distribution of saturation moments. To increase effi-
ciency yet minimize uncertainty due to possible linewidth
variations, three force sensors fabricated in close proximity
were used for these measurements. A control microsphere
remained affixed to a fourth sensor throughout all experi-
ments. Figure 2 shows force versus magnet current for 11
different beads at an axial distance of 200 �m from the mag-
net pole piece. We assumed the saturated bead moment to be
proportional to bead displacement at a maximum applied
current �20 A, field=660 mT, gradient=21 T/cm, from
modeling described below�, and constructed the histogram
shown in the inset by averaging nine consecutive measure-
ments after stepping currents from 0 to 20 A. For the 11
beads we measured a standard deviation of ±9%, compared
with less than 1% standard deviation for the control micro-
sphere. The variation is most likely caused by the 3% coef-
ficient of variation in bead diameter reported by the manu-
facturer. Previous researchers had measured a 72% and 41%
standard deviation for a similar magnetic microsphere �Dy-
nal M280�.5,12 Our much lower standard deviation could re-
flect improvements in the commercial preparation, or could
also reflect uncertainties that arise from the two previous
techniques’ sensitivity to other factors besides force—
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namely, bead shape, radius, and viscous coefficient in the
former, and orientation and separation of bead from a giant
magnetoresitive sensor in the latter. It should also be noted
that a potentially high-throughput technique based on a bal-
ance between magnetic gradient, gravitational, and Stokes
forces has also been reported.13 The particles characterized
are not directly comparable, and further the technique again
relies on many other parameters besides a simple spring con-
stant. We believe that use of a mechanical spring simplifies
the bead to bead variation measurement and improves
precision.

We also used the microspring to calibrate the force field
on a single bead for various currents and axial displacements
from the pole, as shown by open circles in Fig. 3. For a
given distance, the data represent a single current sweep
�0 to 10 A, following degaussing�, and the same bead and
sensor were used for all data. Also shown are axisymmetric
finite element magnetic modeling14 �FEMM� force predic-
tions �solid lines� using the manufacturer’s specifications of a
2.8 �m diameter and 4.8% volume loading of maghemite

nanocrystals with an effective initial susceptibility of 21 and
saturation magnetization per unit volume of 417 000 A/m.
The magnet was modeled with 228 turns of pure copper wire
wound around a 3/8 in. diameter pure iron core. A conical
pole piece with an included angle of 64° and a blunt tip
diameter of 2.75 mil was separated from a blunt pole piece
by 0.48 in. Accuracy of the FEMM predictions of the mag-
netic field and gradient were roughly confirmed using a
three-axis hall probe �SENTRON model 3M12-2-2-2T�. Fig-
ure 3 shows reasonable agreement between the measured and
modeled forces, but a better fit �not shown� was obtained
using a simplex optimization algorithm to fit the effective
initial susceptibility and saturation volume magnetization
of the maghemite nanocrystals. The best fit value of
494 000 A/m for saturation magnetization was reasonably
close to the manufacturer’s estimate, but the best fit suscep-
tibility of 2.5 was significantly different from the manufac-
turer’s estimate of 21. Part of this discrepancy can be ex-
plained because our measurements are of an isolated
microsphere, while the manufacturer’s measurements are of

FIG. 1. �a� SEM image of a Lo=186 �m force transducer ��30 pN/nm�,
with a scale bar of 50 �m. Stiffer force sensor is shown for ease of display,
while a longer, 581 force sensor ��1 pN/nm� is used for data in this report.
�b� Schematic illustrating linewidth �w�, inner spring length �Li�, and outer
spring length �Lo�. Not shown is the thickness �t�, into the plane of the
diagram. �c� 10� picture of the device with single bead positioned near the
front face of the electromagnet pole, with a scale bar of 100 �m.

FIG. 2. Measured spring deflection vs magnet current for 11 different beads
on three different sensors. Each trace represents an individual nonaveraged
sweep with current increasing from 0 to 20 A. Magnet degaussed prior to
each sweep. �Inset� Histogram of spring deflection at 20 A; bin size 50 nm.
Each measurement for histogram represents an average displacement from
nine successive image frames �to reduce noise from stray air currents�.

FIG. 3. Measured �open circles� and calculated �lines� force vs applied
magnet current for seven different axial displacements of a single bead
�from top: 160, 200, 240, 300, 500, and 1000 �m�.
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a dried powder, thus incorporating dipole-dipole interactions,
but we are unable to explain the approximately eight-fold
discrepancy in initial susceptibility. Nevertheless, the simi-
larity of the shapes of the measured and calculated force
curves across a wide range of currents and axial displace-
ments lends confidence to the measurement technique. Fur-
thermore, the great difficulty in obtaining reliable magnetic
properties of the beads and the large number of estimates and
independent measurements that must be incorporated into the
modeling technique further illustrate the value of the mi-
crospring method as a simple and robust method for calibrat-
ing a magnet/microsphere system for use in biophysical
applications.

Another feature of the spring force transducer is its rela-
tive insensitivity to environmental conditions such as tem-
perature and solvent. We rendered the surface of a new force
sensor hydrophilic with an ozone treatment. Then, using a
simple flow cell, we hydrated the device and demonstrated
full retention of functionality and observed that noise was
significantly damped compared with operation in air. While
it was not necessary to hydrate the device for magnetic bead
characterization, we envision a class of experiments where it
will be useful to obtain in situ force measurements using the
mechanical spring. To demonstrate the viability of this line
of experiments, we found that the standard kinesin/
microtubule �MT� inverted motility assay was functional on
the MEMS device �we saw a similar velocity as seen at room
temperature on glass�. The current device design was not
suitable for measuring forces from the molecular motors.
Our next goal is to optimize the sensor geometry to guide
molecular motors and to measure, for example, the stall force
of a MT shuttle driven by multiple motors, without need for
attaching microspheres or other handles. In situ force sensing
would also obviate the needs to calibrate the electromagnet
and magnetic bead and to know the precise location of the
bead relative to the magnet pole.

In conclusion, we have shown that a simple microma-
chined force sensor can be used to characterize individual
micron-scale magnetic particles and also to map the mag-
netic force field of an electromagnet. The principle of our
device is similar to previous reports using pulled glass
cantilevers4,6 and a recent report of a nanomechanical force
gauge,15 but the micromachined spring stiffness is easier to
control by design. In the current implementation, the spring
constant is best determined via gravitational force on a cali-
brated mass standard, but future designs will incorporate on-
chip electrostatic self-calibration which is not available for
glass fibers. Self-calibration combined with the insensitivity
to temperature and buffer conditions make the force sensor
an attractive alternative to standard magnetic bead calibra-

tion techniques. We anticipate using the device for character-
ization of other commercial and custom microsphere prepa-
rations and other electromagnet designs. Furthermore, we
anticipate incorporating the force sensor into future MEMS
designs which will be used to measure biophysical forces in
real time for a variety of biomolecular and subcellular
processes.
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