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Tools for measuring dynamics and forces
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“You can learn a lot by watching”

-Yogi Berra



Tools for measuring dynamics and forces

and many more …

Optical Microscopy

Fluid flow

Atomic Force Microscopy

Magnetic Force Microscopy

Optical Trap



Force and position scales for different techniques
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Light has momentum, but its small!

“A very short experience in attempting to 
measure these forces is sufficient to make one 
realize their extreme minuteness – a 
minuteness which appears to put them beyond 
consideration in terrestrial affairs…”

- J. H. Poynting (                )  1905

Force!



The force on a reflecting mirror

The momentum of a single photon is hν/c.

For a laser of power, P, there are P/hν photons per 
second striking the mirror.

The total change in momentum of the light per second is 
(2P/hν)(hν/c)=2P/c.
By conservation of momentum the mirror feels an equal 
and opposite momentum change per second, which is a 
force!

e.g. if P = 1 watt → Force = 10-11 Newtons = 10 nN!

My laser pointer is 1 mW → Force = 10 pN



Optical traps are 3D springs made of light

• manipulate the position of micron-sized objects (like bacteria or glass beads)

• apply forces up to ~100 pN

• measure the motions produced by biological molecules with high 3D spatial (~1 Å) 
and temporal (<100 µs) resolutions

• readily combined with other optical microscopy techniques

Optical traps can . . .

C.Schmidt lab



At a focus there is a refractive restoring force

Objective

The trapping laser imparts a force 
onto the particle directed towards 
the laser focus.

The magnitude of this force is:

P = laser power

n = particle refractive index

c = speed of light

Q = trapping efficiency

Svoboda and Block, Annu Rev Biophys Biomol Struct (1994)

Force



One lens, and two rays is all you need

bead
displacement

F



The restoring force acts in the axial direction too



The optical trap used for the RNAP work



Optics Diagram



Basic ray optics
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Beam steering is achieved by rotations

Objective
Lens

Back-focal
Plane

convergent

divergent



Computer controlled steering technology
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Piezo-driven mirror

Acousto-optic deflector

Electro-optic deflector

θ = K
LV

a2



Bead position detection



Techniques for making two traps
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AOD splitting: simultaneous multiple frequencies
Two frequencies are fed into an acousto-optic crystal at the same time creating 
two first-order diffracted beams.
Pros: Easy to implement; More than two traps can be created
Cons: Beam intensities fluctuate as position changes; Traps can be moved 
independently in only one dimension; “Ghost” traps created

AOD splitting: time shared multiple frequencies
AOD rapidly alternates between two different frequencies (beam positions).
Pros: Traps can be moved independently in two dimensions; More than two traps can be 
created, Traps intensities are independent of each other
Cons: Requires a fast computer or RF capable electronics; Non-linear and harmonic effects 
distort trap; “Ghost” traps created

Polarization splitting
Beam is split into two orthogonal polarizations
Pros: No non-linear AOD effects; Traps can be steered independently in two dimensions; 

Traps intensities are independent of each other
Cons: Requires more table space and optics; Difficult to add additional traps; Requires 

two sets of AOD crystals and associated electronics.



Two traps are better than one
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Optimal
Coordinate

Single trap

By taking into account the 
correlations in bead motion 
for a bead-DNA-bead 
dumbbell you can can 
increase the signal-to-
noise, especially at large 
DNA stiffnesses (i.e. large 
streching forces).

Moffitt et al. PNAS (2006).



Angstrom precision aided by helium
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bound via a digoxigenin antibody linkage to a 700-nm diameter
bead, forming a bead–DNA–RNAP–bead dumbbell. Dumbbells were
suspended,1 mm above the microscope coverglass by two indepen-
dently steered traps, Tweak and Tstrong.
To isolate the detection and trapping beams from the effects of

random air currents, which introduce density fluctuations that
perturb the positional stability of laser beams, we enclosed all optical
elements external to themicroscope in a sealed box filled with helium
gas at atmospheric pressure. Because the refractive index of helium is
closer to unity than that of air (nHe ¼ 1.000036 compared with
nair ¼ 1.000293), density fluctuations introduce smaller deflections.

Using helium, we realized a tenfold reduction in the noise spectral
density at 0.1 Hz for a stiffly trapped, 700-nm diameter bead
(k ¼ 1.9 pNnm21), and the integrated system noise power remained
below,1 Å over the bandwidth of interest (Fig. 1b). To illustrate the
resolution achieved, wemoved a trapped bead in increments of 1 Å at
1-s intervals by displacing Tstrong with an acousto-optic deflector
(AOD)33. Steps were clearly resolved, with signal-to-noise ratio of,1
over a 100-Hz bandwidth (Fig. 1c).
Finally, we implemented a recently developed method to maintain

constant force on trapped beads using an all-optical arrangement,
without the need for computer feedback34. Such a passive force clamp
eliminates artefacts associated with feedback loops and provides
exceedingly high bandwidth. To create this clamp, the bead in Tweak
was maintained in a,50-nm region near the maximum of the force-
extension curve, where the force is independent of bead position.
Force clamps eliminate the need for elastic corrections due to either
the compliance of Tstrong or the stretching of the DNA along with its
associated linkages, so that all molecular displacements are registered
in the motion of the bead in Tweak. To demonstrate the resolution
achieved in our set-up, a dumbbell consisting of beads connected by a
DNA tether (but no RNAP enzyme) was stepped in increments of
3.4 Å at 1Hz (Fig. 1d).

RNA polymerase takes single-base-pair steps
To resolve individual translocation events, we required that RNAP
transcribe slowly enough to time-average to the ångström level over
positional uncertainties caused by brownian motions, but quickly
enough so that long-term drift did not obscure motion. Because
RNAP has different average rates of addition for the four species of
nucleotide35, we determined by gel analysis the concentration ratios
at which each species becomes equally rate limiting for elongation on
our template. Unless otherwise noted, our experiments were con-
ducted at [NTP]eq ¼ 10 mMGTP, 10 mMUTP, 5 mMATP and 2.5 mM
CTP, concentrations that produce a mean elongation rate of,1 base
pair (bp) s21 under our conditions (see Supplementary Fig. S1).
In single-molecule records of transcription by RNAP selected for

their low noise and drift, we observed clear, stepwise advancements.
Figure 2a shows six representative traces obtained under 18 pN of
assisting load. Although dwells at some expected positions (Fig. 2a,
dotted lines) were missed or skipped, steps were uniform in size,
corresponding to nearly integral multiples of a common spacing. To
estimate this fundamental spacing, we performed a periodogram
analysis36. The position histograms for 37 segments derived from
transcription records for 28 individual RNAP molecules were com-
puted and the autocorrelation function calculated for each of these37.
These autocorrelations were combined into a global average that
displays a series of peaks nearmultiples of themean spacing (Fig. 2b),
with the first and strongest peak at 3.4 ^ 0.8 Å. The power spectral
density of this function measures the corresponding spatial frequen-
cies and displays a prominent peak at the inverse of 3.7 ^ 0.6 Å
(Fig. 2c). This distance is consistent with the crystallographic spacing
between neighbouring base pairs in B-DNA38 (3.4 ^ 0.5 Å).
Although the foregoing analysis was performed on selected traces,
a fully automated procedure was also conducted on a continuous,
,300-bp record of elongation, and returned a similar spacing of
3.7 ^ 1.5 Å (Supplementary Fig. S2).
In our records, RNAP does not dwell at every base-pair position

along the template. Were certain bases skipped altogether, or merely
missed due to finite time resolution? Because RNAP is linked to the
bead via the C terminus of its b 0-subunit, skipped steps might be
explained, in principle, by relative motions of this point of attach-
ment with respect to the catalytic core of the enzyme, allowing the
active site to undergo one or more rounds of nucleotide addition
before translocation of the attachment point in a single jump,
constituting a form of ‘inchworming’ movement. Alternatively, if
the upstream DNA exists in a ‘scrunched’ state within the enzyme
after templating the production of RNA, as proposed to occur during

Figure 1 | Experimental set-up, passive force clamp and sensitivity of the
RNAP dumbbell assay. a, Cartoon of the dumbbell geometry with
schematic force versus position curves (dark red) shown for both trap beams
(not drawn to scale). A single, transcriptionally active molecule of RNAP
(green) is attached to a bead (blue) held in trap Tweak (pink, right) and
tethered via the upstream DNA (dark blue) to a larger bead held in trap
Tstrong (pink, left). The right bead is maintained at a position near the peak of
the force-extension curve of Tweak, where trap stiffness vanishes (white
arrow), creating a force clamp (trap stiffness k ¼ dF/dx). During elongation,
the DNA tether lengthens and the beads move apart. Owing to the force
clamp arrangement, only the right bead moves: displacement is measured
for this bead. b, Power spectrum acquired for a stiffly trapped bead with
external optics under air (red) or helium (blue). Inset: integrated noise
spectra for air (red) and helium (blue) showing a tenfold reduction in power.
c, Steps resolved for a stiffly trapped bead moved in 1-Å increments at 1Hz.
Data were median filtered with a 5-ms (pink) and 500-ms (black) window.
d, Steps resolved for a bead–DNA–bead dumbbell held at 27 pN of tension,
produced by moving Tstrong in 3.4-Å increments at 1Hz and measuring the
corresponding displacements in Tweak.
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bound via a digoxigenin antibody linkage to a 700-nm diameter
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suspended,1 mm above the microscope coverglass by two indepen-
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closer to unity than that of air (nHe ¼ 1.000036 compared with
nair ¼ 1.000293), density fluctuations introduce smaller deflections.

Using helium, we realized a tenfold reduction in the noise spectral
density at 0.1 Hz for a stiffly trapped, 700-nm diameter bead
(k ¼ 1.9 pNnm21), and the integrated system noise power remained
below,1 Å over the bandwidth of interest (Fig. 1b). To illustrate the
resolution achieved, wemoved a trapped bead in increments of 1 Å at
1-s intervals by displacing Tstrong with an acousto-optic deflector
(AOD)33. Steps were clearly resolved, with signal-to-noise ratio of,1
over a 100-Hz bandwidth (Fig. 1c).
Finally, we implemented a recently developed method to maintain

constant force on trapped beads using an all-optical arrangement,
without the need for computer feedback34. Such a passive force clamp
eliminates artefacts associated with feedback loops and provides
exceedingly high bandwidth. To create this clamp, the bead in Tweak
was maintained in a,50-nm region near the maximum of the force-
extension curve, where the force is independent of bead position.
Force clamps eliminate the need for elastic corrections due to either
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in the motion of the bead in Tweak. To demonstrate the resolution
achieved in our set-up, a dumbbell consisting of beads connected by a
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To resolve individual translocation events, we required that RNAP
transcribe slowly enough to time-average to the ångström level over
positional uncertainties caused by brownian motions, but quickly
enough so that long-term drift did not obscure motion. Because
RNAP has different average rates of addition for the four species of
nucleotide35, we determined by gel analysis the concentration ratios
at which each species becomes equally rate limiting for elongation on
our template. Unless otherwise noted, our experiments were con-
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pair (bp) s21 under our conditions (see Supplementary Fig. S1).
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Figure 2a shows six representative traces obtained under 18 pN of
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corresponding to nearly integral multiples of a common spacing. To
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analysis36. The position histograms for 37 segments derived from
transcription records for 28 individual RNAP molecules were com-
puted and the autocorrelation function calculated for each of these37.
These autocorrelations were combined into a global average that
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density of this function measures the corresponding spatial frequen-
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between neighbouring base pairs in B-DNA38 (3.4 ^ 0.5 Å).
Although the foregoing analysis was performed on selected traces,
a fully automated procedure was also conducted on a continuous,
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RNAP dumbbell assay. a, Cartoon of the dumbbell geometry with
schematic force versus position curves (dark red) shown for both trap beams
(not drawn to scale). A single, transcriptionally active molecule of RNAP
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Tstrong (pink, left). The right bead is maintained at a position near the peak of
the force-extension curve of Tweak, where trap stiffness vanishes (white
arrow), creating a force clamp (trap stiffness k ¼ dF/dx). During elongation,
the DNA tether lengthens and the beads move apart. Owing to the force
clamp arrangement, only the right bead moves: displacement is measured
for this bead. b, Power spectrum acquired for a stiffly trapped bead with
external optics under air (red) or helium (blue). Inset: integrated noise
spectra for air (red) and helium (blue) showing a tenfold reduction in power.
c, Steps resolved for a stiffly trapped bead moved in 1-Å increments at 1Hz.
Data were median filtered with a 5-ms (pink) and 500-ms (black) window.
d, Steps resolved for a bead–DNA–bead dumbbell held at 27 pN of tension,
produced by moving Tstrong in 3.4-Å increments at 1Hz and measuring the
corresponding displacements in Tweak.
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A passive force clamp increases bandwidth

20

position-sensitive detectors that monitor the light scattered
by the trapped objects in the back focal plane [18]. The
force clamp is implemented as follows: First, one of the
two traps [T1 in Fig. 1(a)] is made roughly threefold less
intense than the other (T2). Then, by attaching a molecule
of double-stranded DNA (dsDNA) between two beads, the
bead in the weaker trap (T1) can be pulled out from the
center of T1 into the region of constant force (zero stiff-
ness), while the bead in the stronger trap (T2) remains
within the calibrated linear region. Displacements at con-
stant force can, thus, be followed in T1 while force is
recorded simultaneously in T2.

We measured the F-x curve of T1 using a 550 nm tether
of dsDNA, attached at one end by a biotin:avidin linkage to
a 600 nm diameter polystyrene bead and at the opposite
end by a digoxigenin:antidigoxigenin linkage to a 700 nm
diameter polystyrene bead. The displacement of the bead
in T1 versus the force measured in T2 is shown in Fig. 1(b).

For small displacements, the stiffness is constant, and the
nearly linear F-x curve agrees very well with an indepen-
dent calibration of T1 based on the Stokes drag force for an
untethered bead of the same size [1]. For displacements
!240 nm from T1, there is a zone >50 nm wide where
force remains constant to within <5%: We use this zero-
stiffness region for the force clamp. For positive displace-
ments beyond this zone, the stiffness becomes negative as
the force falls toward zero. The measured F-x relation fits
well to the derivative of a Gaussian, the shape expected for
a Gaussian beam in the paraxial, small-bead approximation
[19], and is in qualitative agreement with previous mea-
surements of the nonlinear portion of an optical trap [11].

We note that the measured F-x relationship exhibits
significant nonlinearity in the restoring force even for
relatively modest displacements from the trap center.
From the fit to the F-x curve in Fig. 1(a), we find that the
stiffness at x " 50 nm is !8% less than the stiffness at the
center of the trap, while at x " 100 nm it is !25% less.
This deviation represents an important yet generally ne-
glected source of systematic error when using optical traps
to make quantitative measurements of force, especially
when operating at typical displacements of 50–100 nm
or more from the trap center.

We explored the effects of local trap stiffness
on measurements of biomolecular motions, includ-
ing the zero-stiffness force-clamp regime, by study-
ing the mechanically induced unfolding and refold-
ing of short DNA hairpins [9]. A tetraloop hairpin
with a 20 basepair (bp), self-complementary stem
(sequence: 50-GAGTCAACGTCTGGATCCTA-T4-
TAGGATCCAGACGTTGACTC-30) was attached to
!1 kb dsDNA ‘‘handles’’ at either end, creating a con-
struct !550 nm in length. This DNA construct was then
linked to beads at each end, as described above. Under
!14 pN of tension, hairpins of this size are bistable, driven
by thermal fluctuations between completely folded and
fully unfolded states [9]. Measurements of the extension
of the hairpin construct when poised near equilibrium
(13.6 pN) clearly display two stable positions, correspond-
ing to the closed and open states [Fig. 2(a); data recorded at
10 kHz and median filtered with a 5 ms window]. To
measure the opening distance of the hairpin, we con-
structed histograms of extension and fitted these to two
Gaussians, taking the distance between the peaks to repre-
sent the opening distance. Note that the width of the
Gaussian peaks supplies an estimate of !0:1 nm=
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for the spatial resolution of the measurement.
Because of the finite compliance associated with the

dsDNA handles, the measured change in extension due to
unfolding of the hairpin changes as a function of the
average position of the bead in trap T1. An intrinsic length
change upon unfolding !L produces a corresponding
change in extension !x given by

!x " !L=#1$ ktraps=kDNA%; (1)
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FIG. 1 (color). (a) Experimental geometry for the dual trap
apparatus (not to scale). Force-displacement (F-x) curves for
beads held in the two optical traps are drawn schematically; the
beads (blue) are connected by a dsDNA tether. Near the trap
center, force rises linearly with displacement; farther out, force
rolls over and falls to zero. The beam intensity in T1 is weaker
than that in T2, so that at equilibrium the bead in T1 sits at the
maximum of its F-x curve, where the stiffness is zero. The bead
in T2 remains inside the calibrated linear region, permitting
measurement of the applied force. (b) F-x curves for T1. The
force is measured in T2 as a function of displacement in T1
(black diamonds) and fit to the derivative of a Gaussian (solid red
line). An independent measurement of the F-x curve based on
the drag force on an untethered bead (open blue circles) is
obtained by moving the microscope stage and sample at prede-
termined rates while measuring the displacement from the trap
center.
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10 kHz and median filtered with a 5 ms window]. To
measure the opening distance of the hairpin, we con-
structed histograms of extension and fitted these to two
Gaussians, taking the distance between the peaks to repre-
sent the opening distance. Note that the width of the
Gaussian peaks supplies an estimate of !0:1 nm=

!!!!!!
Hz

p

for the spatial resolution of the measurement.
Because of the finite compliance associated with the

dsDNA handles, the measured change in extension due to
unfolding of the hairpin changes as a function of the
average position of the bead in trap T1. An intrinsic length
change upon unfolding !L produces a corresponding
change in extension !x given by

!x " !L=#1$ ktraps=kDNA%; (1)

x

FF

x

T1 T2

(a)

(b)

DNA bead

F ~ constant

14

12

10

8

6

4

2

0

Fo
rc

e 
(p

N
)

4003002001000
Displacement from center (nm)

FIG. 1 (color). (a) Experimental geometry for the dual trap
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beads (blue) are connected by a dsDNA tether. Near the trap
center, force rises linearly with displacement; farther out, force
rolls over and falls to zero. The beam intensity in T1 is weaker
than that in T2, so that at equilibrium the bead in T1 sits at the
maximum of its F-x curve, where the stiffness is zero. The bead
in T2 remains inside the calibrated linear region, permitting
measurement of the applied force. (b) F-x curves for T1. The
force is measured in T2 as a function of displacement in T1
(black diamonds) and fit to the derivative of a Gaussian (solid red
line). An independent measurement of the F-x curve based on
the drag force on an untethered bead (open blue circles) is
obtained by moving the microscope stage and sample at prede-
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Using an optical trap as a heater
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Gold particles heat up alot more:
~250 degC / Watt
Seol et al. Optics Letters (2006)

Decay distance ~10-20 microns
Mao et al. Biophys J (2005)



3D tracking sheds light on a brownian ratchet
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Trajectory shapes yield details of ratchet motion
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Measuring 4D PSF
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Holographic optical traps
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AFM as a tool for proteins and cells

26Ortiz Lab @ MIT



Imaging and perturbing microtubules
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de Pablo et al. PRL (2003)
de Pablo et al. Nanotech (2003)
Schaap et al. Eur. Biophys (2004)
Schaap et al. Biophys J (2006)



AFM used for stretching proteins
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Can study unfolding and folding kinetics
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Folding is slowed by 
force

k0= 100 s-1

Δxf= 8.2 Å



Measuring the FV curve of a growing actin network
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mechanics,7,8 is integrated with an epifluorescence micro-
scope and used here to obtain measurements showing that
average network density !as measured by total fluorescence
divided by network length" is constant under a fixed load.

ATOMIC FORCE MICROSCOPY FOR BIOPHYSICAL
MEASUREMENTS

Coordinated multimolecule biological processes, such as
actin polymerization, generate and respond to large forces
over long times, and single-molecule force microscopy tech-
niques are generally not appropriate for studying these pro-
cesses. Actin filament networks, which generate protrusions
during cell crawling and shape changes during phagocytosis,
can generate nano-Newtons of force over time scales of min-
utes to hours through the addition of nanometer-scale actin
monomers.7,9 A study of their force generation capabilities
has been hindered by the lack of suitable techniques for
probing them while at the same time imaging spatial and
temporal changes in the organization of component proteins.

AFMs are attractive tools for investigating biophysical
processes in cells like actin network growth since they are
capable of measuring nanometer-scale displacements and a
wide range of forces. Typical AFMs can measure forces well
into the nano-Newton range, the scale of forces believed to
be generated by actin-driven cellular processes such as
pseudopod formation.10 Furthermore, AFMs are easily inte-
grated with fluorescence microscopes. In an ideal AFM force
measurement, the position of the surface and the reference
position of the cantilever are fixed in the laboratory frame,
and changes in deflection of the cantilever’s tip are equal to
changes in the end-to-end distance of the sample under study
and are related to the force exerted on the sample by Hooke’s
law.

In practice, however, drift caused by temperature fluc-
tuations in the surrounding environment can cause spontane-
ous cantilever bending and unpredictable drift between the
cantilever and surface. Cantilevers bend as temperature fluc-
tuates, even in the absence of an externally applied force,
which can result in a shift of the zero-force reference deflec-
tion of the cantilever.11 Treatments such as thermal anneal-
ing, use of cantilevers without reflective or other asymmetric
coatings, or torsional cantilevers can be used to reduce this
effect.11–13

Over long times, temperature fluctuations and gradients
can cause drift of the entire microscope apparatus, resulting
in unwanted changes in the distance between the cantilever
and surface that are much larger than cantilever bending and
preclude accurate measurements of sample length.4 Conven-
tional AFM measurements with single cantilevers cannot dis-
tinguish between this cantilever-surface drift and actual
sample length changes since both may result in cantilever
deflection. Drift in commercial systems can exceed
20 nm/min, which is on the same order as actin network
growth rates and can therefore mask changes in network
length !data not shown". Cantilever-surface drift is a recog-
nized limitation of AFM and has been addressed in a variety
of ways for imaging, electrochemical, and single-molecule
force spectroscopy applications.4,6,14 Our differential force

microscopy technique with integrated epifluorescence ad-
dresses cantilever-surface drift for molecular systems that
generate large forces over long times.

INSTRUMENT DESIGN AND PERFORMANCE

Design principles

The instrument consists of an epifluorescence-equipped
AFM modified to measure the deflection of two cantilevers
simultaneously. In our system, two cantilevers—a “refer-
ence” and a “measurement” cantilever—attached to the same
rigid support are mounted above a surface at a 10° angle
!Fig. 1, inset" similar to the experimental geometry described
previously in Altmann et al.4 When undeflected !Fig. 1, inset
gray dotted lines", the reference cantilever is closer to the
surface than the undeflected measurement cantilever by a
distance Do and is the first to make contact when the surface
is raised. If dSr is the deflection of the reference cantilever
when in contact with the surface and dSm is the deflection of
the measurement cantilever when in contact with the sample,
the distance D between the tip of the measurement cantilever
and the surface is

D!t" = Do − dSr!t" + dSm!t" . !1"
Any drift in the position of the surface with respect to the
measurement cantilever is detected by a change in dSr. Feed-

FIG. 1. !Color online" Optical schematic of the differential force micro-
scope. Two similarly polarized diode lasers !!1 and !2" are steered by
mirrors !M1, M2, M3", combined by a dichroic mirror !DM1", and focused
through a microscope objective !OBJ1" onto the two cantilevers. The re-
flected beams are collected by the same objective, reflected by a polarization
beam splitter !PoBS", and separated by a dichroic mirror !DM2" onto two
position sensitive detectors !PSDs". The cantilevers and sample can be illu-
minated with a broadband light emitting diode source !LS1" via a pellicle
beams splitter !PBS2" and OBJ1, enabling both reflection !OBJ1, PBS1, L1,
CCD1" and transmission !OBJ2, L2, CCD2" imaging. Epifluorescence im-
aging of the sample !OBJ2, L2, CCD2" is obtained by fluorescence illumi-
nation with a mercury arc lamp !LS2" via OBJ2 through an excitation-
emission cube !ExF, DM3, EmF". A feedback-controlled piezoelectric stage
is used to control surface position. !Inset" Diagram showing the two-
cantilever geometry of the differential AFM technique and drift correction
principle. Actin network !red lines" length !D" can be accurately quantified
over long times without the influence of cantilever-sample drift by monitor-
ing deflection of a measurement !dSm" and reference cantilever !dSr" simul-
taneously. Because the reference cantilever is in contact with the surface at
all times, any common-mode cantilever-surface movement will be directly
quantified as a change in dSr, making it possible to eliminate this error from
measurements of actin network growth. Dotted lines !gray" depict the origi-
nal position of the surface position and undeflected cantilevers.
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mechanics,7,8 is integrated with an epifluorescence micro-
scope and used here to obtain measurements showing that
average network density !as measured by total fluorescence
divided by network length" is constant under a fixed load.

ATOMIC FORCE MICROSCOPY FOR BIOPHYSICAL
MEASUREMENTS
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monomers.7,9 A study of their force generation capabilities
has been hindered by the lack of suitable techniques for
probing them while at the same time imaging spatial and
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AFMs are attractive tools for investigating biophysical
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capable of measuring nanometer-scale displacements and a
wide range of forces. Typical AFMs can measure forces well
into the nano-Newton range, the scale of forces believed to
be generated by actin-driven cellular processes such as
pseudopod formation.10 Furthermore, AFMs are easily inte-
grated with fluorescence microscopes. In an ideal AFM force
measurement, the position of the surface and the reference
position of the cantilever are fixed in the laboratory frame,
and changes in deflection of the cantilever’s tip are equal to
changes in the end-to-end distance of the sample under study
and are related to the force exerted on the sample by Hooke’s
law.

In practice, however, drift caused by temperature fluc-
tuations in the surrounding environment can cause spontane-
ous cantilever bending and unpredictable drift between the
cantilever and surface. Cantilevers bend as temperature fluc-
tuates, even in the absence of an externally applied force,
which can result in a shift of the zero-force reference deflec-
tion of the cantilever.11 Treatments such as thermal anneal-
ing, use of cantilevers without reflective or other asymmetric
coatings, or torsional cantilevers can be used to reduce this
effect.11–13

Over long times, temperature fluctuations and gradients
can cause drift of the entire microscope apparatus, resulting
in unwanted changes in the distance between the cantilever
and surface that are much larger than cantilever bending and
preclude accurate measurements of sample length.4 Conven-
tional AFM measurements with single cantilevers cannot dis-
tinguish between this cantilever-surface drift and actual
sample length changes since both may result in cantilever
deflection. Drift in commercial systems can exceed
20 nm/min, which is on the same order as actin network
growth rates and can therefore mask changes in network
length !data not shown". Cantilever-surface drift is a recog-
nized limitation of AFM and has been addressed in a variety
of ways for imaging, electrochemical, and single-molecule
force spectroscopy applications.4,6,14 Our differential force
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simultaneously. In our system, two cantilevers—a “refer-
ence” and a “measurement” cantilever—attached to the same
rigid support are mounted above a surface at a 10° angle
!Fig. 1, inset" similar to the experimental geometry described
previously in Altmann et al.4 When undeflected !Fig. 1, inset
gray dotted lines", the reference cantilever is closer to the
surface than the undeflected measurement cantilever by a
distance Do and is the first to make contact when the surface
is raised. If dSr is the deflection of the reference cantilever
when in contact with the surface and dSm is the deflection of
the measurement cantilever when in contact with the sample,
the distance D between the tip of the measurement cantilever
and the surface is

D!t" = Do − dSr!t" + dSm!t" . !1"
Any drift in the position of the surface with respect to the
measurement cantilever is detected by a change in dSr. Feed-

FIG. 1. !Color online" Optical schematic of the differential force micro-
scope. Two similarly polarized diode lasers !!1 and !2" are steered by
mirrors !M1, M2, M3", combined by a dichroic mirror !DM1", and focused
through a microscope objective !OBJ1" onto the two cantilevers. The re-
flected beams are collected by the same objective, reflected by a polarization
beam splitter !PoBS", and separated by a dichroic mirror !DM2" onto two
position sensitive detectors !PSDs". The cantilevers and sample can be illu-
minated with a broadband light emitting diode source !LS1" via a pellicle
beams splitter !PBS2" and OBJ1, enabling both reflection !OBJ1, PBS1, L1,
CCD1" and transmission !OBJ2, L2, CCD2" imaging. Epifluorescence im-
aging of the sample !OBJ2, L2, CCD2" is obtained by fluorescence illumi-
nation with a mercury arc lamp !LS2" via OBJ2 through an excitation-
emission cube !ExF, DM3, EmF". A feedback-controlled piezoelectric stage
is used to control surface position. !Inset" Diagram showing the two-
cantilever geometry of the differential AFM technique and drift correction
principle. Actin network !red lines" length !D" can be accurately quantified
over long times without the influence of cantilever-sample drift by monitor-
ing deflection of a measurement !dSm" and reference cantilever !dSr" simul-
taneously. Because the reference cantilever is in contact with the surface at
all times, any common-mode cantilever-surface movement will be directly
quantified as a change in dSr, making it possible to eliminate this error from
measurements of actin network growth. Dotted lines !gray" depict the origi-
nal position of the surface position and undeflected cantilevers.
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Loading history determines growth velocity
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Parekh et al, Nature Cell Bio, 2005

1. Grow actin network under 
a constant force.

2. Allow network to increase 
the applied force as it 
grows.

3. Return network to the 
original constant force.

4. Quantify network growth 
rates.

Growth velocity before and after 
loading is different

Remodeling of network in 
response to load



Side view allows you to view actin density
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AFM as a local rheology probe
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A model of actin network elasticity
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1. linear elastic

2. stress stiffening

3. critical stress

4. stress softening
 due to buckling

Both entropic & enthalpic 
contributions play a role



Measuring cell stiffness with an AFM

35Rosenbluth et al., Biophys J (2006) Lam et al., Blood (2007)



Mechanical coupling on short distance scales
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