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ABSTRACT: We present here a comparison between three rheological techniques to verify a recently
developed optical microrheology technique. As a model viscoelastic fluid we have used wormlike micelle
solutions which are well-characterized Maxwell fluids. Using the same samples, we have measured the
viscoelastic response function using macroscopic rheology as well as one-particle and two-particle
microrheology. With all three techniques we have obtained frequency-dependent complex shear moduli
over large and overlapping frequency ranges. Excellent agreement of the results from all three techniqes
was observed. This was expected given that characteristic length scales of the solution, such as persistence
length and mesh size, were significantly smaller than the probe particle size. Our results provide a much
needed quantitative verification of microrheology on a simple model system.

Introduction

The shear elastic properties of viscoelastic materials,
such as polymer or colloidal solutions, are commonly
measured by mechanical rheometers. Storage and loss
moduli of a material can be measured by application of
strain while measuring stress or vice versa, and probe
geometries of order centimeters are typically used.
Recently developed optical microrheology techniques, in
contrast, use micron-sized particles that are embedded
in the material to obtain the viscoelastic response
parameters.1 In contrast to macroscopic mechanical
rheology techniques, there is no strain applied to the
material during the measurement. This is particularly
useful in complex fluids where even small imposed
strains can cause a structural reorganization of the
material and change its viscoelastic properties.

Response parameters can be measured either by
actively manipulating the probe particles with magnetic
fields or with light (optical traps)2 or in a passive mode
by merely recording the thermal fluctuations of the
particles. Various methods have been utilized to mea-
sure the displacement fluctuations of the embedded
particles. Video tracking or “rheological microscopy” has
been applied to a variety of polymer systems such as
λ-DNA solutions3 as well as to biological cells.4 The
highest frequency that can be measured using this
technique is half the video frequency (Nyquist fre-
quency), typically 25 or 30 Hz. Higher bandwidths can
be reached using diffusing wave spectroscopy (DWS)5,6

or optical trapping techniques combined with laser
interferometry with fast photodiodes to track individual
particles.7,8

The complex shear modulus of the embedding me-
dium can be calculated from the Brownian motion of
the particle using results from linear response theory.9
In the linear response regime, the fluctuation-dissipa-

tion theorem relates position fluctuations to the imagi-
nary part of the response function. A Kramers-Kronig
integral then makes it possible to calculate the real part
of the response function. Generalized Stokes-Einstein
relationships, which differ for the one-particle and the
two-particle method, can then be used to extract the
complex shear modulus.8,10 Data analysis has also been
performed in a different way, using a Laplace transform
of the mean-square displacement and then employing
a fitting procedure assuming the analytic form of the
storage and loss elastic modulus.5,11,12 Here we use the
first method to obtain the viscoelastic modulus directly
from the data, avoiding any fitting procedures.

In general, microrheology is a useful tool to probe
spatially resolved viscoelastic properties of inhomoge-
neous materials, and it can be applied to study small
samples, such as biological cells. Furthermore, the
technique has a bandwidth of up to megahertz, much
larger than conventional macrorheology, and it is sensi-
tive enough to measure low elastic moduli (<1 Pa) that
are not accessible to macrorheometers. Passive mi-
crorheology is ideally suited to investigate materials
that respond nonlinearly to low strains, such as many
biopolymer systems.

Since microrheology techniques are relatively new
and have been applied initially to samples such as actin
solutions or cells which are problematic in macrorhe-
ology, there is still a need to rigorously determine under
what conditions one can expect to measure the same
bulk shear moduli as measured by conventional rhe-
ometers. A number of possible effects can lead to
differing results, which at the same time opens up new
and interesting possibilities to characterize materials
on a microscopic scale. One possibility is that the probe
particle locally perturbs its environment on the same
scale that it probes, e.g., by causing local depletion or
enrichment of the medium.13 This is expected to occur
if there are characteristic length scales in the sample
that are on the order of or larger than the probe size.
Nonstick boundary conditions on the surface of the
probes would also affect the results.14 Furthermore, if
the sample is a polymer solution, compressional or free
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draining modes should in principle be measurable since
there is no constant-volume constraint. The fluctua-
tion-dissipation theorem which is used in the passive
modes might not be applicable in nonequilibrium or
glassy systems. Local perturbation effects can be cir-
cumvented and at the same time quantified by measur-
ing the correlated fluctuations of pairs of probe particles,
a method termed two-particle microrheology.13,15,16 Evi-
dence for depletion effects has been reported in λ-DNA
solutions where a difference between one- and two-
particle results was observed.3

To date there has been no clear quantitative com-
parison of microrheology with macrorheology on a well-
characterized system. This has been due to the limited
overlap over the frequency range between the two
techniques. Typical commercial rheometers measure up
to a maximum frequency of about 10 Hz. At such low
frequencies microrheology tends to give quite noisy
results. Furthermore, there is also a limit in the range
of elastic moduli one can measure with both tech-
niques: Microrheology performs well in soft systems but
gets less accurate from ∼100 Pa upward, while mac-
rorheology is often not very accurate below 10 Pa.
Microrheology to date has been extensively used on
biopolymer solutions, such as actin networks or cells,
for which macrorheology has been notoriously inac-
curate17 or impossible.

We report here on rheology experiments with a simple
and well-studied model system, namely a surfactant
forming wormlike micelles in solution. The objective of
this paper is to quantitatively compare the results of
both one- and two-particle microrheology and macrorhe-
ology with the same samples. Technical details of the
two-particle microrheology technique will be published
elsewhere.18 The wormlike micelle solutions, made from
cetylpyridinium chloride and sodium salicylate in 0.5
M sodium chloride brine, exhibit dynamics similar to
polymer solutions; however, the breakage dynamics
ensure a single relaxation time in the slow dynam-
ics.19,20 This results in very simple and well-understood
rheological properties, namely Maxwell behavior at low
frequencies.21 Furthermore, for this sample one-particle
microrheology should not be sensitive to depletion or
other probe particle effects, since the relevant length
scales such as mesh size and persistence length are
smaller than the particle size. We expect therefore
agreement between all three techniques.

Experimental Methods

Materials. Wormlike micelles were prepared from the
surfactant cetylpyridinium chloride (CPyCl) dissolved in brine
(0.5 M NaCl) with sodium salicylate (NaSal) as strongly
binding counterions. All samples had a molar ratio Sal/Cpy )
0.5. Samples were made in batches of 50 mL and equilibrated
and stored at ambient (controlled) lab temperature of 21.5-
22.0 °C. The microrheology experiments were performed in the
same lab at the same temperature. The wormlike micelles have
a typical diameter of 2-3 nm, lengths between 100 nm and 1
µm, and a persistence length of order 10 nm.20 Experiments
were performed with micelle concentrations between 0.5 and
4 wt %, i.e., in the semidilute regime (c > c*, c* ∼ 0.3 wt %)
where micelles are entangled. The average mesh size varies
between 30 and 10 nm for c between 1 and 5 wt %.20

Macrorheology. A custom-designed piezo-rheometer22 was
used to measure directly the loss and storage shear elastic
moduli of the samples. The sample was contained between two
glass plates mounted on piezoelectric ceramics. One of the
plates was made to oscillate vertically with an amplitude of
about 1 nm by applying a sine wave to the ceramic. This

movement induces a squeezing flow in the sample and stress
transmitted to the second plate is measured by the other
piezoelectric element. The strain is extremely small (γ < 10-4)
so the sample structure was likely not altered by the flow. The
setup allows us to measure the storage (G′(ω) ) and loss (G′′-
(ω)) shear modulus for frequencies ranging from 0.1 Hz to 10
kHz. All experiments were done at 21.8 °C except for cp ) 4,
which was done at 22.4 °C. The setup was hermetically sealed
to avoid evaporation.

One-Particle Microrheology (1PMR). All experiments
were performed using a custom-built optical microscope
equipped with an optical trap and a laser-interferometric
position detection system as described previously.8 Briefly, an
infrared laser (λ ) 1064 nm, ND:YVO4, Compass, Coherent,
Santa Clara, CA) was focused into the sample via a microscope
objective lens (Zeiss Neofluar, 100×, oil immersion, NA: 1.3)
to optically trap a particle in the sample. The back-focal plane
of the condenser collecting the laser light downstream of the
trap was imaged onto a special-design PN photodiode operated
at a reverse bias voltage of 100 V (YAG444-4A, Perkin-Elmer,
Vaudreuil, Canada) to avoid high-frequency attenuation.23

Displacement fluctuations of the trapped particle in the plane
normal to the optical axis were recorded on a PC using
Labview (National Instruments, Austin, TX) after analog
signal conditioning and A/D conversion with sample frequen-
cies up to 195 kHz.8 The lab temperature was stabilized to
21.4 ( 1 °C.

The particles used in the experiments were silica beads of
diameter 0.98 µm (Bangs Laboratories, Fisher, IN) and 1.16
µm (Van’t Hoff Laboratory, Utrecht University, Utrecht,
Netherlands) for single- and two-point microrheology experi-
ments, respectively. A small quantity (below 10-3 vol %) was
added to each sample before measurements, and the sample
was then introduced into the sample chamber. The sample
chamber consisted of a glass slide and coverslip connected by
two strips of double-stick tape (about 75 µm thick) and was
sealed after loading the sample with grease (Apiezon L) at the
open ends. After a bead was trapped, all measurements were
performed at a distance of about 20 µm from the bottom
surface of the sample chamber. The instrument was aligned
before each set of experiments, and among other criteria, it
was tested that x and y autocorrelation spectra of beads
trapped in pure solvent were overlapping. The shear that the
solution is exposed to when filling the chamber transiently
changes the structure of the sample. To ensure that the
samples were completely relaxed and isotropic after the filling
procedure and after the probe particle was positioned with the
help of the optical trap, particle fluctuations in the directions
parallel (x) with and perpendicular (y) to the long axis of the
chamber were compared. Averaged autocorrelation spectra of
60 s segments of data typically differed right after filling the
chambers, with the x-spectra (in the flow direction) typically
showing a higher rms amplitude of motion than the y-spectra,
but slowly converged over 5-15 min. After complete relax-
ation, between 8 and 16 data sets were recorded for each
sample, using different beads (minimum of three) in different
locations of the sample. Data were taken at two different
sampling rates, 20 and 195 kHz. At 20 kHz sample rate, the
laser power was set low (3-5 mW) to avoid a large effect of
the optical trap on the particle fluctuations; at 195 kHz laser
power had to be set somewhat higher (15-30 mW) to avoid
shot noise at the high-frequency end of the spectrum.

Calibration factors are needed to convert the amplified
quadrant diode signals to actual displacements in nanometers.
These factors were determined from displacement autocorre-
lation spectra in water of particles from the same batch as
used in the micelle experiments. Autocorrelation spectra of
particles trapped in a purely viscous fluid have a Lorentzian
shape, and from the amplitude of the Lorentzian at high
frequencies, calibration factors can be determined if particle
size, solvent viscosity, and temperature are used as (given)
parameters.24 Three or more particles in water were trapped
again 20 µm from the glass surface at both the low and high
laser power used in the micelle experiments, and their
displacement fluctuations were recorded at sampling rates of
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20 and 195 kHz. The variance of the results was around 5%,
which is mainly due to particle polydispersity.

Two-Particle Microrheology (2PMR). A pair of focused
laser beams with wavelengths λ ) 830 nm (diode laser, CW,
IQ1C140, Laser 2000) and λ ) 1064 nm (NdVO4, see above)
(power less than 10 mW, measured before coupling into the
microscope) was used to weakly trap a pair of silica particles
far away from other particles, at several separation distances
r between 3 and 20 µm. The x and y position fluctuations of
each trapped particles were detected with a pair of quadrant
photodiodes, the λ ) 1064 nm laser was detected as described
above, and for the λ ) 830 nm we used a standard silicon-
type PN photodiode with a reverse bias voltage of 15V (10 mm
diameter, Spot9-DMI, UDT, Hawthorne, CA).

Data Evaluation. We processed the recorded position
fluctuation data off-line to obtain the viscoelastic moduli in a
similar manner for both the 1PMR and the 2PMR method.

Within linear response a (complex) single- or interparticle
response function Rk,l

(i,j)(ω) relates the displacement of each
particle in x or y direction uk

(i)(ω) to the force Fk
(i)(ω) applied to

the same particle or to the other one; uk
(i)(ω) ) Rk,l

(i,j)(ω) ×
Fk,l

j (ω), written in Fourier space, where i, j ) 1, 2 are particles
labels, k, l ) x, y are coordinate directions, and ω ) 2πf is the
radial frequency. For example, Rx,x

(1,1)(ω) is the single-particle
response function relating the x displacement of particle 1 to
the force acting on particle 1 in x direction, or Rx,x

(1,2)(ω) is the
interparticle response function relating the x displacement of
particle 1 to the force applied to particle 2 in x direction.

For 1PMR we calculate the Fourier transform of the
displacement autocorrelation Sk

(i) of each particle from the
recorded position fluctuations uk

i (t):

in all experiments reported here the medium was homoge-
neous. Thus, we calculate an averaged Sauto ) 1/4〈Sx

1 + Sy
1 + Sx

2

+ Sy
2〉.

We chose the coordinate system such that the x-axis is
parallel to the line connecting the centers of the two particles
and the y-axis perpendicular to that.

For 2PMR we calculate the Fourier transforms of the two
displacement cross-correlations that are nonzero to first order:

From these correlation functions we first obtain the imaginary
parts of the complex response functions Rauto(ω) ) R′auto(ω) +
R′′auto(ω) and R|,⊥(ω) ) R′|,⊥(ω) + R′′|,⊥(ω), which, in thermal
equilibrium and in the absence of external forces, are related
to the correlation functions by the fluctuation-dissipation
theorem:9

where kBT is the thermal energy.
The real parts of the response functions are then computed

by a Kramers-Kronig integral over the imaginary parts:

In principle, there is a systematic error expected for R′ due to
the finite integration limits in the KK integral.8 This error is
here generally negligible when we sample at 195 kHz. Since

the error is in R′, it will be more apparent in samples with
large G′. In the data presented here, the maximum G0 ) 10
Pa where we can still neglect the effect. However, for stiffer
samples a small error will arise in R′.

So far we have calculated response properties of the
particles. These are determined by the viscoelastic properties
of the embedding medium via generalized Stokes-Einstein
relationships:8,15

where G(ω) is the complex shear modulus, R is the particle
radius, and r is the separation distance between the two
particles. While both the parallel and the perpendicular
interparticle response can be used to determine G(ω) in 2PMR,
we find experimentally that the perpendicular channel is
noisier than the parallel one. Furthermore, at higher frequen-
cies solvent inertia becomes visible, and the effect is larger on
the perpendicular channel.25 We thus present in the following
the data measured by the parallel interparticle response
function as the 2PMR results.

The optical traps limit the Brownian motion of the particles
and have an effect on the storage modulus calculated from the
fluctuation data if not corrected for.26 The response functions
R′(ω) and R′′(ω) were corrected for the trap effect before
calculating G(ω) as described elsewhere.26 For the lower
sampling rate (20 kHz, laser power e 5 mW) the trap effect
was negligible for all micelle concentrations except for 0.5 wt
%, where the correction amounted to decrease of G′(ω) of 50%
at 5 Hz up to less than 1% at 1 kHz. Heating of the samples
in the trap focus is negligible because of the low laser power.27

Results and Discussion
Figure 1 shows a comparison of complex shear moduli

measured with mechanical macrorheology and with
microrheology. G′(ω) and G′′(ω) curves are shifted
vertically for clarity. Surfactant concentrations were cp
) 0.5, 1, 2, and 4 wt %. 2PMR and 1PMR data were
taken simultaneously as described above, averaging
over x and y fluctuations of both particles (four inde-
pendent data sets) over a total recording time of 200-
300 s gives relatively smooth curves for 1PMR. In 2PMR
curves are clearly more noisy because there is just one
independent data set for each recording (parallel direc-
tion), and the amplitude of the cross-correlation is
smaller than the amplitude of the autocorrelation and
decays as 1/r.

With increasing micelle concentration storage and loss
moduli show a trend expected for an increasingly elastic
polymer network.28 There is disagreement between
macro- and microrheology data at frequencies <1 Hz
(panels B and D). This is most likely due to small errors
in the trap correction, which becomes dominant at the
lowest frequencies in G′(ω).

Agreement between all three techniques quantita-
tively validates the new microrheology methods. It is
theoretically expected when certain criteria are met.
First, the micelle solution must be homogeneous on the
scale of the particle size. Second, the particle should not
perturb the local environment in which it moves on a
scale comparable to its own size. When the particle size
is much larger than any network length scale such as
the mesh size or the polymer persistence length, as is
the case here, this criterion will be met. In semiflexible
polymer systems this is not the case, and discrepancies
have been found between 1PMR and 2PMR.29,30 Third,
there should be a nonslip boundary condition between

Sk
(i) ) ∫〈uk

i (t) uk
i (0)〉eiωt dt (1)

S|(ω) ) ∫〈ux
(1)(t) ux

(2)(0)〉eiωt dt (parallel to center line)
(2a)

S⊥(ω) ) ∫〈uy
(1)(t) uy

(2)(0)〉eiωt dt

(perpendicular to center line) (2b)

R′′auto(ω) ) ω
2kBT

Sauto(ω) and R′′|,⊥(ω) ) ω
2kBT

S|,⊥(ω)

(3)

R′auto ) 2
π∫0

∞úR′′auto(ω)

ω2 + ú2
dú and R′|,⊥ ) 2

π∫0

∞úR′′|,⊥(ω)

ω2 + ú2
dú

(4)

Rauto(ω) ) 1
6πRG(ω)

, R|(ω) ) 1
4πrG(ω)

,

and R⊥(ω) ) 1
8πrG(ω)

(5)
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the micelles and the particle surface. Particularly at
elevated frequencies viscous coupling is expected to
ensure nonslip boundary conditions. Our results dem-
onstrate that for the wormlike micelle solutions studied
all criteria were satisfied. In particular, the good agree-
ment between one- and two-particle microrheology
demonstrates that local perturbations around the probes
such as depletion, enrichment, or slip boundary condi-
tions did not occur to a measurable degree. Our results
here are in contrast to what has been claimed for
polystyrene solutions.31

In 2PMR one expects a minimal distance between two
particles where approximation of a homogeneous me-
dium and a Stokes flow field would cease to be valid.
The distance which this corresponds to is the larger of
either particle size or internal length scales of the
system. Here we did not observe any deviations from
1/r scaling in 2PMR results down to a distance of 4 µm,
for the D ) 1.16 µm particles.32

Previous work using diffusing wave spectroscopy
(DWS) had found agreement between that implementa-
tion of microrheology and conventional macrorheology
in polymer and emulsion systems at low frequencies.5,6

However, the range of comparison was severely re-
stricted (<20 Hz) due to the limitations of the mechan-
ical rheology.

Conclusions

We have verified that there is excellent agreement
between mechanical rheology probing a sample at
macroscopic scales and one- and two particle microrhe-
ology experiments up to high frequencies. With a piezo-
actuated mechanical rheometer we could extend the
range for comparison to 10 kHz, much above what has
been achievable with commercial rheometers. The sys-
tem chosen for the comparison, wormlike micelles in

high salt concentrations, has strongly screened electro-
static interactions and structural length scales much
smaller than the particle size. We have shown here that
in such a system microrheology, and in particular the
relatively simple one-particle technique, is sufficient to
probe the bulk rheological properties of the medium.
These results should now make it possible to use the
advantages of microrheology, such as small sample size,
high bandwidth, and high sensitivity, to quantitatively
study a variety of systems.
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