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Abstract

We compared rheological properties of various polymer solutions as measured by particle tracking microrhe-
ology and conventional rheometry. First, zero shear viscosity was obtained using Stokes-Einstein equation at
longer times of mean square displacement (MSD) curve in particle tracking microrheology, and compared to
the one determined by rotational-type bulk rheometer. The zero shear viscosity from particle tracking
microrheology matched well with the one from bulk rheometry. Second, dynamic modulus was determined
using two models, Maxwell model and Euler’s equation, since these have been most frequently adopted in
previous studies. When Euler’s equation was used, loss modulus matched well with the one from bulk rhe-
ometry for all frequency range. However, storage modulus was unstable at low frequencies, stemming from
non-smoothing out in fitting process. When the Maxwell model was used, two results agreed well at low con-
centration of polymer solution, and the dynamic modulus at small frequency region which are difficult to
detect in bulk rheometry could also be measured. However, both zero shear viscosity and dynamic modulus
at higher concentration polymer solution from particle tracking microrheological measurement deviated from
those from bulk rheometry, due to the error caused by limited resolution of the apparatus. Based on these
results, we presented a guideline for the reliable performance of this new technique.

Keywords : particle tracking microrheology, bulk rheometry, polymer solution, mean square displacement,

dynamic moduli

1. Introduction

Conventional rheometry is widely used to characterize

the viscoelastic behavior of the complex fluids. However,

it is difficult to precisely determine their rheological prop-

erties when the viscosity of the fluid is not high enough to

induce sufficient signal that the equipment can detect reli-

ably. Dilute polymer solutions or dilute suspensions fall

under this case. In addition, we can only obtain averaged

properties over finite size of measuring geometry with con-

ventional rheometry. Hence it fails to detect local variation

of properties in heterogeneous systems such as biological

cell, biopolymer, and colloidal suspension, where locally

variable information could be critical to describe their bulk

behavior. 

To overcome these limitations of bulk rheometry,

microrheology has been developed in recent decades.

Microrheology is the rheology in micron size domain, and

therefore has advantages over bulk rheometry on detecting

weak signal and heterogeneity. First of all, sample volume

required for experiment is small, in the order of several

micro-liters. Hence it has strength in determining rheo-

logical properties of biological samples, which are mostly

expensive and prepared by only limited volume. Second,

microstructure of the sample is not destroyed during exper-

iment with this method since very small or no external

force is applied to the sample during the test. The third

advantage of microrheology technique is extended range of

frequency applicable in dynamic measurements. For exam-

ple, applicable range of frequency reaches 104 Hz for semi-

flexible polymers using diffusing wave spectroscopy

(DWS) technique (Palmer et al., 1998). Fourth, the local

heterogeneity of the material in micro scale can be exclu-

sively examined using microrheology, through small

observing window adopted in the method. With these

advantages, microrheology has been found more suitable

method to determine the rheological properties of dilute

suspension (Xu et al., 2002), semi-flexible polymer solu-

tion (Dasgupta et al., 2002), polymer gel (Larsen and

Furst, 2008), wormlike micellar solution (Wilenbacher et

al., 2007; Hassan et al., 2005) and biological materials

such as F-actin (Chae and Furst, 2005; Apgar et al., 2000)

and live cells (Tseng et al., 2002; Palmer et al., 1998).

Also, particularly with the advantage of being able to

detect heterogeneity, the change in rheological properties
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during polymerization or gelation has been determined

(Larsen and Furst, 2008; Slopek et al., 2006) using

microrheology technique.

Microrheology is separated to two categories, active and

passive methods depending on the existence of external

force exerted on the test domain. Particle tracking

microrheology technique used in this study is one of pas-

sive methods, which exploits the Brownian motion of the

tracing particles in a test material to obtain local rheo-

logical properties of it. Compared to other microrheolog-

ical methods, apparatus of particle tracking microrheology

is relatively simple and easier to setup. Also, the local

information of each particle in medium can be individually

traced, unlike DWS technique, the other passive method. 

However, the performance has rarely been verified sys-

tematically using various materials. Most of previous stud-

ies suggested results of one model polymer solution to

verify the performance of the method (Apgar et al., 2000;

Mason, 2000; Palmer et al., 1998; Xu et al., 1998; Mason

et al., 1997). Though Breedveld and Pine (2003) derived

an effective upper limit for the viscosity and/or elasticity

applicable to microrheology technique based on the dis-

tance a probe particle travels during measurement and on

the resolution of visualization equipment, it was only the-

oretical work and they did not verify the results experi-

mentally.

In this study, we measure the zero shear viscosity and

dynamic moduli of polymer solutions with varying con-

centration, both from particle tracking microrheology and

from conventional rheometry, and the results are com-

pared. In section 2, experiment setup and data processing

procedure of particle tracking microrheology are intro-

duced. In section 3, the zero shear viscosity obtained using

the Stokes-Einstein equation is compared with the one

from bulk rheometry, and the dynamic moduli calculated

using Maxwell model and Euler’s equation are compared

to those from bulk rheometry Also, the relation between

the slope of mean square displacement and storage mod-

ulus are discussed. In section 4, we conclude our findings

on applicable range of microrheology technique in obtain-

ing rheological properties of any material. 

2. Experiment and Data Processing

2.1. Materials
Two different semi-flexible aqueous polymer solutions

with varying molecular weight were prepared as model

viscoelastic fluids. One is poly (ethylene oxide) (PEO,

Sigma Aldrich) with two different molecular weights of

2,000,000 and 600,000  and the other is poly (acryl amide)

(PAA, Sigma Aldrich) with molecular weight of 5-

6,000,000. Aqueous solutions were prepared in deionized

water by gentle mixing and rolling for 24 hours to reduce

possible degradation of polymer chain by shear. Then poly-

styrene fluorescent particles modified with carboxylate

(Molecular Probes, U.S.A) were added to each polymer

solution to give 0.01 wt% solid content. Fluorescence par-

ticles were provided in dilute and well-dispersed suspen-

sion state (2 wt% solid in distilled water and 2 mM azide)

with exciting wave length of 580 nm and emitting wave

length of 605 nm. The diameter of the probe particle was

1 µm for low concentration solutions and 500 nm for high

concentration solutions. To disperse probe particles uni-

formly in polymer solutions and prevent aggregation, poly-

mer solutions with probe particles were ultra-sonicated for

5 min before test. 

2.2. Particle tracking microrheology
20 µl of sample solution was loaded to a PC20 CoverWell

cell (Grace Bio-Lab) to prevent drying and convectional

flows during measurements, and it was mounted onto an

inverted fluorescent microscope (IX-71, Olympus, Japan).

100 W mercury lamp was used as a light source and the

images of Brownian motion of fluorescent particles under

ambient temperature of 25±2oC were captured by electron-

multiplier cooled CCD camera (C9100-02 Hamamatsu)

with frame rate of 30 Hz. Exposure time was down to

500 µs, shortest possible in the current setup to avoid blur

of particle images and corresponding dynamic error (Savin

and Doyle, 2005). CCD camera and PC computer were

linked via high performance frame grabber board (PC-

Camlink Coreco imaging) to transfer data in high speed

without figure loss. 3,000 frames were captured in one

sequence and it was repeated 10 times in each test con-

dition to avoid errors from insufficient number of data

points. Over measurement time, particles float freely and

can move out of observing 2D plane resulting in less num-

ber of data for longer measurement times. 1 µm probe par-

ticles were observed using 60X oil immersion type

objective lens (Olympus, Japan) with numerical aperture of

1.40, while 500 nm probe particles were observed using

100X oil immersion type objective lens with numerical

aperture of 1.42. The size of one pixel was 80 nm for 100X

objective and 133 nm for 60X objective. Brownian motion

of the probe particles was analyzed by particle tracking

code written in IDL language which was first developed by

Crocker (Crocker and Grier, 1996). The code was modified

for particular purpose upon creator’s permission.

2.3. Data processing
Probe particles embedded in test material experience two

kinds of forces if external force is not applied: Brownian

random force and frictional force. From the equation of

motion, the formula becomes:

(1)

If particle concentration is low enough, inter-particle dis-

m
dv t( )

dt
------------ fR t( ) ζv t( )–=
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tance is long and the particle-particle interaction can be

ignored. 

For a viscoelastic medium, Eq. (1) can be modified as

generalized Langevin equation which considers inertia in

addition to Brownian and frictional forces. In this case,

convolution integral considers elasticity as well as vis-

cosity by relating previous velocity effect to the current

frictional force:

(2)

From Eq. (2), generalized Stokes-Einstein equation in

Laplace domain can be derived. Applying ensemble aver-

age and Laplace transformation, Eq. (2) becomes

(3)

where s is Laplace frequency and kB is the Boltzmann con-

stant (Mason et al., 1997). At this point, several approx-

imations have been applied to induce Eq. (3). First,

physical properties around the particle are homogeneous,

which is satisfied if the particle size is sufficiently large

compared to the characteristic length of a polymer

(Oppong et al., 2006). Second, no-slip boundary condition

is applied at the interface of probe particle and the test

fluid. Third, material should be dilute suspension of spher-

ical particle in a purely viscous medium at zero frequency,

following Stokes law (Waigh, 2005). 

Using Bessel function, mean square displacement (MSD)

of a probe particle in Laplace domain can be transformed

to time domain (Mason, 2000): 

(4)

From experimental results, MSD is calculated by taking

ensemble average on 2D coordinates of particle centroid in

the tracking results (Mason and Weitz, 1995):

(5)

This value for individual particle is again averaged over

at least 1,000 particles. When MSD is plotted against lag

time ∆t, the slope is one for Newtonian fluid following this

relation (Waigh, 2005):

(6)

In contrast, the slope is less than one for viscoelastic fluid

due to sub-diffusive motion of probe particles (Waigh,

2005):

(7)

For purely elastic solid, the slope is zero. In this study,

maximum ∆t was adopted as 10 s, because the number of

data becomes insufficient for statistically meaningful data

processing above 10 s.

Zero shear viscosity is directly derived from the Stokes-

Einstein equation:

(8)

using D obtained from MSD curve using Eq. (6) or (7). In

case of viscoelastic fluid where the slope of MSD curve is

changed over time, diffusion coefficient is obtained by

extrapolating at longer times in MSD curve which rep-

resents viscous character of the material.

The resulting MSD from Eq. (5) is substituted to Eq. (4)

to lead G(s) from experiment and it is nonlinearly fitted to

the following equation (Waigh, 2005):

(9)

From the fitting, modulus coefficient Gj and relaxation

time coefficient τj of each mode j are determined.

In the next step, viscoelastic models are applied to

describe the material function. In this study, Maxwell

model and Euler’s equation were chosen since these have

been most frequently adopted in previous studies (Oppong

et al., 2006; Waigh, 2005; Mason, 2000).

Multiple-mode Maxwell model for dynamic moduli are: 

, and (10-1)

(10-2)

where ω is frequency.

 Euler’s equation for dynamic moduli is relatively simple

form with single mode (Mason, 2000):

, and (11-1)

(11-2) 

For these models, the modulus obtained from experi-

mental data using Eq. (4) is fitted to the absolute value of

complex modulus in the model: 

(12)

where the slope of MSD curve becomes:

(13)

2.4. Rotational rheometry
The bulk rheological properties of polymer solutions

were measured using a 50 mm /0.0398 rad cone and plate

fixture on an ARES strain-controlled rheometer (TA

Instruments). Steady shear viscosity and dynamic moduli

m
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of polymer solutions were determined with fixed gap of

0.0526 mm.

3. Results and discussion

3.1. The slope of MSD curve
Unlike bulk rheometry, high pre-shear is applied to the

test fluid during sample preparation in microrheology mea-

surements via ultra-sonication to evenly disperse the probe

particles in the test medium. To evaluate any possible deg-

radation of polymer chain and corresponding change in

rheometry results, ultra-sonicated and nonsonicated poly-

mer solutions were compared using bulk rheometry. Zero

shear viscosity showed 15±5% decrease from sonication

and it was determined to be not ignorable. Therefore the

same sonicated samples were used to both particle tracking

microrheological measurement and bulk rheometry.

Fig. 1 shows the MSD curve of PEO (MW 2M) solu-

tions. The slope of MSD curve at short times is less than

one, and at long times it becomes close to one. The slope

change is clearer for polymer solutions of higher concen-

tration, due to physical network formation of polymer

chains (Lu, 2003). At short times, the elastic behavior of

entangled polymer network is dominant. However, at long

times, the diffusion of polymer chain becomes dominant

due to relaxation of the polymer chains through reptation,

freeing the entanglement of chains. The slope of MSD

curve changes to one as time marches, and the viscous

character of the material becomes dominant. Therefore the

slopes of MSD curve at short time scales represent the

elastic properties of the materials. The point where the

slope changes in MSD curve corresponds to the relaxation

time either defined by Rouse model (Macosko, 1994) or

reptation model (Lu, 2003). For 2.0 wt% PEO (MW 2M)

solution, the time scale of slope change is 1.0 s which

accords with the relaxation time obtained using bulk rhe-

ometry, 1.0 s. However, we cannot capture the point for

lower concentration because the change occurs in the range

smaller than the limiting detection time 0.033 s of our

experimental setup, and for higher concentration because

the particle cannot diffuse over a distance that exceeds the

detection resolution of our visualizing apparatus. The slope

change for more PEO solutions with the same MW and

varied concentration is shown in Fig. 2. The slope is from

sub-diffusion region, ∆t≤Χ0.2 s since the slope for all con-

centrations was changed after that point. The overlap con-

centration of PEO (MW 2M), c*, is in the range 0.02~

0.28 wt% which can be calculated using Eq. (14-1) and

(14-2) (Dasgupta, 2002):

(14-1)

(14-2)

The slope of MSD curve of 0.01 wt% is 0.998 that is

close to one and that of 0.04 wt% PEO (MW 2 M) solution

obtained from microrheological measurement is 0.981 that

is less than one reflecting the elastic behavior of the mate-

rial. Microrheological measurement catches the elastic

behavior of very weakly elastic materials that is difficult to

measure with bulk rheometry over overlap concentration of

polymer solutions. In case of other polymer solutions, PEO

(MW 600 k) and PAA (MW 1-2 M) aqueous solutions, the

same trend is observed. The slope of MSD curve at short

times decreases as elasticity of the materials increases, and

the slope changes when the material transits from sub-dif-

fusive to diffusive region. The slope of PAA (MW 1-2 M)

Rg 0.215Mw
  0.583 0.031± A

°=

c
 * Mw

4

3
---NAπRg

  3

---------------------=

Fig. 1. Mean square displacement of PEO (MW 2M) aqueous

solutions with varied concentration.
Fig. 2. The slope of MSD curve as a function of polymer con-

centration for MW 2 M PEO (▲), MW 600 k PEO (●)

and MW 5-6 M PAA (◇). The slope is from sub-dif-

fusion region, ∆t≤0.2 s the slope for all concentrations

was changed after that point.
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solution on all measurable concentration range is similar

with ones of PEO (MW 2 M) solution. The degree of elas-

ticity is on similar range as shown in Fig. 3 because the

molecular weight of the polymer is comparable.

To examine the elasticity of the material, the slope at

short times should be examined. Fig. 3 shows the relation

between the slope at short times and the elasticity repre-

sented by  from bulk rheometry at ω=10 rad/s. The

slope shown in this figure was obtained ∆t less than 0.2 s,

since the slope for all concentrations was changed after that

point. Also, the frequency 10 rad/s was chosen because it

was the maximum frequency we can access by both par-

ticle tracking microrheology and bulk rheometry in this

work. The frequency range in particle tracking microrhe-

ology measurements was from 0.1 to 30.0 rad/s for all

polymer solutions and from 4.0 to 70.0 rad/s in bulk rhe-

ometry for the lowest wt% polymer solution. The data fall

on a single curve, which means that the elasticity of the

material is directly related to the slope of MSD regardless

of the species of polymer. Using this relation, the degree of

elasticity can be estimated from the slope of MSD curve.

This is useful when it is difficult to calculate dynamic

moduli from particle tracking microrheology due to the

fluctuation in MSD curve, as is often the case in examining

the local dynamics of biological materials (Tseng et al.,

2002; Apgar et al., 2000; Palmer et al., 1998).

3.2. Zero shear viscosity
The viscosity determined from particle tracking microrhe-

ology matches well to zero shear viscosity from bulk rhe-

ometry as shown in Fig. 4, until the concentration of PEO

(2 M) up to 2 wt%. As the concentration is increased, the vis-

cosity from microrheological method deviates from con-

ventional rheometry. It is because the Brownian motion of

probe particles becomes weaker due to higher viscosity of

the medium, and the particle cannot diffuse over a distance

that exceeds the detection resolution of visualizing appa-

ratus. Breedveld and Pine (2003) suggested the theoretical

upper limit to measure the viscosity or storage modulus

using particle tracking microrheology technique:

(15)

(16)

where a is the radius of probe particle and δ is the spatial res-

olution of the apparatus. When ∆t is 0.033 s, η
max

 and G
max

from the setup used in this study were η
max

=1.8 Pa·s and

G
max

=54 Pa. The zero shear viscosity of 1.6 wt% PEO (MW

2 M) solution was 0.8 Pa·s which agreed well with both

microrheology and bulk measurement. However, the zero

shear viscosity of 2.0 wt% PEO (MW 2 M) solution was

2.1 Pa·s by bulk measurement and 1.6 Pa·s by microrheol-

ogy. The deviation started to arise from 1.6 w%~2.0 wt%

solution. For other polymer solutions, the upper limit

matching viscosity determined was 1.4 Pa·s for 4.0 wt%

PEO (MW 600 k) solution, and 1.3 Pa·s for 2.0 wt% PAA

(MW 1-2 M) solution. Those viscosities are close to the

theoretical limit viscosity η
max

=1.8 Pa·s. Based on these

results, the theoretical approximation suggested by Breed-

veld and Pine (2003) works reasonably well with exper-

imental results in terms of viscosity limit.

Within this measurement limit, the viscosity obtained

from particle tracking microrheology was scaled to be

 while the zero shear viscosity from bulk rhe-

ometry was scale to be . The curve in Fig. 4 cor-

responds to the stretched exponential fit of zero shear

viscosity suggested by Phillies and Peczak (1998). The

exponent of 3.8 is nearly the same as the predicted value

G'

ηmax

2kBT

3πaδ
2

-------------- t∆=

Gmax

2kBT

3πaδ
2

--------------=

η c
3.8 0.1±

∝

η c
3.9 0.1±

∝

Fig. 3. The relation between the slope of MSD curve at short times

from microrheology measurements and G’ at 10 rad/s from

bulk rheometry as a representative degree of elasticity.

Fig. 4. Zero shear viscosity of PEO (MW 2M) aqueous solution

with varied concentration determined by particle tracking

microrheology (●) and by bulk rheometry (○).
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of 3.9 derived using reptation model of polymer-good sol-

vent dynamics (Rubinstein and Colby, 2003). The viscosity

from particle tracking microrheology matches well with

the predicted value, while the one measured from DWS,

the exponent of 4.7, seems to be less correct (van Zanten

et al., 2004).

3.3. Dynamic moduli
Maxwell model and Euler’s equation were applied to Eq.

(10) and (11) to result in dynamic modulus, and the results

are compared with those from bulk rheometry as shown in

Fig. 5.  from both models well matches to the one from

bulk rheometry for both 0.4 wt% and 1.0 wt% PEO (MW

2 M) solutions in Fig. 5 (a) and (b). However,  from

Euler’s equation is unstable at low frequencies and does

not match well to the one from bulk rheometry unlike

Maxwell model. This is pronounced only in  since it is

dilute polymer solution and its viscosity is dominant over

elasticity. The number of data is reduced at long mea-

surement times and the data are directly substituted to

Euler’s equation whilst it is smoothed out in the fitting pro-

cess when the Maxwell model is used. Euler’s equation

uses the slope just from neighboring two points, and <r
2(1/

ω)>  in Eq. (12) at short times is unstable to be used in cal-

culating  (Dasgupta et al., 2002). At short times,

although the number of data points is enough, the distri-

bution due to Brownian motion can be broad. This can be

validated by measuring skewness, a parameter that

describes asymmetry in a random variable’s probability

distribution. For homogeneous system such as polymer

solution, the skewness should be zero. However at short

times it was larger than zero, and it approached zero at long

times. In case of 0.3 wt% PEO (MW 2M) solution, the

skewness that is a parameter that describes asymmetry in a

random variable’s probability distribution (Hines et al.,

1990) was 15 calculated using Eq. (17): 

(17)

when ∆t was 0.033 s, and then it became close to zero after

1s. With these results, we conclude that the Maxwell model

is more reasonable to use in calculating dynamic moduli. Gj

and τj from fitting to Maxwell model are shown in Table 1.

For low concentration PEO solutions, single-mode Max-

well model was used, and two-mode Maxwell model was

used for better fitting for 2.0 wt% PEO solution.

In Fig. 6 to Fig. 8, the dynamic moduli obtained from

particle tracking microrheology using Maxwell model are

compared with those from bulk rheometry for varied con-

centration of PEO and PAA solutions. Not only these

results matched well for certain range of polymer con-

centration, but also very weakly elastic materials whose

viscosity is close to that of water could be captured using

particle tracking microrheology. However, when the con-

G''

G'

G'

G
 *
ω( )

skewness

xi x–( )
3

i 1=

N

∑

N 1–( ) xi x–( )
2

i 1=

N

∑
⎝ ⎠
⎜ ⎟
⎛ ⎞

3

2
---

----------------------------------------------=

Fig. 5. Dynamic moduli of PEO (MW 2M) solution from particle tracking microrheology using Euler’s equation (△, ▲), Maxwell

model (○, ●) and from conventional rheometry (□, ■). Closed symbols are storage modulus, and open symbols are loss mod-

ulus. (a) 0.4 wt%, (b) 1.0 wt%.

Table 1. Modulus coefficient (Gj) and relaxation time coefficient

(τj) obtained from Maxwell model for PEO solution

(MW 2 M). Two modes were used for 2.0 wt% solution

Concentration of PEO (MW 2M) Gj [Pa] τj [s]

0.1 wt% 0.4 0.0033

0.4 wt% 2.5 0.003

1.0 wt% 3.63 0.019

2.0 wt%
1.56 0.250

4.06 0.256
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centration of PEO (MW 2M) becomes as high as 2.0 wt%,

the slope of  starts to deviate from the one from bulk

rheometry as in Fig. 6. Bredveld and Pine (2003) suggested

Eq. (16), for upper limit modulus G
max

 in applying the

microrheological measurement. The zero shear viscosity of

2.0 wt% PEO solution, 2.1 Pa·s, is close to η
max

, 1.8 Pa·s as

calculated from Eq. (15), and  is 18 Pa from bulk rhe-

ometer at ω=70 rad/s, and  is close to the upper limit

storage modulus 54 Pa as calculated by Eq. (15). For other

polymer solutions, the dynamic modulus of PAA (MW 1-

2M) solution starts to deviate from bulk rheometry at

2.5 wt% where  is 26 Pa at ω=100 rad/s as shown in

Fig. 8. Finally, we found that the concentration of polymer

solution at which the modulus starts to deviate is the same

as the one at which the viscosity starts to deviate. If just the

zero shear viscosity of the material is reached to the upper

limit viscosity calculated from Eq. (15), then the vis-

coelastic modulus is also deviated from the ones from the

bulk rheometry. Therefore, the measurement from

microrheological method can be verified by considering

the upper limit viscosity. 

4. Conclusions

We compared zero shear viscosity and dynamic modulus,

both from particle tracking microrheology and conven-

tional rheometry for three kinds of polymer solutions. First,

the scaling of the viscosity over concentration obtained

from particle tracking microrheology matched well with

theoretical prediction derived from reptation model better

than the one obtained from DWS measurement. Second, in

calculating dynamic modulus from MSD curve, we could

G'

G'

G
∞

G'

Fig. 6. Comparison of dynamic moduli of PEO (MW 2M) aque-

ous solution obtained from particle tracking microrhe-

ology with those from bulk rheometry: (a) G’ (b) G’’ at

concentration of 0.1 wt% (●), 0.4 wt% (▲, △), 1.0 wt%

(■, □) and 2.0 wt% solution (◆, ◇). Closed symbols

are from particle tracking microrheology, and open sym-

bols are from conventional rheometry.

Fig. 7. Comparison of dynamic moduli of PEO (MW 600 k)

solution from particle tracking microrheology with those

from bulk rheometry: (a) G’ (b) G’’ at concentration of

0.3 wt% (●), 1.0 wt% (▲, △), 1.5 wt% (■, □) and

3.0 wt% solution (◆, ◇). Closed symbol are from par-

ticle tracking microrheology, and open symbol are from

conventional rheometry.
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verify that the Maxwell model is more reliable compared

to Euler’s equation due to additional smoothing process

involved in fitting to Maxwell model. Not only the results

from particle tracking microrheology and bulk rheometry

were matched well, but weakly elastic material whose vis-

cosity is close to that of water could also be captured using

the particle tracking microrheology technique. Third, two

parameters that define upper limit viscosity and storage

modulus suggested by Breedveld and Pine (2003) were

examined experimentally, and we confirmed that they pre-

dicted the upper limit viscosity of microrheological method

effectively. Although there is a limitation in using the par-

ticle tracking microrheology due to limited resolution of

the apparatus, it is clear that this method can be powerful

in measuring the viscoelasticity of weakly elastic materials. 
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