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Mobility of segments of polymer mesh in a solution determines the dynamic response of the depletion layer (DL) to mechanic
stimuli. This phenomenon can be used to vastly decrease the local viscosity experienced by any device performing periodic
motion at the nano- and microscale in complex liquids. We refined the vibrating quartz tuning fork (QTF) method to probe the
viscosity of model aqueous solutions of polyethylene glycol, covering a broad range of molecular weights (3 kDa – 1 MDa) and
QTF oscillation amplitudes (50 pm – 100 nm). For semidilute solutions of PEGs of high molecular weight, we found a drop of
the local viscosity, up to two orders of magnitude below the bulk value. We propose a simple explanation based on the notion
of depletion layer, strongly supported by rheometry and dynamic light scattering results. We show that it is possible to directly
probe the viscosity of the DL and increase its thickness far above the equilibrium value. The key role is played by the rate of
relaxation of the entangled system. The relevance of this paradigm ranges from basic research on dynamics of entangled systems
to design of energy-efficient nanomachines operating in crowded environment.

1 Introduction

One of the key concepts in polymer science is the dependence
of physical properties of a polymer system on the length-scale
at which observations are made.1 An important manifesta-
tion of such scale-related phenomena is the significant de-
crease of polymer concentration in solution in proximity of
a non-adsorbing surface, known as the depletion layer (DL).2

Although its thickness is of the order of the gyration radius
of a polymer coil3,4 (which is usually in the nm range), its
existence has profound consequences for e.g. colloid sta-
bility and flocculation,5 mobility in complex systems,6 and
rates of biochemical reactions.7 Until now, depletion layer has
been viewed and modeled exclusively as a static phenomenon,
occurring at the surface of an immobile plane/sphere4,8 or
around a diffusing particle,5,9,10 complementing the viscos-
ity scaling paradigm.11–14 Even in case of diffusion studies,
an implicit assumption has been made that depletion is an
equilibrium state and its size and properties can be therefore
treated as constant.

The equilibrium interfacial depletion layer at a flat surface

† Electronic Supplementary Information (ESI) available: Exact molecular
masses and PDI of the PEGs used, additional results of bulk viscosity, QTF
and DLS measurements. See DOI: 10.1039/b000000x/
a Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka
44/52, 01-224 Warsaw, Poland. Fax: 4822 343 3333; Tel: 48 22 343 3123;
E-mail: rholyst@ichf.edu.pl
b Faculty of Microsystem Electronics and Photonics, Wroclaw University of
Technology, Janiszewskiego 11/17, 50-372 Wrocław, Poland.

has already been directly observed by optical methods.3,15–17

However, none of these experiments allowed to probe the dy-
namics of the DL or capture the response of the polymer to
mechanical stimuli. To induce and probe changes in the poly-
mer structure at a vibrating interface, a system generating fast
mechanical oscillations of precisely controlled amplitude in
the nanometric range is required. The total displaced surface
should be relatively large to diminish the edge effects and slip
at the side surfaces, approximating a flat interface model. A
novel instrument we designed, based on a quartz tuning fork
(QTF), fulfills both these requirements.

QTF is a mass-produced vibrating piezoelectric device, usu-
ally used as a frequency reference in digital real time clocks. It
is manufactured with hermetic vacuum housing, which may be
however removed to expose the piezoelectric element. When
excited using an electric signal at resonance frequency, QTF
vibrates in flexural mode in which its prongs move perpendic-
ular to their side surfaces. It can serve as both actuator and
detector, offering very good stability of resonance frequency,
small dimensions and low price. Therefore, numerous sci-
entific applications of such devices have recently been devel-
oped, including specific biosensors,18 humidity sensors19, or
even atomic force microscopy actuators.20 Particular attention
is given to their uses in measurements of density and viscosity
of liquids.21–24 Such sensors can be very accurate, as damp-
ing of the vibrations of a QTF immersed in a fluid strongly
depends on the viscosity of the medium.23–25 However, we
have not found any papers mentioning attempts of application
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of QTFs for determination of intrinsic dynamics of polymer
systems.

The principle of QTF is similar to quartz crystal microbal-
ance (QCM), the main difference being that the QCM vibra-
tions occur along the direction parallel to its surface. QCM
has been used as a sensor for viscosity of simple liquids26 as
well as polymer solutions.27,28 For polymers of large molec-
ular mass a significant decrease in viscosity compared to the
bulk value has been observed, which the authors attributed to
the adsorption of polymer on the microbalance surface.27,28

However, it should be noted that in case of QCM only shear
parallel to the surface can be observed, while the QTF is a 3D
object immersed in the liquid. Shear stress – same as in case
of the QCM – does appear at its side walls. However, in case
of the QTF, an additional effect plays the key role in oscilla-
tion damping, which is forced flow of the liquid at the face
of the prong perpendicular to the direction of its motion. Sig-
nificant quantities of the liquid are displaced during the QTF
motion, which is not the case for the QCM. Moreover, the two
devices operate in very different frequency ranges (ca. 30 kHz
for the QTF, compared to several up to hundreds of MHz for
the QCM). Physically different phenomena may therefore be
observed in these two cases.

The main inconvenience of QTF applied as a liquid vis-
cosity sensor is significant parasitic capacitance and leakage
current due to direct exposition of the electrodes to the in-
vestigated liquid. Suppression of these effects requires use of
custom QTFs with buried electrodes23 or sophisticated mea-
surement methods.29,30. Despite that, QTF is a highly inter-
esting sensor because of its great sensitivity to the liquid den-
sity and viscous friction.21,23,25,31 Its relatively low resonance
frequency makes the necessary electronics and digital signal
processing simpler. Moreover, the amplitude of the QTF oscil-
lations can be precisely controlled by adjusting the excitation
voltage.

In this manuscript, we present a systematic analysis of vis-
cosity measurements performed by means of a quartz tuning
fork for a broad range of aqueous polyethylene glycol solu-
tions. We confront the obtained data with standard rheomet-
ric measurements, revealing differences of up to two orders
of magnitude. Precisely controlling the amplitude of oscilla-
tions of the QTF over more than three orders of magnitude
(tens of pm up to 100 nm), we scanned the polymer systems
to see whether the spatial extent of motion influences the re-
sponse of the polymer mesh. To put the results in the per-
spective of polymer dynamics, we performed dynamic light
scattering measurements of characteristic relaxation times at
different wave vectors. Merging all the data, we propose a ver-
satile description of the dynamics of the depletion layer and its
response to mechanical stimuli, opening new perspective for
the emerging science of nanorheology of macromolecular sys-
tems.

Fig. 1 a) Block diagram of the device using modulated excitation
signal to measure the vibrations of the QTF. Shown are: the
excitation signal, the electric equivalent circuit of the QTF in
conductive liquid, current-to-voltage converter, amplifier, and
analog-to-digital converter. b) Exemplary registered current
generated by a QTF oscillating in water during its ringdown after
excitation with 100 mV(RMS) voltage. The parameters of the
exponential decay of vibrations are the time constant tc and the
initial amplitude of vibrations Ai.

2 Experimental Details

2.1 QTF Measurement System

The liquids we studied were aqueous solutions of polymers.
Even highly purified water is electrically conductive to some
extent, which makes typical electric measurements of the QTF
vibration curve difficult or even impossible to perform.25 To
overcome this limitation, a novel method for QTF excitation
and measurement of vibrations was used.29 The simplified
schematic of the measurement setup employing this technique
is shown in Fig. 1a. In this method, the excitation signal is
modulated in a series of sinusoidal bursts. It allows to min-
imize the influence of the current resulting from the conduc-
tivity of the liquid, represented by YP in Fig. 1a, on the total
measured current.29

During a burst, QTF vibrations are excited. When the ex-
citation voltage is switched off, the vibrations decay and the
current generated due to the piezoelectric effect in the QTF is
measured using the current-to-voltage converter. Its output is
then amplified, which results in the effective ratio of current-
to-voltage conversion of 0.4 V/nA. Signal is processed us-
ing an analog-to-digital converter and analyzed using custom-
written software. The software controls the measurement and
calculates the parameters of the exponential decay of the vi-
brations caused by the viscosity-dependent damping. To im-
prove the signal-to-noise ratio, hundreds of excitation–decay
cycles are recorded during a single experimental run. Exem-
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plary recording of the ringdown current is shown in Fig. 1b.
The initial value of the amplitude of the current generated

by QTF (Ai) is used to calculate the amplitude of physical vi-
brations of the QTF during the excitation. It is only possible
if the QTF used in the experiments has a known value of the
electromechanical coupling coefficient α. For a QTF vibrating
at the radial frequency ω,

I
ω

= α · x, (1)

where I is the amplitude of the current generated by the QTF
and x is the displacement amplitude of the QTF prongs.32 We
estimated the actual value of α in simultaneous electrical and
optical measurements. We used Agilent 4294A impedance an-
alyzer to excite the QTF with known voltage and determine the
components of the QTF equivalent circuit elements. It allowed
to evaluate the QTF resonance frequency and the magnitude
of the QTF current at the resonance. At the same time, the
magnitude of the vibrations was measured using the SIOS SP-
S 120 Standard laser vibrometer. The QTFs that we used in
the experiments were characterized by α = 16.8 µC/m, while
the amplitudes of vibrations obtained during the experiments
ranged from tens of pm to 100 nm.

The time constant tc of the exponential decay of the vibra-
tions is correlated with the damping coefficient γ and viscosity
η. Both modeling33 and previous measurements24 imply that
tc ∝ η−

1
2 . Here, we evaluate η by comparison of the decay

time constants of the QTF measured in the sample tc and in
pure water tcH2O , which served as a reference:

η = ηH2O

( tcH2O

tc

)2

(2)

The core of the measurement system was enclosed in a steel
box, wherein temperature was monitored with a thermocouple
and kept at 298±1 K.

2.2 Rheometry and Dynamic Light Scattering

Reference viscosity measurements of the polymer solutions
were performed on a Malvern Kinexus Pro rotational rheome-
ter, at a temperature of 298±0.1 K. We adjusted the ap-
plied system geometry to the rheological properties of differ-
ent samples. For samples of low expected viscosity (similar
to pure water), we used a double-cylinder geometry: inside
cylinder diameter 24 mm, outside cylinder diameter 27 mm,
gap between lower and upper geometry 1 mm. For more vis-
cous solutions we applied a cone-plate geometry: cone diam-
eter 50 mm, angle 1◦, plate diameter 60 mm, gap between
geometries 0.03 mm. Homogeneous samples were poured
onto the geometry rather than applied with a syringe not to
induce formation of air bubbles within the liquid and equili-
brated afterwards to ensure stable, uniform temperature across

the whole volume. For each sample, we first performed mea-
surements at controlled shear rate to find the appropriate range
of shear stress, where stable, purely viscous response was ob-
served (usually, ca. 0.01 to 10 Pa). Subsequently, we per-
formed measurements at controlled shear stress. Dynamic
viscosity at zero shear, which is used throughout the whole
article, was calculated by linear extrapolation of thus obtained
data to 0. This step could also be regarded as an averaging
procedure, since the measured viscosity value did not depend
substantially on the shear stress within the investigated range.

We carried out the dynamic light scattering (DLS) measure-
ments with a custom-assembled setup, based on a Stabilite
2017 argon ion laser (514 nm wavelength), a Brookheaven
BI-200SM goniometer, and Contin software for data analy-
sis. All experiments were performed at 298 K, at a range of
angles within the 30° to 150° limits. For each angle (i.e. wave
vector), we analyzed autocorrelation of scattered photons as
a function of time (sample curves can be found in the ESI†)
and obtained polymer relaxation times from fitting of the cor-
relation function. If there was a necessity for using a two-
component fit (which was the case for high molecular mass
polymers), we took only the slow mode into account for fur-
ther analysis. The fast mode is generally ascribed to the inter-
nal dynamics of the chain and rearrangement within a single
blob34,35 and therefore was not relevant in a situation where
the whole entangled system is pushed by the oscillating wall.

2.3 Polymers Used

We used polyethylene glycol (PEG) aqueous solutions as well
described, neutral polymer model system. Most polymers
were obtained as molecular mass standards (low polydisper-
sity) from Polymer Standard Service (Mainz, Germany); some
regular PEGs of higher polydispersity (Sigma-Aldrich) were
also tested. Detailed data on molecular weights and PDI are
available in the ESI†. Overall, we investigated solutions of
PEGs ranging from 3 kDa to 1 MDa, of concentrations falling
mostly in the semidilute regime, with some samples from
the dilute regime. Solutions were prepared in deionized wa-
ter (good solvent conditions were fully satisfied) and stirred
overnight on a magnetic stirrer to assure uniformity of the
samples.

3 Results and Discussion

First, reference measurements of viscosity of the PEG solu-
tions were performed by means of regular rheometry. Five
PEG molecular mass standards were investigated; for each
of the polymers, solutions of three different concentrations
were prepared. Additionally, few measurements for broad-
distribution PEGs were made. The obtained viscosity values
ranged from less than 1 to over 150 mPa·s. The results agreed
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Fig. 2 Different considered models of depletion layer at an
oscillating wall in a polymer solution. (a) The depletion layer is
static, viscosity at small oscillation amplitudes is of the order of
solvent viscosity, strongly increasing when the amplitude exceeds
the DL thickness; (b) Due to hydrodynamic forces, the depletion
layer moves together with the wall, therefore bulk viscosity is
observed irrespective of the oscillation amplitude (the DL moves as
if it was an intrinsic element of the QTF); (c) The oscillating wall
forces broadening of the depletion layer, so that its thickness
corresponds to the oscillation amplitude (polymer chains are pushed
away from the surface and don’t relax fast enough to fill the
available space).

very well with the previously postulated scaling formula for
viscosity of complex liquids36 – confrontation with the scal-
ing equation, along with the exact numbers for all the inves-
tigated solutions, is available in the ESI†. To investigate the
viscoelasticity of the solutions, we performed oscillatory rheo-
metric measurements (Malvern Kinexus Pro). Attempting to
determine the linear viscoelastic region, we recorded the G′

storage modulus at variable amplitude of the rheometer geom-
etry oscillations and frequency of 1 Hz, which is a standard
value for such experiments. Irrespective of the shear strain,
the measured values of G′ were below the sensitivity of the ap-
paratus (only the inertia of the geometry was observed). This
suggested purely viscous behavior of the bulk samples, which
was in line with the fact that in rotational measurements the
recorded viscosity did not change with the shear rate.

While preparing the QTF experiments, we took different
hypotheses concerning the response of the polymer system to
the oscillations into account, three of which are schematically
depicted in Fig. 2. Being able to roughly predict the thickness
of the DL4,16 (which was of the order of the gyration radius,
i.e. ranged from ca. 2 to 70 nm for different polymers), we

Fig. 3 Viscosity measured by the QTF in solutions of (a) PEG
6kDa; (b) 1 MDa plotted against the fork oscillation amplitude.
Results of calibration measurements in deionized water are also
given in graph (a). Bulk viscosities of solutions denoted with
symbols matching in both graphs (e.g. 6 kDa 50% and 1 MDa 2%)
are roughly the same. Analogous results for other investigated
solutions can be found in the ESI†.

designed the experiments so that the amplitude of the oscilla-
tions of the QTF would in all cases range from above to be-
low this value. We gave particular attention to measuring the
viscosity experienced at low amplitudes. Effectively, it came
down to an amplitude range from tens of picometers to ca.
100 nanometers. If the depletion zone boundary did not fol-
low the oscillations nor rearrange in any way (static depletion
layer), a distinct crossover should be visible: for small dis-
placements, the fork would experience the low viscosity of the
DL (similar to the solvent viscosity), while for displacements
exceeding the thickness of the DL, a much higher viscosity
of bulk polymer solution would be observed (see Fig. 2a).
Moreover, for large initial amplitudes a double-exponential
decay would be expected: first, heavy damping in the polymer
would take place, followed by slow decay when the oscilla-
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Fig. 4 Log-log plot comparing viscosities measured by regular
rheometry and QTF. For polymers of Mw < 20 kDa very good
conformity is observed, whereas for high Mw PEGs significant
differences appear. Dashed lines are drawn as a guide for the eye,
connecting points corresponding to solutions of the same polymer at
different concentrations.

tion amplitude decreased into the depletion zone. However,
this was not the case: all the decay patterns fitted perfectly to
a single-exponential decay. We did not observe a meaningful
dependence of the measured viscosity on the initial amplitude
for any of the samples (appropriate graphs for 3 kDa and 1
MDa PEGs are presented in Fig. 3; analogous data for other
investigated polymers can be found in the ESI†).

For all solutions of polymers of Mw < 20 kDa we ob-
tained very good agreement between the results from QTF and
rheometry measurements. The method proved therefore accu-
rate even for solutions of viscosity two orders of magnitude
greater than the viscosity of water.

An interesting observation was made for solutions of high
Mw polymers (500 and 600 kDa, 1 MDa). Although the vis-
cosity measured with the QTF did not depend on the oscilla-
tion amplitude, it was overall much lower than the reference
bulk value. For example, in the case of the 2% solution of
1 MDa PEG, the observed discrepancy was fifty-fold. A com-
parison of viscosities measured with QTF and rheometry is
presented in Fig. 4.

The observed discrepancy between QTF-measured and bulk
viscosity for solutions of high-Mw PEGs could not be ex-
plained by analysis of static structure od the mesh. Therefore,
we decided to investigate the dynamics of the polymer solu-
tions using dynamic light scattering (DLS). In all solutions of
low Mw polymers (up to 18 kDa), a single-component fit of
the correlation function matched the results very well. How-
ever, in semidilute solutions of high Mw PEGs two distinct
relaxation modes were observed. The fast mode was ascribed

to local relaxation of polymer chains34 within a single blob of
the size corresponding to the correlation length.35 This was in
line with our observation, supported by literature data,37 that
the fast mode relaxation time shortened with increasing poly-
mer concentration: as the concentration increased, the corre-
lation length (and, consequently, the blob size) decreased, re-
stricting the length-scale and time-scale of the basic relaxation
mode. Contrarily, for the slow mode we observed an increase
in relaxation times with polymer concentration. Although the
exact interpretation of the origin of the slow mode is still de-
bated, it is generally related to the hindered motions of the
entire entangled chains.38 Therefore, it reflects the ability of
the polymer mesh to react to the displacements of the QTF
prongs.

For each of the samples, we performed DLS measurements
at 7 different θ angles, ranging from 30° to 150°. Therefore,
the length of the wave vector q covered the range of ca. 30
to 120 nm (q = 4πnsin(θ/2)λ−1, where n – refractive index,
λ=514 nm – laser wavelength). We obtained relaxation times
τ0 from fitting of the autocorrelation curves and plotted τ−1

0
against q2 for each of the investigated solutions. Characteristic
diffusion coefficients D were calculated as slopes of the linear
τ−1

0 (q2) plots. According to the suggested interpretation of the
long relaxation mode, D in the semidilute solutions refers to
motion of large segments of the entangled polymer system,
providing information about the dynamics of the mesh.

The frequency of QTF vibrations was fixed in the preformed
experiments (resonance frequency was determined by the ge-
ometry of the fork prongs) and the oscillation period τosc was
equal to 37±2 µs. The slight shifts of τosc were due to dif-
ferences in sample density and no indication of polymer ad-
sorption on the QTF surface was observed. To incorporate the
DLS results into the interpretation of QTF measurements, we
used the diffusion coefficients to calculate root mean square
displacement of polymer mesh segments, dRMS occurring dur-
ing a single τosc period:

dRMS = (6Dτosc)1/2. (3)

dRMS is a measure of the extent of space, at which polymer re-
laxation can be expected during the QTF oscillation period.
Another key factor is the thickness of the equilibrium DL,
which determines the extent of space at which a decrease of
polymer concentration is observed at equilibrium conditions.
As the DL boundary is not well defined, as a rough approxi-
mation we assume that the thickness of the DL equals Rg.

A direct relation between the decrease of QTF-measured
local viscosity of entangled solutions of high-Mw polymers
and the geometric parameters dRMS and Rg can be observed,
which is depicted in Fig. 5. There is a straightforward phys-
ical justification for such dependence. Let us consider the
limiting case for long polymer chains, when dRMS � Rg, i.e.
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the mesh relaxes very slowly and the depletion region is rel-
atively broad. At low initial amplitudes of QTF oscillations
(Ai � Rg), the DL/bulk boundary can be treated as stationary.
The QTF moves within the DL, experiencing viscosity similar
as in pure solvent. However, when Ai approaches or exceeds
Rg, the QTF-measured viscosity does not increase. This can
be explained by the ,,dynamic depletion” phenomenon: during
the initial phase of forced oscillations, the polymer is pushed
away and the DL is broadened (cf. Fig. 2c). As the relaxation
of the polymer mesh is slow, it does not follow the motion of
the QTF. Therefore, only the low viscosity of the DL is ob-
served.

When dRMS � Rg, the polymer chains are mobile and the
mesh can follow the movement of the QTF in an extent suf-
ficient for dynamic reconstruction of the DL. Even at small
amplitudes (Ai < Rg) the DL/bulk boundary is not immobile:
it follows the oscillations of the QTF to keep the equilibrium
thickness of the DL at any given point of the oscillation cy-
cle. Such assumption is fully supported by experimental data:
for all QTF measurements in the dRMS > Rg regime (i.e. for
polymers of Mw < 20 kDa), bulk viscosity was reproduced
within a 15% error margin, irrespective of the amplitude. Un-
fortunately, due to technical limitations we were not able to
perform measurement at Ai exceeding dRMS for the low-Mw
polymers (where dRMS is of the order of hundreds of nm – see
Table S3 in the ESI†). However, the limiting case for high am-
plitudes of QTF oscillations in PEG solutions is simple newto-
nian flow at high shear rate, characterized by the bulk solution
viscosity. Therefore, no significant changes of effective vis-
cosity at high amplitudes should be expected.

4 Conclusions

In the experiments presented hereby, the quartz tuning fork
can be treated as a macroscopic object (approximation of a flat
wall) moving in a polymer solution at nanoscopic amplitudes.
Viscosity measurements performed using a QTF oscillating at
different amplitudes (covering nearly three orders of magni-
tude and crossing the key length-scales in polymer solutions:
coil radius and correlation length) revealed no dependence of
the experienced viscosity on the amplitude. In solutions of
relatively short polymer chains, bulk viscosity was well repro-
duced. This showed the utility of the improved QTF technique
for measurements of viscosity of such liquids.

In case of high-Mw polymers a significant (even 50-fold)
decrease of QTF-measured viscosity versus the bulk value was
observed. We used dynamic light scattering to capture the in-
ternal dynamics of the polymer mesh and correlated the drop
of the effective viscosity with the mobility of mesh segments
and thickness of the depletion layer. We proved that if the
relaxation of the polymer system is overrun by the motion
of the fork, the DL/bulk boundary can be treated as station-

Fig. 5 QTF-measured viscosity of entangled polymer solutions
strongly decreases when dRMS, i.e. root mean square displacement
of a polymer unit during one QTF oscillation period, drops below
the thickness of the depletion layer (roughly approximated by the
polymer gyration radius, Rg). In this regime, the DL/bulk solution
boundary approaches a stationary state, while the QTF moves inside
the DL. Oscillation amplitude is not relevant: even if Ai � Rg, the
DL is broadened to Ai during the initial period of the experiment
(forced QTF oscillations), while its return to the equilibrium state is
relatively slow at low dRMS. Please mind the break at the horizontal
axis. Dashed red line is drawn as a guide for the eye.

ary and the oscillator measures the viscosity of the depletion
layer. Furthermore, at high oscillation amplitudes a significant
broadening of the DL can be forced, as the polymer chains are
pushed away from the QTF surface. Due to slow diffusion of
segments of heavily entangled mesh of long polymer chains,
the DL does not return to its equilibrium thickness until the
oscillation amplitude drops well below Rg.

Experimental observation of the dynamic properties of the
depletion layer proves that not only the length-scale domain
should be considered in the description of the structure of
complex liquids, but – in case of any dynamic systems – also
the time-domain. This opens a perspective for new studies on
the dynamic in nanorheology as well as in-depth analysis of
the nature of slow relaxation modes in polymer systems. The
presented paradigm should also prove important in research
on micro- and nanosized machines operating in crowded en-
vironment; both the engineered and natural ones. If the rate
of the repetitive/oscillating motion of such machines is high
enough to overrun the relaxation dynamics of the surround-
ing mesh, they should experience greatly reduced mechanical
resistance of the environment, which would result in their fa-
cilitated operation and lower energy consumption.
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We experimentally investigate the dynamics of the interfacial region of polymer solutions – 

depletion layer. Viscosity experienced by the oscillator is even two orders of magnitude lower 

than the bulk value. 

Page 8 of 8Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 3
0 

Ju
ly

 2
01

4.
 D

ow
nl

oa
de

d 
by

 P
ol

is
h 

A
ca

de
m

y 
of

 S
ci

en
ce

s 
In

st
itu

te
 o

f 
Ph

ys
ic

al
 C

he
m

is
tr

y 
on

 0
6/

08
/2

01
4 

14
:3

2:
44

. 

View Article Online
DOI: 10.1039/C4SM01280A

http://dx.doi.org/10.1039/c4sm01280a

