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Nanoscale challenges of fluid mechanics
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Abstract

In this talk we would like to tackle general question of contemporary fluid dynamics, how far its assumption of a continuous, smooth
medium remains useful when size and time scales start to approach molecular ones. The question is not trivial and seems to depend
on several additional factors usually minored. For example, when full Navier-Stokes equations are replaced by their linear
approximation we are loosing basic characteristics of convective motion, and still we use such approach. Once our fluid becomes
granular matter with its own internal properties, proper interpretation of flow interactions with other molecular structures probably
needs deeper physics. But still we try to convert such problem to the classical macro/micro scale description. Hence a general
question arises, how small does a fluid have to be before it is not a fluid anymore?

Keywords: microfluidics, nanofluids, Brownian motion, nanofilaments

1. Introduction

It is generally understood, that the main difference between
macro- and nano-scale mechanics originates from rapidly
increasing surface to volume ratio along with the decreasing of
object size. A total surface of one nanometre particles filling
volume of a cubic centimetre is 6000 square meters! Hence,
nanoscience is mainly a science of surface forces and surface
interactions. It applies particularly to fluids.

The field of microfluidics is characterized by the study and
manipulation of fluids at the submillimetre length scale. The
fluid phenomena that dominate liquids at this length scale are
measurably different from those that dominate at the
macroscale. For example, the relative effect of the force
produced by gravity at microscale dimensions is greatly reduced
compared to its dominance at the macroscale. Conversely,
surface tension and capillary forces are more dominant at the
microscale. These forces can be used for a variety of tasks, such
as passively pumping fluids in microchannels, precisely
patterning surfaces with user-defined substrates, filtering
various analytes, and forming monodisperse droplets in
multiphase fluid streams for a variety of applications [1].

It is interesting to note how many valuable hints on
behaviour and explanation of micro-word indicates our mother
nature, which evolutionary optimized the best nanoscale
engineering system to control living organisms. For micro-
fluidics surface tension is much more crucial, as this is the
surface related force. This can be actually noticed observing
bugs walking on the water surface. Their small size permits
them to benefit from the surface tension. Another example is
nanofibre web produced from polymeric solution exhibiting
strength of the similar product produced in nature by spiders.
The spider web is an ideal material in terms of endurance. It can
stop flying bug and still remains untouched. In macro-scale
adequate web would have to stop a whole airplane without
damage, which obviously is still far from the current
engineering capabilities.

By far the most difficult question which nanotechnology is
facing is how to effectively produce tools and systems in nano-
scale. And again the nature can help engineers to solve this

problem. Any type of biological system is build from cells,
which form more complex structure by organizing themselves.
One of current research tasks is to study self-organization
mechanism for efficient building of micro-systems. The macro-
scale design techniques currently in use (top-down approach)
such as lithography are relatively expensive and slow. Even, if
prototypes of quantum computer are built of few atoms
manipulated under electron microscope, such technique is
completely inefficient for mass production. Separately
manipulating millions of atoms to cover micro-meter surface
would take several centuries. By self-organization this process
can be achieved far more rapidly, in a matter of minutes or less.
Hence, fluidic techniques based on patterned shapes of mono-
layers and capillary forces are used to assemble micro devices.
In most cases the self-assembly requires that the components
are mobile in a fluidic environment. Observing biology one
obtains plethora of valuable hints how to proceed with such
process [2].

Physics of nanoscale mechanics can be more or less
completely described using quantum mechanics. The methods,
called ab initio, are rigorous but limited by present-day
computers to systems containing a few hundred atoms at most.
To determine the properties of larger ensembles of atoms the
Molecular Dynamics method is commonly used, enabling
studies of billions of atoms with effective interatomic potentials.
Still its practical applications are limited by time and space
scales to first nanoseconds of the analysed phenomena and
several nanometres in space. Hence, modelling fluid flow in
micro- and nano-scales needs specific technique, which is based
on assumption that fluid particle can be represented as a cluster
of atoms. Effective clustering can be based on so called Voronoi
tessellation, describing a special kind of decomposition of the
flow domain [3]. Such coarse grained modelling is useful for
general flow description, but needs predefined interactions if we
approach molecular distances to interpret specific phenomenon.
Hence, despite of technical and physical problems with direct,
experimental analysis of nano/micro scale flows, it’s the only
way to validate simplified assumptions which by definition
have to be incorporated to theoretical models. Some
experimental examples we my gain observing the mother
nature, some of them has been recently proposed using
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completely new for fluid mechanics techniques, like fluorescent
microscopy, atomic force microscopy, and optical tweezers.

Most of microfluidic problems concern multiphase flow,
suspensions of micro and nanoparticles, cells or
macromolecules (proteins, DNA etc). Understanding and
properly interpreting fluid-particle interaction is crucial for
interrogating such systems. One of the basic optical tools is
based on Brownian motion [4]. The local and bulk mechanical
properties of a complex fluid can be obtained by analysing
thermal fluctuations of probe particles embedded within it.

Thermal fluctuations generated by molecules are not only
noises, it has been demonstrated that such fluctuations are
fundamental to the function of biological systems. Here, several
results are possible with the same probability, in contrast to a
mechanical system in which the result is deterministic. In
ensemble measurements, the obtained values, which are average
values over many molecules, have been usually wrongly
interpreted as deterministic values. However, in biological
systems, the average values are not necessarily effective, but the
values of individual molecules play a decisive role [5,6]. The
system may spontaneously fluctuate, and one of the two states
occurs alternately. Preferential binding of ligands to one of the
spontaneously fluctuating structures of proteins leads to
activation or deactivation. This mechanism appears essential for
a long scale evolutionary development of leaving species, and at
short time scale to create signalling paths for early immune
response of individual cells [7]. Hence, looking at the “bottom”
of our fluid mechanics, there is no place for steady, unique and
predictable modelling. Rather, by analogy to quantum
mechanics, we have to talk about the most probably evolution
of the analysed system. As an illustration of the difficulties, in
the following we cope with two intriguing problems, kinematic
boundary conditions in micro and nano scales flow, and
mobility of nano-objects suspended in liquids.

2. To slip or not to slip

One of the primary questions, which appeared when fluid
mechanists started to play with microfluidics, concerned the
interactions between liquids and solid surfaces. From the
physical point of view it seems obvious that molecules of liquid
cannot be arrested at the solid surface, otherwise the local
thermodynamic parameters of liquid should abruptly change.
This problem is of fundamental physical interest and has
practical consequences in rarefied gas flows. Recently it became
rediscovered for small-scale systems, including transport
phenomena in biological fluids [8].

The physics of hydrodynamic slip may have different
origins. Purely molecular slip is clearly relevant in case of
gases. For very small channels formed by carbon nanotubes
(CNT) possible drag reduction is expected due to the
synchronized slippage of water molecules. It is interrelated with
molecular structure of water. For constrained conditions, i.e.
tube diameter below 1 nm, water forms a long single molecular
chain [9]. Hence, its transport properties largely deviate from
continuous understanding of fluid flow.
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Figure 1: Schematic definition of the slip velocity Us and the
slip length A for the fluid flow over solid wall

For dense fluids several additional factors appear to play a
more or less significant role. One of them involves wetting
properties of the solid surface. Molecular scale roughness
allows for creation and stabilization of nanobubbles. Such
trapped on the wall nanobubbles may effectively work as a
gaseous slip layer, responsible for super-hydrophobic surface
properties [10].

Identification of the slip appears not a simple task, both
numerically as experimentally. Molecular simulations
performed up to now neither confirm nor exclude possible
daviation from the classical “non-slip” condition formulated by
Navier in 1823. Using continuum mechanics we have to
combine a grid size that copes with a nanometer while covering
enough space to also include a millimetre scale flow.
Experimentally, our techniques for looking at the very small
objects (e.g., atomic force microscopy) are slow and cannot
cope with large areas very well. The attempts to look at both
these scales simultaneously show how our intuition about the
relationships between nanoscale objects and macroscopic
objects can fail badly.

Classical microscopy used for nanoscale observation has
resolution limited by the light wavelength of about 500 nm
micrometres. Evaluating diffraction disks the measured position
of particle coordinates in plane perpendicular to the optical axis
can be improved by order of magnitude. However, resolution in
depth, along optical axis, remains very low (tenths of
micrometre), and is defined solely by focal depth of the
microscope lens. Total Internal Reflection Microscopy (TIRF)
helps to bypass some of these limitations offering possibility to
locate objects position with resolution of about 20 nm. Laser
light illuminating object undergoes total internal reflection at a
interface between investigated medium (liquid) and the wall
(glass), and part of the light penetrates into the medium parallel
to the interface with an intensity that decays exponentially with
the normal distance from the interface (Fig. 2). This evanescent
wave illumination has been used extensively in the life sciences.
Recently it was rediscovered in microfluidics for near wall flow
measurements. The main advantage of the method is possibility
to reduce the depth of focus of the acquisition system [11].
Hence, it became possible to obtain images of particles, which
are in the direct vicinity of the wall. In our recent study of the
Brownian motion of fluorescent particles observed close to the
wall, the deviation of the particle diffusion rate has been
interpreted as an evidence of the slip boundary conditions.
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Figure 2: Evanescent wave illumination, laser light reflects at
specific angle from the glass wall creating thin evanescent light
beam penetrating liquid along the wall [11]
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According to the theoretical model by Lauga & Squires [12]
the diffusion coefficient of a single colloidal nanoparticle is
directly related to the distance from the wall, and the slip
velocity. In our work [11] we apply this outcome to determine
the slip length from measured and calculated variations of the
diffusion coefficient of particles as a function of distance from
the wall. For this purpose the effect of the wall on the Brownian
motion of nanoparticles suspended in water is examined
experimentally and compared with numerical simulations
performed by Molecular Dynamics approach.

The outcome is in the range of uncertainty found in the
literature. For relatively large nanoparticle used in the
experiments (300 nm diameter) the evaluated slip length
measured at 170nm from the wall appears to be nearly 300nm.
In the numerical analysis, for much smaller particles (24 nm)
the evaluated slip length is less than 4 nm.

Difficulties arising with proper interpretation of available
measurements of slip length performed by particle tracking
became partly understandable if we look at inherent factors
modifying mobility of nano-objects. We discuss it in the
following chapter.

3. Mobility of nanoparticles

Micro and nano scale motion is coupled or sometimes mainly
driven by molecular diffusion, direct effect of molecular
structure of our environment. Diffusion governed by Brownian
motion is an efficient transport mechanism on short time and
length scales. Even a highly organized system like a living cell
relies in many cases on the random Brownian motion of its
constituents to fulfil complex functions. A Brownian particle
will rapidly explore a heterogeneous environment that in turn
strongly alters its trajectory. Thus, detailed information about
the environment can be gained by analysing the particle’s
trajectory. For such analysis spatial resolution down to the
nanometre scale is needed. High resolution is directly connected
to the requirement to observe the motion on short time scales.
However, at short time scales, the inertia of the particle and the
surrounding fluid can no longer be neglected, and one expects
to see a transition from purely diffusive to ballistic motion [13].
The effect is not negligible for transport phenomena observed in
nanoscales, e.g. single-molecule reactions which are basis for
transcription of encoded in DNA information. Thus, for
complete understanding, an analysis of Brownian motion at
very short time scales is necessary, taking effects of inertia into
account.

Biochemical reactions in living systems occur in media of
very high molecular concentration. In fact it is difficult to talk
about diffusion of molecules, at such crowded environment the
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interactions ~ between = macromolecules  hinder  their
displacements, limiting transport and signalling functions [14].

Observation of Brownian motion of micro-objects is
classical basis for particles size measurements, evaluation of
liquid properties (viscosity, microrheology), analysing particle
— wall interactions, and many others. Nevertheless even such
seemingly simple problem creates plethora of uncertainties. In
all applications it is necessary to be able to maintain the colloid
well dispersed and to avoid the formation of aggregates.
Moreover, it is absolutely necessary to know the fluid-solid
interaction in nanoscale and the hydrodynamic properties of the
particles.

The equilibrium state and the hydrodynamic properties of
many colloids system in aqueous medium is affected to several
environmental parameters. The ionic character of water
solutions needs beside analysis of hydrodynamic friction
(famous Stokes formulae) evaluation of wall interactions. The
evaluation of surface charges, ionic streams, creation of the
electrostatic double layer theoretically is possible with help of
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [15].
Practically we are far from incorporating all necessary
molecular and ionic interaction to our macro hydrodynamics,
hence commonly wused empirical expression called
“hydrodynamic diameter”, effectively shadows our lack of
knowledge. In several cases such simplification is sufficient for
chemical-engineering; it becomes unacceptable if size of
particles strongly decreases. Any ionic layer, streams of ions
attaching particle, steric interactions with suspended molecules,
effectively decrease particle mobility. To predict such effects is
crucial for understanding transport processes at the single cell
level.

Figure 3 illustrates our attempts [16] to evaluate size effect
for Brownian nano particles. It is obvious that decreasing their
size, the effective (hydrodynamic) diameter strongly affects
their diffusion.
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Figure 3: Relative diffusion coefficient measured for

polystyrene nano spheres suspended in water and four different
solutions of KC1

Detailed experimental analysis of interactions of liquid
molecules and surface molecules of individual particle is very
difficult. Hence, in practice more or less sophisticated
hydrodynamic models are implemented to interpret observed
variation of the apparent particle diameter (in fact friction
coefficient). Such models used later for measuring and sorting
macromolecules are in common use, despite questionable
theoretical background given by fluid mechanists.
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Recently, a new optical tool, so called Optical Tweezers
(OT) expanded our traditional instrumentation creating
possibility for undisturbed measurements of forces and position
in picoNewton and nanometre scales. Dragging, towing single
particle allows to perform precise analysis of forces involved by
liquid environment, wall interactions, and particle-particle
interactions. One of the fundamental problems of single particle
mobility, namely ballistic regime and effects of inertia creating
time dependent recirculation of surrounding liquid molecules,
could be proven using OT [17]. Electronic way of signal
analysis allows for thermal motion of particle trapped by OT to
be evaluated with MHz sampling frequency and displacements
below 1 nanometre. In our preliminary study [18] OT developed
at IPPT have been used to analyse Brownian motion of trapped
polystyrene particle. It appears that already at sampling times of
10kHz diffusion becomes influenced by ballistic regime of
molecular interactions (Fig. 4).

RMS of displacement [nm]

55 4.2 3.5 3.2 3 2.8
T T T

Trap stifness [pN/nm]

i i i i
% 10 20 30 40 50
Lasr power [mW]

60

Figure 4: Stiffness of the Optical Tweezers evaluated for 1pm
polystyrene particle suspended in water; particle diffusion
increases as the mean Brownian displacement decreases (upper
axis). Straight line - large displacements theoretical limit

4. Worm-Like Chain (WLC)

The flow of deformable objects (fibres, polymer chains) has
non-Newtonian character, strongly influencing its short time
response at microscopic level [19,20]. Under flow these objects
are oriented, deformed, and coiled leading to a macroscopic
variation of the transport properties. The microscopic structures,
as well as the macroscopic response, depend on both the nature
of the suspended objects and the flow configuration. Linking
mechanical and microscopic properties of the suspended objects
to the macroscopic response of the suspension is one of the
fundamental scientific challenges of soft matter physics and
remains unsolved for a large number of situations typical for
intercellular transport of proteins and ligands.

Most of the biomolecules have strongly elongated form, far
from idealistic ball like shape. Their penetration through the
crowded cellular environment is strongly enhanced by its shape
flexibility. The interplay between crowding and thermal
bending allows for the controlled mobility.

For micro or nanoscale objects their natural shape
deformation are induced by thermal fluctuation leading to some
intriguing behaviour. For example, it has been predicted that
long fibres may perform spectacular windings to form more or
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less stable knots, phenomenon of fundamental importance for
biological macromolecules [21].

Despite the strong recent expansion of this field, it still
lacks experimental investigations to validate the assumptions of
the theoretical and numerical models. The lack of experimental
studies is mainly due to the absence of good model systems that
allow determining and controlling elasticity and geometry of
analysed objects.

Observation of proteins or DNA is still mostly qualitative,
limits of the optical methods permit to find out some predicted
characteristics only. Therefore, to systematically investigate the
influence of long molecules on their interaction with given
flows and the resulting macroscopic properties, a synthetic
models of flexible objects are useful. Hence, we aimed to
produce flexible nanofibres to mimic behaviour of long chains
of microparticles. Alas, winding of the objects predicted by
simple Stokesian model could not be confirmed [22]. It was
probably due too high stiffness of nanofibres used in the
experiment.

Recently, we have developed new method allowing
constructing highly deformable microscopic filaments with
typical diameter of 100nm and contour length ranging from
single micrometres to millimetres [23] (Fig. 5). Introducing
them directly to microfluidic channels allowed us to observe
their deformations due to the flow as well as those induced by
thermal fluctuations. The last effect has additional advantage,
analysis of thermal fluctuations of flexible objects is used to
evaluate their persistence length [24], directly correlated with
its mechanical properties. Typical values of persistence length
obtained for our hydrogel filaments range from 5 nm to 70 nm,
being very close to that reported for DNA chains (30nm).
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50 60 70 80 90
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Figure 5: Hydrogel nano-filament observed under an atomic
force microscope; contour length 7 pm, diameter 80nm [23]
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Figure 6: Single highly flexible nanofilament conveyed by Poiseuille flow in 100 um microchannel. Filament of 100 nm diameter
and contour length 25 um. Flow Reynolds number based on the microchannel size equals 41073, Sequence of images (not ordered in
time) extracted from the movie recorded under fluorescent microscope and displayed as negatives; image width ~50 um.

Hence, we are able to validate worm-like chain models with
material parametrization obtained from the experiment. This
approach could in the future be used to gain further fundamental
understanding of filaments dynamics under flow as a function
of their complex properties as anisotropy or deformability. It is
interesting to note that even for relatively low flow Reynolds
number (Fig. 6) we observed typical coiling — uncoiling
sequences. It is remarkable similar to WLC modelling
performed with Stokesian approach [21,22]. Understanding the
link between the microscopic structure of the filaments and the
macroscopic flow properties opens the possibility to design
nano-objects transported by body fluids for targeted drug
release or local tissue regeneration.

5. Conclusions

Recent development of experimental techniques applicable to
fluid mechanics of nano and microscale permits to have a closer
look at applicability of existing mechanical models to small
scale phenomena. In the following we have presented few
selected problems characterizing nano and micro scale fluid
dynamics, namely kinematic boundary condition at solid
interfaces and suspension of nano scale intrusions, like
nanoparticles and long, deformable filaments. In modelling of
such nanoscale problems, similarly to solid mechanics science,
there is still unsolved problem of merging atomistic scales with
nano, micro and macro systems. In case of fluid mechanics
there is additional difficulty, time stepping merging has to be
performed for very short time scales. It is challenging, still not
available approach. Therefore, we have to cope with simplified
models, where solely experimental validation may offer
background for tuning and adjustment of crucial model
parameters.

References

[1] Tabeling, P., Introduction Oxford

University Press, 2006.

to Microfluidics,

[2] Sasai, Y., Cytosystems dynamics in self-organization of
tissue architecture, Nature, 493, pp. 318-326, 2013.

15

[3] Czerwinska, J., Self-diffusion effects in micro scale liquids.
Numerical study by a dissipative particle dynamics method,
Bulletin of the Polish Academy of Sciences: Technical
Sciences, 55, pp. 159-172, 2007.

[4] Breuer, K., (Ed), Microscale Diagnostic Techniques,
Springer, 2004.

[5] Kochanczyk, M., Jaruszewicz, J., Lipniacki, T., Stochastic
transitions in a bistable reaction system on the membrane, J.
Royal Soc. Interface, 10, pp. 1-12,2013.

Jaruszewicz, J., Zuk, P.J., Lipniacki, T., Type of noise
defines global attractors in bistable molecular regulatory
systems, J. Theoretical Biology, 317, pp. 140-151, 2013.

Tay, S., Hughey, J.J., Lee, T.K., Lipniacki, T., Quake, S.R.,
Covert, M.W., Single-cell NF-kB dynamics reveal digital
activation and analogue information processing, Nature,
466, pp. 267-271, 2010.

Lauga, E., Brenner, M. P., Stone, H. A., Microfluidics: The
no-slip boundary condition, in Handbook of Experimental
Fluid Dynamics, Fos, J., Tropea, C., Yarin, A. Eds., chap.
15, Springer, 2005.

[9] Thomas J.A., McGaughey, A.J.H., Water Flow in Carbon
Nanotubes: Transition to subcontinuum transport, Pys. Rev.
Let., 102, pp. 184502-1-4, 2009.

[10]Borkent, B.M., Dammer, S.M., Schoenherr, H., Vansco,
G.J., Lohse, D., Superstability of surface nanobubbles,
Phys. Rev. Let. 98, pp. 204502-1-4, 2007.

[11]Zembrzycki, K., Blonski, S., Kowalewski, T.A., Analysis of
wall effect on the process of diffusion of nanoparticles in a
microchannel, Journal of Physics: Conference Series, 392,
pp. 012014-1-9, 2012.

[12]Lauga, E., Squires, T. M., Brownian motion near a partial-
slip boundary: A local probe of no-slip condition, Phys.
Fluids, 17, pp. 103102-1-16, 2005.

[13]Huang, R., Chavez, 1., Taute, K.M., Lukic, B, Jeney, S.,
Raizen, M.G., Florin, E.-L., Direct observation of the full



PCM-CMM-201S5 - 3rd Polish Congress of Mechanics & 21st Computer Methods in Mechanics

September 8th —11th 2015, Gdansk, Poland

transition from ballistic to diffusive Brownian motion in a
liquid, Nature Physics, 7, pp. 576-580, 2011.

[14]Dtugosz, M., Trylska, J., Diffusion in crowded biological
environments: applications of Brownian dynamics, BMC
Biophysics, 4, pp. 1-9, 2011.

[15]Israelachvili, J., Intermolecular and Surface Forces, 3 ed.,
Academic Press London, 2011.

[16]Pawtowska, S., Hejduk, P., Nakielski, P., Pierini, F.,
Zembrzycki, K., Kowalewski, T.A., Analysis of
nanoparticles hydrodynamic diameters in Brownian motion,
Book of Abstracts, XXI Fluid Mechanics Conference,
Krakow, pp. 116-117, 2014.

[17]Franosch, T., Grimm, M., Belushkin, M., Mor, F.M., Foffi,
G., Forro, L., Jeney, S., Resonances arising from
hydrodynamic memory in Brownian motion, Nature, 478,
pp. 85-88, 2011.

[18]Zembrzycki, K., Pierini, F., Kowalewski, T.A., Optical
tweezers to interrogate nano-objects in fluid, Book of
Abstracts, 4th National Conference on Nano- and
Micromechanics, Wroctaw, pp. 25-26, 2014.

[19]Gittes, F., Mickey, B., Nettleton, J., Howard, J., Flexural
rigidity of microtubules and actin filaments measured from
thermal fluctuations in shape, The J. of Cell Biology, 120,
pp. 923-934, 1993.

16

[20]Jendrejack, R.M., Schwartz, D.C., de Pablo, J.J., Graham,
M.D., Shear-induced migration in flowing polymer
solutions: simulation of long-chain DNA in microchannels,
J. Chem Phys., 120, pp. 2513-2529, 2004.

[21]Kuei, S., Stowicka, A.M., Ekiel-Jezewska, M.L., Wajnryb,
E., Stone, H.A., Dynamics and topology of a flexible chain:
knots in steady shear flow, New J. Phys., 17, pp.1-15, 2015.

[22]Sadlej, K., Wajnryb, E., Ekiel-Jezewska, M.L., Lamparska,
D., Kowalewski, T.A., Dynamics of nanofibres conveyed by
low Reynolds number flow in a microchannel, Int. J. Heat
Fluid Flow, 31, pp. 9961004, 2010.

[23]Nakielski, P., Pawlowska, S., Pierini, F., Liwinska, V.,
Hejduk, P., Zembrzycki, K., E. Zabost, E., Kowalewski,
T.A., PLOS ONE 5, 2015, (in print).

[24]Kratky, O., Porod, G., Roentgenuntersuchung geloester
Fadenmolekuele, Rec. Trav. Chim. Pays-Bas., 68, pp. 1106-
1123, 1949.



	strony_Część1
	PCM-CMM 1
	MS00.pdf
	Ambrosio_J_1001
	Geers_M_1002
	Kienzler_R_1003
	Kowalewski_T_1004
	Kowalewski_Z_1005
	Kuczma_M_1006
	Kurtyka_T_1007
	Oesterle_E_1009
	Rachowicz_W_1008
	Soldati_A_1010
	Tvergaard_V_1011

	MS01.pdf
	Abramowicz_M_0487
	Cecot_W_0401
	Klimczak_M_0514
	Kucwaj_J_0120
	Miazio_Ł_0436
	Ostapov_O_0145
	Ptaszny_J_0153
	Rachowicz_W_0441
	Stelmashchuk_V_0106
	Zboiński_G_0131

	MS02.pdf
	Baumgart_M_0087
	Gruber_P_0201
	Humer_A_0410
	Ritzberger_D_0050
	Rusin_J_0189
	Thonhofer_E_0077
	Vetyukov_Y_0188

	MS03.pdf
	Alawdin_P_0442
	Bobiński_J_0303
	Cichocki_K_0197
	Grymin_W_0332
	Jankowiak_I_0130
	Januszkiewicz_M_0334
	Koniorczyk_M_0330
	Korol_E_0496
	Kotarski_A_0133
	Kozicki_J_0415
	Kzoenigsberger_M_0222
	Marczewska_I_0245
	Pietruszczak_S_0053
	Podgórski_J_0039
	Sakharov_V_0443
	Skarżyński_Ł_0232
	Wojciechowski_M_0408
	Wosatko_A_0479
	Zabulionis_D_0331

	MS04.pdf
	Bąk_Ł_0105
	Bogacz_R_0448
	Chodór_J_0391
	Dziewiecki_P_0511
	Fiborek_P_0291
	Jedliński_T_0073
	Kawa_O_0239
	Litewka_P_0112
	Migórski_S_0204
	Myśliński_A_0309
	Patyk_R_0340
	Pieńko_M_0118
	Rackauskas_J_0142
	Rzeczycki_A_0385
	Silantyeva_O_0202
	Sofonea_M_0247
	Zmitrowicz_A_0075

	MS05.pdf
	Krzysiak_A_0091
	Kukla_D_0190
	Pieczyska_E_0097
	Staszczak_M_0328
	Szymczak_T_0457
	Takeda_K_0034
	Takeda_K_0035
	Zając_M_0266
	Zheng_L_0088

	MS06.pdf
	Kacprzyk_Z_0282
	Łuczkowski_M_0256

	MS07.pdf
	Bohdal_Ł_0313
	Cecot_W_0465
	Dzikowski_M_0365
	Grucelski_A_0503
	Jaśkowiec_J_0252
	Jaworska_I_0372
	Kozłowski_T_0438
	Kudela_H_0405
	Kudela_H_0424
	Mierzwiczak_M_0113
	Nowicki_T_0067
	Olejnik_M_0489
	Piasecka-Belkhayat_A_0062
	Regulski_W_0433
	Szewc_K_0260
	Tria_DE_0122
	Walczak_T_0507
	Więckowski_Z_0076

	MS08.pdf
	Adeleye_O_0502
	Alawdin_P_0057
	Ardatov_O_0333
	Bar_O_0344
	Bielski_W_0216
	Czapla_R_0156
	Czarnecki_S_0069
	Gajewski_T_0449
	Gambin_B_0325
	Gambin_B_0352
	Gaweł_D_0109
	Gluzman_S_0115
	Gzik_M_0420
	Joszko_K_0326
	Kapanadze_D_0154
	Kim_D_0128
	Majchrzak_E_0304
	Mityushev_V_0155
	Mochnacki_B_0425
	Myślecki_K_0081
	Nowak_J_0456
	Pakuła_M_0279
	Paruch_M_0218
	Schroeder_J_0516
	Słowiński_JJ_0298
	Sofonea_M_0246
	Sokołowski_J_0335
	Stachowiak_E_0432
	Szepietowska_K_0343
	Tesch_K_0080
	Tomaszewska_A_0551
	Veremeichik_A_0185
	Walczak_T_0529
	Wodarski_P_0437
	Wojnar_R_0273
	Wojnar_R_0348
	Wykupil_M_0458
	Zakęś_F_0268

	MS09.pdf
	Adamczyk_WP_0526
	Bigda_J_0439
	Grucelski_A_0504
	Kardaś_D_0341
	Klimanek_A_0444
	Kluska_J_0528
	Polesek-Karczewska_S_0377 
	Sobieski_W_0228
	Szuszkiewicz_J_0527
	Wardach-Święcicka_I_0359
	Wrzesiński_Z_0278

	MS10.pdf
	Adamkowski_A_0525
	Al Sabouni-Zawadzka_A_0354
	Ambroziak_A_0182
	Badur_J_0305r
	Banaszkiewicz_M_0312
	Błachowski_B_0174
	Bogusławski_A_0293
	Bukała_J_0207
	Buśkiewicz_J_0195
	Chajec_W_0180
	Chalecki_M_0082
	Chikahiro_Y_0134
	Chiliński__0390
	Chróścielewski_J_0363
	Czado_B_0462
	Dalewski_RT_0287
	Djoković_JM_0078
	Doliński_Ł_0299
	Doliński_Ł_0468
	Dróżdż_A_0451
	Felisiak_P_0234
	Fityka_A_0214
	Flis_L_0434
	Garbachevsky_V_0186
	Garstecki_A_0537
	Gilewski_W_0380
	Gilewski_W_0396
	Glushkov_E_0429
	Grębowski_K_0560
	Grygorowicz_M_0227
	Grzejda_R_0037
	Guminiak_M_0003
	Harlecki_A_0209
	Hashemiyan_Z_0141
	Henclik_S_0533
	Hołowaty_J_0454
	Iwicki_P_0558
	Jamroz_K_0555
	Jarzębowska_E_0147
	Jarzębski_P_0422
	Jasiewicz_M_0418
	Kasprzak_T_0517
	Kędra_R_0199
	Korczak_S_0362
	Kovacevic_S_0398
	Kulpa_M_0191
	Lachowicz_J_0198
	Lasowicz_N_0431
	Luenemann_B_0327
	Maciejewski_I_0460
	Madaj_A_0294
	Mariak_A_0557
	Markiewicz_B_0534
	Maślak_M_0250
	Mazurkiewicz_Ł_0068
	Melcer_J_0005
	Meronk_B_0561
	Miśkiewicz_M_0559
	Miśkiewicz_M_0563
	Mleczek_A_0553
	Mucha_W_0316
	Nalepka_M_0435
	Nazarko_P_0499
	Nepelski_K_0135
	Noga_S_0470
	Okrajni_J_0552
	Okulik_T_0265
	Ossowski_P_0554
	Pajor_M_0233
	Pawłowska_A_0098
	Piekarska_W_0471
	Pozorski_Z_0368
	Pyrzowski_Ł_0556
	Robak_A_0314
	Ryzińska_G_0549
	Rzydzik_S_0321
	Sławiński_D_0324
	Smakosz_Ł_0565
	Strzelecka_K_0388
	Szewczyk_P_0404
	Szmit_Z_0212
	Szumigała_M_0271
	Szumigała_M_0275
	Venier_A_0524
	Wang_L_0229
	Waszczuk-Młyńska_A_0497
	Wekezer__JW_0285
	Wiśniewska_M_0367
	Wojnicz_W_0006
	Wrana_B_0463
	Zielińska_M_0492
	Zima_B_0509
	Ziopaja_K_0193
	Ziółkowski_PJ_0318
	Żak_A_0466
	Żerdzicki_K_0562

	Pusta strona
	Pusta strona
	Pusta strona
	Pusta strona
	Pusta strona
	Pusta strona
	Pusta strona
	Pusta strona
	Pusta strona
	Pusta strona
	Pusta strona
	Pusta strona

	strony_Część2


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




