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Abstract

This thesis concerns the numerical simulation of dilute nmiaolecular
solutions. Present work details the development of a noeslascale sim-
ulation method.

The developed modeling approach is capable to describelmthacro-
scopic flow field of the carrier liquid and the micromechahlo@haviour
of the transported large molecules. In this modeling methioel concept
of micromechanical structures is introduced in order tagsent macro-
molecules. The motion of the considered mechanical strestis gov-
erned by forces arising from the motion of the bulk fluid phasd mi-
croscopic forces arising from stochastic Brownian motiéithe solvent
molecules.

This document presents the motivation, the objectives getesatic
steps of the model development. The work presents detaibediskion,
verification and validation of the developed modeling mdtho

Vi
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Introduction

This thesis concerns the numerical investigation of plajgoocesses oc-
curring in micro- and nanofluidic devices. Micro- and nanidlils is a rel-
atively new, but very promising and rapidly evolving bramtlengineering
sciences. It concerns the physical behaviour, the conticbhaanipulation
of liquids in devices with typical sizes on the sub-millirmescales.

Present study is focused on phenomenon occurring on theidaha
mesoscopic scales. The region of mesoscopic scales liestiveen the
length scales comparable to the size of individual atomsthadypical
macroscopic length scales describing systems comprisiagya number
of atoms or molecules.

The domain of mesoscopic scales is relevant to macromeagaith
relatively intermediate sizes, for example polymers, emzy, proteins,
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DNA and RNA. Typical sizes of such large molecules is orddrmag-
nitude larger than the usual atomic sizes and in many ca=sgthl of the
molecules is in the range of microns.

This work is aimed to describe the physics of large molecuegjue-
ous solutions. In such systems, the transported macrometeare signif-
icantly larger than the solvent ones. This considerablgtleacale dter-
ence leads to various challenges when modelling the sebauate system.

The study discusses the transport, the micromechanicavimir and
the orientation of the studied long-chain molecules. Thesmered prob-
lems have extensive relevance in biology, life sciencesrandus biomed-
ical and engineering applications.
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1.1 Microfluidics in Everyday Life

Due to the fact that targeted scientific research relateddmrand nanoflu-
idics is a relatively new branch of physical sciences, mogireeers and
scientists regard it as a new discipline. Although thisestent is correct,
practical micro- and nanofluidic applications are just asad the first life
forms on our planet.

Taking this thought further, let us consider the basic bagdlock of
a living organism, a cell. A cell is the smallest functionalituof life.
The volume of a typical living cell is filled with cytoplasm veater-based
organic mixture. This solution acts as a medium for vital nmicand
nanoscale processes related to living creatures. Nutmiansport, cell
multiplication and a wide range of other fundamental mienod nanoscale
reactions related to living creatures occur in this aquaesalution.

(a) Actin filaments and microtubes in célls (b) Epithelial cell$

Ficure 1.1: Images of human cells

Isource: httgywww.jacobsschool.ucsd.etiiploadgnews-releag@005Cells.jpg
2source: httpg/nic.med.harvard.edgalleryHuman%20Cells.jpg
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Since relevant micro- and nanoscale reactions occur evesuloitell
level, it is accurate to state that every living organismileits cell, and
even sub-cell level transport processes, chemical anchéimical reac-
tions. Therefore, from the purely engineering aspect¢\ells and more
complicated life forms can be considered as organic miedeseaction
chambers, literally, living microfluidic devices and syate

(a) Human vascular systém

Ficure 1.2: Natural microfluidic systems on larger scales

Let us consider biological systems on a slightly larger tersgale. The
vascular system of living organisms is an illustrative egpharof organic
micro- and nanofluidic complexes. Itis a complicated fluitktwork con-
sisting of pipes with varying diameter, a series of valved amumber of
reservoirs.

The main purpose of this system is the fluidic transport ofavoles and
molecule complexes. However, the overall circulation eyshas other
vital functions as well. Its alternative roles involve friteg, separating,
mixing, adsorbing gases and incubating reactions. Agasgwar systems

3source: htty/www.spiegel.dg¢magegmage-35932-galleryV9-yquh.jpg
4source: htty/www.biologyreference.cofimagegbiol_04_img0404.jpg
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can be considered as complex microfluidic networks desifprespecific
tasks.

Apart from the examples taken from biology, practical milridlics
occurs in many simple forms and applications in our everyiday As
a matter of fact, these micro- and nanofluidic applicatioagehalready
became parts of our lifestyle.

In order to list some items, one does not have to think abopitise
ticated high-tech devices in pharmaceutical companiesesearch labs.
On the contrary, one should consider some of the most trexalyday
goods. When thinking about the simplest and cheapest eramphe
should consider paper tissues, cotton buds affi@edilters.

However, more enhanced and more illustrative microfluiggtesms can
be found in consumer electronics goods and home-use metkuales.
These devices are, for example liquid cooling systems fos,Pi@kjet
printers and blood glucose sensors.

(a) "Cool-IT" commercial systemn (b) Installed cooling unit on the cHip

Ficure 1.3: Water cooling system for PC’s

Ssource: httg/hi-techreviews.coiReviews_2008omingDom1.jpg
Ssource: htt/www.techpowerup.cofimg/07-08-28sapphire_cpu_photo4.jpg
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1.2 Background and Perspectives

In the past decades, scientific interest and strategicadrels was strongly
oriented towards micro- and nanoscale technologies. Rdegalopments
In micro- and nanoscale manufacturing techniques fammhbtaapid evolu-
tion of small scale devices.

As a result of the invested resources afiores, a new branch of engi-
neering, Micro-Electro-Mechanical Systems (MEMS) tedbg@s have
started to materialise. MEMS are cutting-edge systemsdas high-
precision microfabricated components, such as sensdugtacs, pumps,
microchannels and microvalves.

MEMS market forecast 2007 - 2012 in value (USD million)

ILEREE

Usmillion

A

‘} YOLE DEVELOPPEMENT

Somrce: YOLE DEVELOPPEMENT

Ficure 1.4: Estimation of MEMS market by Yole Développenent

’source: httg/www.i-micronews.contuploadinterviewgMEMS%20vol.jpg
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Due to the moderate manufacturing costs and the extengpabitiies
lying in these technologies, the market for such deviceapgty increas-
ing. As a recent market research by Yole Développement stfeigs1.4),
MEMS market has grown rapidly between 2007 and 2010, fr@n B to
~$10 in only 3 years time. According to their estimation, tharket will
reach~$14 B by 2012, doubling itself in merely 5 years.

The major segment of the market is covered by the inkjet agfins,
with a balanced demand over the years. However pressurerseias-
celerometers and microdisplays also represent a conbldesiad steady
fraction. The most rapidly emerging MEMS applications areroflu-
idic devices for diagnostics and RF MEMS, radio-frequenagdal appli-
cations.
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1.3 Fluidic Applications

Amongst the large variety of newly developed micro- and isgstems,
micro- and nanofluidic devices (MNFD) represent a major sagm

The application of micro- and nanofluidic devices covers dewange
of disciplines, includin chemistrg[g—S], biologg @—Eﬁngineeringﬁg
and life science&lhz . Typical applications in@udretat-exchangers
ﬂl—j 15], particle separatoﬂ [7], bubble separatgrg , demical reac-
tors E], filters [E%], analysis and detection s st%sﬁéﬂj,?&%ﬁ% point-
of-care (POC) devices, drug delivery syste@ , 21] ancromixers

, 22].

These small scale deviceff@r significant advantages compared to the
macroscopic ones. The main benefits are improved accurabgneed
process- and reaction control, reduced sample volumesraaigsss times.
Microscale devices alsdier unique functionalities, which are simply im-
possible to achieve by macroscopic systems.

Shrinking device dimensions provides the ability to inigegte funda-
mental processes occurring on microscopic scales. Mihnatdogy al-
lows us to study single molecules, analyse the structueaigés of biopoly-
mers and measure the elastic response of macromoleculesreVblu-
tionary features and the numerous benefits of microscakersgsmake
them especially advantageous for micro-reactors, bidyaisaand detec-
tion technologies.

Design of bio-detection systems is mainly focused on thegeition of
hazardous biologicAliowarfare agents such as bacteria and viruses. Based
on the available technologies, these or%nisms can beteetecvarious

[6,

23,24

media (air-borne or water-borne agen@
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1.4 Aims and Objectives

The aim of the thesis is to investigate computational methentd mod-
els for the controlled transport of DNAs through channelsuriby our
research, microchannel transport of DNA strands was imgegtstd using
numerical simulation.

Computational modelling is a powerful and cofiteetive research tool
to support engineering design. In many cases, numericathnuglis per-
formed in order to guide functionality-oriented design gmdve design
concepts. Simulation of the fundamental processes aidstherstanding
of device operation and provides accurate estimation dbpaance. Con-
sidering the wide range of length- and time scales involeedurate de-
scription of the phenomenon required the application oehawlti-scale
methods.

The purpose of this Ph.D. work was to develop, validate ailceit
efficient numerical tools to model the transport of large mdiesin mi-
crochannels. The topic raises a number of challenges, vdremainly
originated from the inherently multi-scale nature of thelpgem. The nu-
merical model should be able to capture fine scale physicbeofrives-
tigated macromolecules, without prohibitive computagiorequirements.
On the other hand, the modelling method should be able toidenthe
effect of the macroscopic flow field of the carrier liquid on thangport
process.
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The objectives of the performed research work can be idedt#s:

e Develop an #icient modelling approach to describe the behaviour of
macromolecules on mesoscopic scales, especially focositigans-
port and micromechanical behaviour.

e \erify and validate the applied modelling tool against &lale ex-
perimental data.

e Investigate micromechanical behaviour of ssDNA and dsDNA
molecules, concerning microfluidic transport, extensiod aelax-
ation processes.
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1.5 Review of Microscale Phenomenon

Development of realistic models requires understanding@fundamen-
tal physics, identification of the dominarffects and careful consideration
of the parameter ranges.

Micro- and nanofluidic research is aimed to investigate @sees rel-
evant to gases and liquids on the microscopic scales. Basedtional
considerations, scales of the applied devices should niag¢cscales of the
studied phenomenon. This section is aimed to briefly suns@adine con-
sequences of decreasing device dimensions below the miifdinscales.

Focusing on microfluidic devices, typical length scalesaioeind a few
micrometers. Therefore, surface-to-volume ratio of sueviaks is large
compared to the macroscopic ones. Length scale is a signtifiaator
during the identification of dominant forces relevant to theestigated
physical phenomenon.

Estimation of fluid forces shows that decreasing the lenggltessignif-
icantly reduces the magnitude of volume forces, since thajesvith L3.
Surface forces scale will?, therefore their drop is moderate compared to
the volumetric ones. As a result of decreasing length sc#lesrelative
Importance of surface forces increases compared to thenatiic ones
]. The increasing significance of surface forces in nflardic devices
results unique requirements regarding the fluid transponrtiques.

Considering typical microchannels, the practically acaide flow rates
are pico- or nanoliters per hours. Such slow flows are oftégrned as
"creeping flows" or "Stokes flows". The typical flow rates amel toncern-
Ing length scales indicate moderate Reynolds numbers iarge(Re<~
10). This nondimensional parameter shows the ratio ofimnartd viscous
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forces: m
Re= —,
4

with U characteristic fluid velocity; kinematic viscosity of the fluid and
characteristic length scale (channel height, for exam@e)all Reynolds
numbers (Re&c 1) indicate the dominance of viscous forces over the inertia
effects.

Decreasing the dimensions of the confining geometry mayratgdt in
different physical behaviour of the investigated fluid. THeats of reduc-
ing the length scales have been extensively detailed byi&@akiset al.

26]. The authors pointed out that shrinking the channa& below a criti-
cal limit leads to the breakdown of the continuum theory. Woentinuum
models fail to describe the relevant physical processesapiplication of
atomistic models must be considered.

1.5.1 Microscale Behaviour of Gases

When investigating gases, the flow becomes rarefied as tgéhlsoales
shrink below the limit [26]. In order to determine the validof the contin-
uum approach for the given gas flow problem, the Knudsen numist
be considered. The parameter represents the relationstwgén charac-
teristic length scale and mean free path of molecules:

A
Kn = —.
L

Here, A is the molecular mean free path which is the measure of molecu
lar collision intensity. Based on the Knudsen number, thieviong flow
regimes and valid models can be defined for gases:
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1< Kn Molecular Dynamics (MD) approach
10! < Kn < 1 Transitiory Continuum approach
Kn ~ 1072 Continuum approach with slip boundary

Kn < 1072 full Continuum Mechanics (CM) approach

1.5.2 Microscale Behaviour of Liquids

Focusing on microscale phenomenon related to liquids, tbst signif-
icant observation is the granular behaviour, when deangasie length
scales below the limit [26]. Apart from the granuldfests, anomalous
diffusion, wall slip, dramatic changes in wetting and adsonppimperties
can be observed as well.

Megaridis [E?] carried out systematic experiments in orgemves-
tigate the physics of fluids in channels with consistentigueed sizes.
Their experimental observations clearly indicated thestexice of a sta-
ble and continuous liquid meniscus separating the fluid file@confining

as bubbles in channels with approximate diameter &0 nanometers
E]. However, reducing the pipe diameter with an order ofmtude, the
fluid interfaces become instable, and the molecules apfaifenm long
clusters.

The authors have concluded that the continuum model fordgjis
valid down to the approximate channel size-060 nanometers [26]. Con-
sequently, continuum hypothesis is valid for the micro- amesoscopic
scales and starts to break down on the nanoscales in cageidEli
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1.5.3 General Microscale Hects

On the usual macroscopic scales, phenomenon like catyi/lsunrface ten-
sion, Van der Waals, Columbic and steric forces are neddigillhese
forces however, have significartects on the micro- and nanosca@ [25].
The listed interactions areftierent appearances of intermolecular forces.
Although such phenomenon are short range interactibns I nm), their
effect is sensible on longer lengths scales as viiel 0.1 um).

Macroscale behaviour of fluid-solid interfaces is mainlywgmed by
the surface topology. While on the micro- and nano scaleg]-flalid
interactions and contacffects are governed by intermolecular forces. De-
pending on fluid-surface material combinations, strongrbgdobic and
hydrophilic fluidic behaviour can be observed on such snealles. These
effects can be amplified or weakened using additional eledtacges.

Strong hydrophobicity leads to apparent slip on microcleanvalls.
Therefore, applicability of the widely used "rule of thumbd-slip wall
boundary condition must be revised. When slip occurs, onaldrutilise
the general wall boundary condition proposed by Na@r:[28]

Ulp = ﬂl
0 = Owall dy

y=0
with owan Slip length.

Wall slip effect must also be accounted during the calculation of the
volume flow rate. Consider for example the incompressibig floough a
high aspect ratio channel of height width w; and lengtH,, according to
wall slip velocity ofulg. Solution of the governing momentum equations
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yields the flow rate for the applied pressure dradgp along the channel:

2wch3 Ap
2477 T + thcU|0
N’

Qsiip
QPoiseuiIIe

Wall slip phenomena has been observed by a number of regearch
31]. Some of them investigated the nature of the phenamBuck-

enstein [ElZ] for example, suggested that slip does not aticectly at the
solid surface, but over a gap which could be generated byokolyases.
De Gennes [33] postulated the formation of thin, continugas films on
channel walls. Lagua and Stone [34] observed nano size ésitbiimed
on the wall and Tretheway [35] suggested that slip develops fiepleted
low density fluid or vapour region formed close to the solidate.

Although the exact nature of fluid slip is still not fully und#ood, the
resulting ¢fects must be considered when prescribing boundary condlitio
for numerical calculations.
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1.6 Microchannel Flow Driving Techniques

Manipulation and control of microfluidic flow rates raisessiic prob-
lems and requirements compared to macroscale devices! tdsalasol-
ume of microchannels is relatively small and depending oleoutar forces
acting between solid surfaces and the fluid, hydrodynansistaice can
become considerable.

Therefore, improvement of common pumping methods and densi
ation of alternative fluid driving forces is necessary. Agkawvariety of
available &ects (pressure, capillarity, surface tension, electriagmetic,
magnetohydrodynamic, piezo, centrifugal forces, eta)lmmasuccessfully
adapted solely, or in various combinatioE 10, 11, 36].

Electrokinetic fluid transport is a completely new phenomeevel-
oped specifically for microfluidic applications. This ahative flow driv-
iIng concept ffers several varieties. In case of electro-osmosis, the-pola
isable fluid moves due to the streamwise variation of theostaty wall
charge.

During dielectrophoresis, an interface (often formed hidgoarticles)
Is forced to move by electrostatic gradient. It is known thlactric field
modifies wetting properties of solid surfaces. If the flowesigrated due to
electrically modified wetting properties of surfaces, #l@wetting occurs.

Amongst the mentioned electrokinetic flow driving mecharsselectro-
osmosis is the most common technique. It is easy to contmlitacan
provide continuous fluid transport. The phenomena is cleriaed by the
presence of the electrical double layer (EDL) formed on theldiquid
interface. The applied surface charge is shielded by selodlinter-ions
from the fluid. Fluid motion is generated by ion drag upon aapion of
tangential electric field, which drives the motion of couritas.



1.6 MicrocHANNEL FLow DRIVING TECHNIQUES 18

The resulting velocity field varies rapidly in the relatiyehin electric
[37]. Besittesflow trans-
port applications, AC and DC electro-osmosis is a véfgative technique
to separate and collect polarizable particles from theosunaing fluid [@8—
40},
Although electrokinetic pumping methodgter various advantages,

double layer, but uniform outside this regic

these flow driving mechanisms can only be applied in eledtyiccom-
patible systems. Considering systems where introductieteatric fields
IS permitted, alternative flow driving techniques must bésad. In such
cases, mechanical pumps provide a possible solution.

Microfluidic pumps difer from conventional ones in several aspects.
Their aim is to provide extremely small flow rate with high @sgon.
Amongst the traditional constructions, injection and 1sge pumps can
be used for microfluidic applications.

Recently, Aurouxet al. [{iLl] and Stoneet al. ﬁ?()] revised a large va-
riety of new ideas. The reported pumping methods includegna@hy-
drodynamic systems, pumps operated with maintained hiatrogpres-
sure diference between the inlet and outlet reservoir and deviceping
by growing and collapsing bubbles. Syringes operating wilgnetically
activated ferrofluid plugs and centrifugal pumping with mchannels at-
tached to spinning disks are also functional constructi@apillary-based
self-filling devices and peristaltic pumps based on locdlapse of the
flexible channel are also achievements of microfluidic tetbgies @m]

As the presented brief overview of microchannel pumpinghoes
demonstrate, the reduction of channel sizes resulted inngbau of in-
novative engineering solutions and flow driving mechanisms
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In order to choose the most suitable flow transport methoe fgiven
problem, operation of the whole system as one functionaluast be con-
sidered. During the design process, restrictions and reqpants arising
from the applied technologies and conditions determineithbyxonnected
sub-units must be considered.
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1.7 Parameter Analysis of the Problem

The following section provides the parameter study of thesabered mi-
crochannel transport process. Aim of this section is tordates the op-
erating conditions and give a rough estimation of the camogrlength-
and time scales involved. Detailed investigation of thevaht parameters
will allow us to define the most suitable modelling approathiéscribe
fundamental processes - mainlffdrent varieties of transport - occurring
In the channel section.

From the beginning of the research, main objective was tatitygore-
defined substances presentin the carrier liquid. Thergfoeesystem must
be able to sense molecules in extremely dilute solutionsudh cases, so-
lute material content cannot be defined a®acentration fieldbut rather
referred asiumber densitpf the diluted material present in the solution.
This extreme requirement governs the development of théealbmod-
elling methods.

1.7.1 Flow Field

Following the initial design considerations, high aspatiorchannels are
favoured. This requirement is defined by the preferred natufing tech-
nology of the microchannels. According to the first estiimadi, width of
the channel section is approximately = 2mm and the height of the
channel is arount, = 100um.

Based on the preliminary information about the flow regimesiged
by our partners, the bulk velocity is in the rangeugfik = [5.0- 1074 -
25-101 m/s]. Considering 2-D laminar channel flow, this results the
maximum velocity in the region afmax = [7.5- 104 - 3.75- 101 m/s].
Assuming that the flowing fluid is drinking water with constarscosity
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of v = 10°m?/s, the Reynolds number range based on channel height and
maximum flow velocity is as follows:

h
Re= -maxl _ 4075375, (1.1)
\ 4

This results laminar flow in the microchannel for the wholega of oper-
ating velocities.

According to the manufacturer's preferences, syringe murape
favoured to drive the working liquid. This pumping methodlwesult
steady pressure-driven flow. Considering the necessaugtifunalisation
of the microchannel walls, strong hydrophilicity of the fawes will be
assured.

Due to the wetting properties resulting from the liquidfage mate-
rial combination, no-slip wall boundary condition is appriate when per-
forming numerical simulations of the investigated prohle@onsidering
fully developed channel flow with uniform, high aspect-oatectangular
channel cross-section, parabolic velocity profile anddirshear-stress dis-
tribution with maximal shear stresses at the walls is ptedic

Since final operating parameters of the pre-processinganainot de-
cided yet, no information is available regarding the dittion of molecules
entering the considered channel section.

1.7.2 Length Scales

Considering the necessary sample preparation steps peantestigated
channel section, the substances present in the microchameigagments
of single-stranded DNA (ssDNA) molecules with the lengti400-2000
nucleotides.
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Taking the unit nucleotide length ofBA, typical length range of the
fractions isLsspna = [882— 1260 nm]. The length of the investigated
molecules compared to the channel heightdsna/he = 0.01, relatively
small. Figure 1.5 demonstrates the sketch of the concemingpchan-
nel dimension and the approximate relative size of a transgssDNA
strand.

Ficure 1.5: Approximate dimension of the channel and the consitiss®NA strand

1.7.3 Time Scales

Now we focus our interest on the time scales involved in thec@sses
occurring in the detector section of the microchannel.

Fundamental processes are transport of SSDNA strands aaepliing
reactions. Investigating molecule transport, atomic orotif small solvent
molecules has a typical time scale-f101? — 10-° seconds, while fine
scale motion of ssDNA strands - involving conformationahieges - can
be described on the scale-ofl0~° seconds.

Brownian motion of large molecule segments involves timales: of
~ 107% seconds. Figure 1.6 demonstrates the concerning appriexiima
scales of motions.

Focusing on the DNA reactions, estimation of time scalesasenghal-
lenging. Although the phenomena is not fully understoogheexnental
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results of Chung@l] suggests that DNA base-pairing reastirequire
approximately some seconds, or even minutes.

Fine scale motion of ssDNA

Atomic motion of solvent | < » \ Brownian motion of ssDNA

| [ | [ | [ | [ | | i
og time
fs ps ns S ms

Ficure 1.6: Characteristic time scales offdirent processes

1.7.4 Transport Mechanisms

Mobility of macromolecules in solutions can be characestiby the dif-
fusivity of the molecule. According to empirical relationenfirmed by
diffusion experiments [42], DNA @usion codicients can be derived as:

D=49-107°.[bpsizd *"?cn?/s (1.2)

Taking the DNA size as 2000 nucleotides, the calculatédision codi-
cientisD = 2.058- 10°2m?/s.

Once the value of the fiusion codicient is known, it is possible to
estimate the associated timescale. The governing equatidhe single
species concentratidd and spatially constant binaryftlision codicient
D is given by

oC 9°C

= - D—=

ot X2
Applying dimensional analysis to the above equation, itdsgible to esti-
mate the order of magnitude offflision timergjs s as

(1.3)

h2
Tdiff ~ BC, (1.4)
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whereh is the characteristic length offélision given, for example, by the
microchannel height.

On the other hand the characteristic time of the flow motioa mi-
crochannel with length, and bulk velocityuy,k is given by

I
Tflow ~ = (1.5)
Ubulk

The ratio of flow difusion timescale to flow timescale is then given by

Taitf g Upuk  he Upuihe
Tflow Dl¢ D I

= PeAr (1.6)

where Ar= h¢/l. is ratio of channel height to length and Beh; upu/D
Is the Peclet number measuring the relative importance wfexdion in
comparison with dfusion.

Estimating the ssDNA dliusion codficient at~ 2 - 10712m?/s i472], we
can estimate, in the order of magnitude, the length of agdttanicrochan-
nel in terms of the microchannel height necessary for théNgésBample
to spread throughout the channel cross-section

le _ pg_ Nelbuk _ 100-10°°[0.5 - 250]- 10°°

0 5 > 1012 = [0.25- 125]- 10".
C

(1.7)

The analysis indicates that during a given time interva, ¢bnvective
mechanism transports the ssDNA molecules five orders of ruatmfur-
ther than the dfusive mechanism.

Let us consider the main transport mechanisms in both @tweam and
stream-wise directions. Cross-stream molecule trangpgadverned only
by molecular difusion and stream-wise motion is dictated by the dominat-
ing convection.
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Considering transport directions, timescale analysigltethat a mini-
mum channel length df ~ 10 m is necessary for the molecules tGuse
across the channel heightlaf = 100um, starting from the opposite wall.
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1.8 Overview of Modelling Approaches

The following section is intended to give a brief overviewtbé avail-
able modelling methods. In the discussion, advantages &vabdcks of
the considered approaches are analysed, in regard to tisedeced mi-
crochannel transport problem. Review of the methods alliowseto iden-
tify the most suitable modelling approach to describe fumelatal pro-
cesses occurring in the investigated detection section.

Since the first attempts to describe physical processegjetyaf re-
fined modelling techniques have been developed. The aimeofi¢vel-
oped techniques is to capture processes occurring on admiinge of
pre-defined length and time scales. However, constructionaalels ca-
pable of dealing with multi-scale phenomenon represengslachallenge
[1, 26, 43].

Considering the common simulation tools, it is possibledtntify two
main streams of modelling methods. Both of them can be etili® de-
scribe transport processes in MNFDs, based on the lenglkbsseapara-
tion.

Modeling

- Scales split
Continuum Level \ / Molecular Level

Multiscale Model

Ficure 1.7: Main branches of modelling microchannel phenomenon

The first alternative is theontinuum level modellingbased on the
Navier-Stokes system of equations with additional modekcdbing the
sample transport. The other option is thelecular level modellingbased
on the equation of motion of individual particles in the flow.
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The choice of the most suitable approach depends on theatbiastic
length scale of the flow and the level of detail required fréva physical
model (see for exampleg [@2@ 43)).

1.8.1 Continuum Level Models

Continuum modelare widely used to describe macroscopic behaviour of
systems. However, application of the approach is not ligntte macro-
scale systems, since continuum models are often used tovdesehy-
draulic characteristics of microfluidic devicg[g 43Juddto the signif-
icant enhancement of numerical methods in the past deceolesnuum-
based modelling has become a reliable and tiffietent simulation tool
.

The approach assumes that the studied fluid fills out theadolaispace
continuously. As a direct consequence, fluid propertiesbeadescribed
by continuous functions of space and time. Due to the chenatt time
(~ 1s) and length4 1072m) scales of the approach, continuum mod-
els average fine time- and length scale processes. Ther&fodamental
phenomenon occurring on finer scales can only be resolvethiistgal
sense.

Although continuum assumption is suitable for a variety afnechan-
nel applications, the model screens out small time- andtiescale pro-
cesses. Since phenomenon occurring on microscopic saaasare-
solved properly, the model alone cannot fully predict finalsphenom-
ena. Moreover, the simple Eulerian continuum approach ablento de-
scribe the transport of solute material with low number desss which
usually occurs in separators and detection systems.
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1.8.2 Atomistic Models

In the case when continuum models cannot fully capture the doale
physics of a systenmolecular level modelsave to be considered. Atom-
Istic models provide detailed description of processediercharacteristic
scales of~ 10 nm in space and 10°s, in time. Pure molecular mod-
els are based on the solution of Newton equations of motiattenrfor
individual particles.

The acting forces are resulted from pre-defined inter-nubdegoten-
tials. Solution of the Newton equations of motion is obtdibg numerical
integration of the governing equations for molecular posg. Despite
the apparent simplicity of the model, calculations areextly demand-
ing computationally. The main shortcoming of molecular mlsds their
high computational cost, which restricts their applicatio simulations of
nanoscale system for very short time periods.

In order to reduce the computational requirements, vanmnadelling
alternatives have been developed within this modelling&aork. When
investigating a system comprising large number of molexcwi¢h various
sizes, small molecules can be treated implicitly, rathantmodeled in-
dividually. Since the concerning small molecules are uUgubke solvent
ones, this method is known as "implicit solvent” technique.

The main idea of the implicit solvent approach is the indiabde-
scription of large molecules, considering only thi#eets of the small ones.
Although the implicit solvent approach decreases the caatiomal re-
guirements in terms of memory usage, the computationaktane similar
to the all-atom models.
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An alternative solution to reduce computational times istoease sim-
ulation time steps. This can be achieved by various coai@eigg meth-
ods. Such methods are sophisticated transformationsealpialisimplify
all-atom models of large molecules. Depending on the leVe&loarse-
graining, several atoms or groups of atoms are encapsutdated model
unit.

During the coarse-graining process, the superpositiononhia poten-
tials must be assigned to the concerning units. The unitseosimplified
model are usually represented as beads with the concerraag.m

Coarse-graining of all-atom models of large molecules Ihsuasults
bead-rod or bead-spring representations. Small moleculssially the
solvent - can be treated implicitly or explicitly as well. dlapplication
of coarse-grained models of large molecules, in combinatiibh the im-
plicit treatment of the solvent resulted the Brownian Dymaamodelling
method (see e.gﬂ44]).

log length
— Euler & |
— Navier—Stokes |
mm — ‘
_| Quantum-
__| Molecular Dynamics
M —
nm. Molecular Dynamics
A —]
— Direct Simulation
— Monte—Carlo
[ [ [ [ .
‘ ‘ ‘ ‘ ‘ log time
fs ps ns Us ms

Ficure 1.8: Applicability of models in terms of length and time sa(adapted fronm[l])
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1.8.3 Multiscale Methods

Standard modelling techniques are designed to captureopiesmon oc-
curring on a limited range of time and length scales. Obwoysocesses
arising on scales outside the applicability region of theegimethod, are
not captured.

The general continuum-level description has been devdlopenodel
processes on the domain of macroscopic scales, therefsraproach is
unable to capture fine scale microscogieets. On the other hand, atomic
level models provide detailed description of fine scale phegnon, but
the method is ingicient to describe processes on the macroscopic scales.

Due to the limitations of the classical continuum and thetfiaency
of the atomic level models, scales between the typical "oYaand "mi-
cro" region are not captured accurately. Driven by the gitemdescribe
phenomenon on these intermediate scales, simulation aetheolving
multiple scales have been developed.

The most popular approach to unite the description of vargeales
Is the family of multiscale methodsThe aim of multiscale methods is to
couple the microscopic and macroscopic descriptions ofrrestigated
system. The idea of the approach is the combination of aafigrsgegre-
gated descriptions of length and time scales into one madetbol.

The developed methods are based on the simultaneous aimplich
molecular and continuum level models in pre-defined spagigions of
the computational domain. Local fine scale representatidunagamental
processes avoids limitations of pure molecular models.

The resulting combined simulation tool is suitable to déscprocesses
relevant to both macroscopic and microscopic scales. Therdadelling
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approach necessitates information exchange between telsnd he two-
way information exchange between the molecular and comtmdiomains
Is achieved through a hybrid solution interface (HSI) cantimg the corre-
sponding interfaces.

Hybrid MD-continuum methods provide a unifying descriptiof lig-
uid flows from the nano scales to larger scales. The hybridhoust can
be broadly classified into three groups: domain decomposiichniques,
embedding based techniques (EBT) and the equation freeagp(EFA).

Although multiscale models based on combined micro-maatouéa-
tions are widely used, the technique does not result in éateoarse-
graining of microscopic scales.

1.8.4 Meta-Modelling

This section is aimed to introduce and discuss a novel madelpproach,
first published by Treboticlet al ﬁZS] and improved and extended in the
frame of present Ph.D. work.

The considered modelling method aims to describe mesdsehéa/iour
of large molecules, such as single-stranded DNA, doulbésided DNA,
and various long-chain polymers. In order to enlight theetfigvof the
approach, brief discussion of the relevant mesoscale rinoglehethods is
carried out.

In the previous section, various multiscale modelling teghes have
been introduced. These aim to combine the atomistic andntaurh de-
scriptions. As a result, multiscale methods$tsufrom the limitations on
time steps induced by the scale decoupling.

Mesoscale models on the other hand, aim to address not anligttr-
action of the continuum and molecular phenomena, but ratigephysics
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of the processes occurring in the grey area between thearglegale do-
mains.

One way to address the intermediate scales is to attemptrtiallya
integrate the atomistic length scales. The resulting s&tadrse-grained"
models has been successfully applied in the domain of MD Isithons
(see E69]). However, this approach is limited by the canty of the
integration process from the atomistic length scale.

A different point of view on the large-scale molecules can be geavi
by the models based on the equivalent mechanical repréisentin these
models, the concept of a micromechanical structure isdoiced in order
to represent a large molecule. Properties of the relevanhamgcal struc-
ture are determined in order to provide correct behaviouhefstructure
with respect to the phenomena of interest. For example,possible to
match difusion and transport behaviour, elastic behaviour, etc.

The concept of mechanical model representation of macecntds
has been known for a long time in polymer physics. The relewaod-
els have been used to analyse bulk behaviour of polymerisofu{see
@, @]). However, the idea has also been applied as a methoubd-
elling individual macromolecules in fluid flows ([52-55]).

In order to diferentiate the approach presented in this thesis from other
mesoscale models and underline the conceptual principtas approach,
we can draw on the analogy from the fields of software and systn-
gineering. In software engineering, models operating dermnodels are
called 'meta-models

Originally, the term meta-model was used to define a modeldha
fines the components of a conceptual model, process, ons . The
micromechanical models for fluid-molecule interactioniareffect, based
on the definition of the components of the physical procedsaajustment
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of this definition required in order to capture the phenonmanaterest. It
seems therefore appropriate to use the term "meta-modedféoto these
models.

Modeling

- Scales split
Continuum Level \ / Molecular Level

Multiscale Model

Meta—Model R

Ficure 1.9: The place of meta-models amongst the existing appesach

The termmeta-modellingefers to the exact modelling approach pre-
sented and discussed in this thesis. Although similar nizaeechniques
based on analogous ideas already exist in the techniaatlire, the mod-
elling approach presented in this thesis is unique in mapgas. Probably
the most relevant modelling method is the Brownian Dynarsigsilation
technique.

Similarly to the meta-modelling approach, Brownian DynesniBD)
technique is based on the mechanical model representdtiodividual
large molecules. BD technique also utilises the Langeviraggn to de-
scribe fine scale behaviour of the concerning structure tsode

However, numerical implementation of the BD method canoatshe
inertia terms of the basic equations. Moreover, BD techamitjeats the
solvent implicitly, while the meta-modelling approach netsthe solvent
on the continuum level.

Such details result significantftkrences when considering complex
and unsteady flow of the solvent.
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Meta-modellingorovides a viable solution to model processes occurring
on the intermediate time scales. The technique was esbengaeloped
to describe phenomenon occurring on typical time scalest¥ ® — 10°*
seconds, accounting for th&ects of macroscopic scales. This method is
therefore able to link two distinct modelling approaches.

The governing idea of the approach is the coarse-grainingtah-
Istic scales in combination with the continuum-based dpson of phe-
nomenon occurring on the macroscopic scales. Similarly tttiscale
methods, meta-models are also based on selective refinefrsmates. In-
stead of modelling the whole system on the same level ofldetalected
parts are described using fine scale resolution, while thair@ng parts
are treated with less detail.

One of the main dierences of the meta-modelling technique compared
to the combined micro-macro calculations lies in the scafmement
method. In meta-modelling approach, description of findespaysics
Is assigned to pre-defined molecules rather than to a seélsgégial region
of the computational domain.

In a meta-model, the investigated large molecules are septed as
micromechanical structures derived from the atomic stmecof the real
molecule. Motion of the mechanical structures is governea@croscopic
forces arising from the motion of the bulk fluid phase and nscopic
forces arising from stochastic Brownian motion of the sotvaolecules.
While macromolecules of interest are modelled individpalhd resolved
on fine scales, the motion of the solvent is described on tiireoum
level.

Meta-modelling method successfully merges the Euleraset descrip-
tion of bulk continuum fluid field with the Lagrangian type ¢king of
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individual structures transported in the main flow. Thisraagh is espe-
cially advantageous, when the size of the investigated catds is large
compared to the solvent molecules. The method is mainly toséescribe
transport processes in solutions with relatively low nundsnsities of the
solute material.

The technique draws information from molecular technignesder to
define model parameters, but the approach is essentialtinoom-scale
M,E?]). The information exchange between the scaleseoptbblem is
one-way for the atomic part. Information exchange betwbemtechani-
cal model and the continuum flow field can be either one-waworway,
depending on the coupling strategy.

Considering meta-modelling technique, the required cdatmnal re-
sources are similar to the requirements of conventional Girilations.
The main advantage of this approach is thi&sently detailed description
of fine scale motion of selected individual macromoleculgshout vast
computational costs.
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1.9 Micromechanics of DNA Molecules

The meta-modelling technique relies on mechanical modeésabmolecules.
In order to construct accurate micromechanical representaf the con-
sidered macromolecules, their mechanical behaviour neusiestigated.

Recent developments of laser-optical systems and micdafltabrica-
tion technologies triggered rapid evolution of single-gwlle manipula-
tion tools and visualisation devices. The developed singidecule anal-
ysis systems facilitated fundamental studies of macroouids.

The vast majority of the experimental investigations wasuged on
double-stranded DNA (dsDNA) molecules. However, mechanmea-
surements of single-stranded DNA molecules have beenedaaut as
well.

1.9.1 Single-Stranded DNA

Our interest was primarily focused on the mechanical behaand the
general properties of ssSDNA molecules.

The natural form of nucleic acid molecules is the doublersied con-
figuration. The strand pairs form relatively rigid helicédustures, which
results in less flexible molecules 5—61]. Behaviour ogmucleic acid
strands shows fferent character.

According to experiments carried out on detached DNA ss&,
59], ssDNA molecules are more flexible than the helical dsCibidna-
tions. Single molecule strands also possess shorter @#sEs lengths
than the double-stranded configuration of the same straihds. persis-
tence length characterises the flexibility of the molec@g.definition, it
is the length over which the direction of the polymer moledsluncorre-
lated.
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Force-extension measurements indicated that singlaelthDNA can
be extended almost to its contour lengiil(. <~ 90%), without signif-
icant resistance. However when the molecule is extended~0@9% of
its contour length, considerable resistance againsthiref was observed
58, 59,

The most suitable polymer model to describe this behavgoina freely
jointed chain (FJC) force-extension moc@[SO]. In this mipthe molecule
Is represented as a collection of spherical beads connegitd
non-extensible rods. End beads of the freely jointed chambe distanced
to ~ 90% of the fully extended length of the chain, without sigrafit re-
sistance. When the chain end-to-end distance exceedsitiedilue, the
model resembles forces in order to contract the ends.

Considering the level of details and the phenomenon we éeecsted
in, transported ssDNA molecules were described by a siraglifnodel.
Based on the FJC structure model, target molecules weresepied as
bead-rod chains. Concerning spherical particles wereaxad with freely
rotating, non-extensible rods. The simple bead-rod mdé®la chain ex-
tension until the contour length, without producing coatirg forces.

Investigating the flow conditions occurring in the microfliai device,
the transported ssDNA models will presumably not be subegettd strong
streamwise velocity gradients. However, even if strongtsking of the
molecules would occur, the simple bead-rod chain modelsintiply pre-
dict molecule conformations with higher end-to-end distatihan the FJC
model.

The slight diterence in the predicted molecule lengths would not in-
fluence the investigated transport phenomenon and thdirgsoénter-of-
mass pathlines.
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Fieure 1.10: Bead-rod model of ssDNA with segment lengtiind bead radiuls

1.9.2 Double-Stranded DNA

Due to their unique biological functions, double-strand&NA
molecules have been extensively investigated in the pastdés. Smith
et al. [58] carried out direct elasticity measurements of inditidouble-
stranded DNAs.

During their experiments, single dsDNA molecules weredgsdd to a
glass surface of a microfluidic device, with magnetic bedtdshed to the
free end of the molecules. The molecules were exposed tonextdretch-
ing forces resulting from drag and Lorentz forces acting len dttached
beads.

The stretching force was carefully controlled by adjustimg flow pa-
rameters and the magnetic forces. The measured elastonssjpf the
investigated molecules was compared against the frealyeichain the-
ory (FJC):

Fa kBT
= - — 1.
X = L¢ (COtth—T Fa ) ; ( 8)

whereF is the force magnitude is the mean force-dependent end-to-end
distance, andl. denotes the molecular contour length. Herdenotes the
length of a Kuhn segment angT is the thermal energy. Therefore, the
force as the function of the extensian

_ kgT

F=_°_
a

LJ_l (Llc) , (1.9

with £t inverse Langevin function.
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Smithet al. @] observed strong deviations between their experinhenta
results and the force curves predicted by the FIC modelr, [Baistamante
et al. [@] summarised the experimental data of Snathal. [58] in the
following interpolation formula:

keT 1 1
F = (4(1— xitge 2t L°)’ (-10)

wherekg is Boltzmann’s constant, is temperatured, is the experimen-
tally observed persistence length of the chain.

The formula was derived from experimental data of dsDNA wigh=
32.8 + 0.1um contour length and, = 534 + 2.3 nm persistence length.
The referred persistence length is a characteristic ptppgeantifying the
flexibility of the polymer. Formula 1.10 is referred as thaektensible
wormlike chain" (WLC) force-elongation formula.

Perkinset al. ] observed and reported the relaxation of individual
dsDNA molecules after stretching by fluid flow. In their exipsgnts, sin-
gle latex microspheres were attached to one end of the mekciThe
dsDNAs were optically trapped by the infrared laser beamded on the
latex beads. The molecules were stretched to their fullnsxba by the
fluid flow and allowed to relax after the flow was stopped. Vidsthanced
fluorescence images of the stained molecules were recorded.

At this point, it is important to emphasise that the previgasknowl-
edged single molecule studi[ 62] were aimed to inyatithe elas-
tic behaviour of dsDNA molecules for relatively low exterm'rforces[ELS]
(typically ~ 0.01— 10 pN).

As the result of the applied moderate stretching forcesntbkecules
were not stretched over their contour length. The obsenestieresponse
of the molecules in this force region is originated from tbafogurational
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changes resulting from the imposed external forces.

Structure of dsDNA Molecules

A DNA molecule can be interpreted as a chain of uncorrelatesat seg-
ments [50]. This discretised representation of the realrpel is often re-
ferred as "bead-rod" structural model. The size of a chawusiia, called
Kuhn-step is twice the persistence length£ 21,). In the absence of
external forces, DNA molecules resemble configurationsecko a self-
avoiding random-walk for a given end-to-end distance of rindecule
[50, 63—-65].

20 molecule

2\p

Fieure 1.11: Random walk configuration and primary structure of 8D

When a moderate stretching force is applied on the ends afithecule,
the natural configurational space is bounded, thereforgidignthe num-
ber of possible configurations. Such violation of the ndttwafigurational
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space results entropic changes, which gives a rise to imegtfmrces ob-
served as the elastic response of the molecule on the magpiodevel
[64)

Therefore, the elastic behaviour investigated below trex-stretching
limit is referred as entropic elasticity of the molecule. the molecular
extension reaches and exceeds the over-stretching Iiftripsic elasticity
of the molecule becomes dominaJnit[59].

While entropic elasticity of the molecule is originatedrfréhe orienta-
tional changes of chain subunits, intrinsic elasticityasulted from over-
stretching the Kuhn segments. Intrinsic elasticity is ¢fi@re a sub-Kuhn
property of the molecule and directly related to changeshedrimary
molecular structure.

Over-stretching dsDNA

Smith et al. ﬁa)] reported results of DNA over-stretching experiments.
During their investigations, single DNA molecules with ystlyrene beads
attached to both ends were stretched with force-measiasey tweezers.
The investigated dsDNAs were subjected to increasingcsiired forces
and the elastic behaviour of the molecules was registered.

A significant discontinuity in the molecule’s response goed at 65 pN.
When reaching this force level, the molecule suddenly gé|dengthened
and overstretched te 1.7 times the molecule’s contour length. The re-
ported transition occurred in a narrow force range~o2 pN. The ob-
served significant elongation was resulted from structuaaisition of the
molecule.

A double-stranded DNA molecule consists of two long polyweteins
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held together by hydrogen bonds between the complementatgoi+

Crick base pairs (A-T) and (G-C). In its natural form, theastt pair forms
a helical structure [63], as demonstrated on the insert afdig.11. The
diameter of the base cylinder @oecule ~ 2 nm and the helix pitch is
Phelix ~ 3.4 nm [63].

A chain subunit of a double-stranded DNA is therefore a hopimerated
by a cylinder with diameter of 2 nm and the length of a Kuhn step (
1068 nm). When the stretching force reaches a critical value,higlix
suddenly uncoils, thus resulting a straight line. If thectors increased
over this critical value, breakage of hydrogen bonds antigi@eparation
of the strands occurs.

Early Numerical Studies of dsSDNA Mechanics

Perkinset al. [@] observed the stretching of individual, fluorescendy |
belled dsDNA molecules in spatially homogeneous elongatifiow gen-
erated by a cross-slit device. They have also predictedtkef molecular
extension using a simple dumbbell model. Their model coedisf two
beads connected with a spring based on the Marko-Siggia Wt¢e flaw
1.10.

The beads acted as centers for the concerning drag forcabedn-
necting spring represented the action of the entropic nestéorces. Due
to the simplicity of the applied model, the drag force wasasirated
on the two ends of the molecule, instead of distributingongl the chain
contour. Perkin@G] pointed out that the applied modell®ed accurate
predictions of the molecule extension for the - so calledmbioell dSDNA
configuration, but overestimated the average measured digaamics.

The same simple model was extensively used in later studisstlel
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bulk properties of polymeric liquids, such as polymer stessand stress-
optic behaviour. Generally speaking, the simple dumbbeltieh accu-
rately predicts the macroscopic behaviour of polymericitig, but due
to its simplicity, it is unable to describe molecular com@tions. Figure
1.12 shows the constitutive relation of the dumbbell mew@model to

the real molecule.
F F
<—?4\M)/(W\r’—»
F F

Ficure 1.12: Relating the dumbbell elastic model to the real madéecu

Dumbbell and Bead-Spring Models

Larsonet al. [67] carried out Monte Carlo simulations of tethered DNA
molecules in a uniform flow field. The applied DNA model was itam
to Perkins’s dumbbell model [66] with the same Marko-Sigigiece law
1.10.

The behaviour of the model was governed by the moleculelopiat
elasticity, the hydrodynamic drag and the Brownian forcesiray from
the random collisions of solvent molecules with the dsDNMc8 the
molecule was tethered, there was only one free end of the emal the
appropriate model was a half-dumbbell.
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To match the simulated degree of stretching with the expanrtally
observed molecular extension, the dragftiorent of the single bead of the
half-dumbbell was (3 times the measured drag of the undeformed coil.
This 27% drag reduction can be qualitatively understood doysitlering
the equivalent degree of stretching produced by the coratedtdrag at
the chain end instead of distributing it along the entirarcicantour.

In order to distribute the drag force along the chain contharson
H] also considered a more complicated model by introdyiektra beads.
This coarse-grained representation of the real polymeelskmown from
polymer science [50] and referred as the "bead-spring" odee gov-
erning idea is to replace a segment of the chain - usually stfHEO00
Kuhn steps - with an entropic spring. Figure 1.13 illustsdtee concept of
coarse-graining a random-walk bead-rod polymer model teaaltspring
chain.

Fieure 1.13: Coarse-graining the bead-rod polymer model into d{spaing chain

In the first step of coarse-graining, reference points afimel along
the contour of the bead-rod chain, usually coinciding witk joints of
the discretised chain. These reference points will defieedtrections of
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the springs, therefore sub-chain configurations will beeaaed out. In
the following step, the Kuhn lengths between these refergruints are
systematically replaced with springs oriented by the ezfee points.

This model provides more detailed information on the mdkecaon-
formations than the dumbbell model, without the necessitybdel each
Kuhn step of the whole chain. The elastic spring fofgéor a concerning
subchain is derived from 1.10 as follows:

kgT 1 1

wherel = L./(N —1) denotes the length of a submolecule, vitkdenoting
the number of beads amgdis the separation distance between beaadrid
"I+1". Itis important to remark that since the spring law is loeme relative
extensions, this force-elongation formula for a sub-ch&aintheoretically
- consistent with the original Marko-Siggia 1.10 force lawitten for the
dumbbell model.

The authors carried out Monte-Carlo simulations, usindted-spring
model and compared the calculated bead-mass distribufidheoteth-
ered dsDNA against measured distribution of molecular mssing the
bead-spring calculations, they accounted for bead-to-bgdrodynamic
interactions and considered the variation of drag forcé #Wie change of
molecular extension. Average separations between thesheace used
to construct the Oseen tensor and to calculate flfeztve hydrodynamic
interactionsma.

During the simulations, bead drag ¢ibeients were treated as param-
eters and were obtained by requiring that the sum of the gextibead
drag forcesy; F¢ equals to the total drag acting on the whole molecule.
Drag codficients of representative molecular configurations, sucioiesd
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and fully stretched states, were calculated from the Bmstdation [H)

,£9] lcoil = kgT/D and Batchelor’s formuIaJIS&S] for a rigid rod
Giod = 2nlen/In(Le/dmoteculd. 1N the formulas D is the difusion codi-
cient, n denotes the solvent viscosity adgoecueiS the diameter of the
molecule.

Although the simulated data showed good agreement with dasuare-
ments for various flow velocities, the authors reflected & waportant
detail regarding the bead-spring models. Larsoal. H] pointed out that
introduction of additional beads increases the flexibitifythe molecule,
since the freely rotating joints do not transmit bending reatn A com-
mon way to correct the introduced extra flexibility is to usslightly in-
creased persistence length, namely tfiective persistence Iengﬂﬁff.
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1.10 Coarse-Graining Molecule Models

The general idea of coarse-graining is to simplify the co@sed model in
order to reduce the computational costs associated withuheerical so-
lution. The simplified model must be able to capture repridime prop-
erties with stficient accuracy. The introduced simplifications consiggent
result in the loss of information, thetect of which must be considered
during the coarse-graining method.

1.10.1 Derivation of Polymer Models

Focusing on mesoscopic description of polymers, a mianacgiral me-
chanical representation of the real macromolecule has ttelheed from
the molecular level (full-atomistic) model. The method o&cse-graining
Is based on statistical mechanical consideratis [70].

During this process, atomic vibrations are neglected |tiagun freely
rotating bonds. Short-range pair-wise atomic interastene also neglected,
therefore elementary rigid segments along the chain - Ksthps - can be
defined. Kuhn steps represent an implicit measure of chibiliey. Con-
sidering these assumptions, coarse-grained represent#dta real poly-
mer results in a chain of rigid rods connected with freelatiog bonds.
This structural model is often referred as the bead-rodnchl such a
chain, beads act as drag centers and a single rod repred¢uits step.

As it was mentioned earlier, bead-rod models with consikteiefined
Kuhn steps provide accurate description of real polymerfaromations.
However, such models are not capable to describe the oloselasgtic be-
haviour of real chain&-}S]. The need to model force-elogabehaviour
of real molecules initiated the development of bead-spdhgins. The
idea is based on the assumption of locally equilibrated onotif Kuhn
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steps [FO]. During this transformation, neighbouring Kigagments of
a bead-rod model are systematically replaced with an eictsgsing, re-
sulting the loss of fine, sub-Kuhn details of the moleculefigpmations
64

Coarse-graining of bead-rod models into bead-spring shaia funda-
mental question of polymer dynamics. The aim of the tramsétion is
to produce a simplified chain, but preserve characterisbpgrties with
suficient accuracy. This requirement arises contradictingitamts. On
one hand, the coarse-grained model should ltiécgently detailed to ap-
proximate the configurations of the real polymer. Thereftine number
of springs should be increased to allow more detailed detsmni of the
molecular conformations. On the other hand, the model shprdvide
realistic force-elongation behaviour of the chain.

1.10.2 Considerations

Force-elongation models of real molecules usually coms$igepolymer as
a single spring with the same elastic response as the reatoiel There-
fore, the number of springs in the bead-spring model shoeilehimimised
in order to reduce the artificial flexibility of the chain iottuced by addi-
tional springs.

Larsonet al. [El] carried out systematic Brownian dynamics studies
of bead-spring chains and showed that force-elongatioabetr of the
models change with increasing number of springs. Based enetults,
they have El] proposed the modification of the force-law Hifiaally
stiffened springs, but did not provide guidelines for such a ntetho
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Many studies suggested that a spring in bead-spring chamgdsrep-
resent a large segment of the polyn@r [64]. Similarly, SofiT&4 demon-
strated that each spring should represent more than 10 Kargthls (or

20 persistence lengths). In fact, considering purely thieef@longation
behaviour of the polymer, the most accurate representataarid be the
dumbbell model.

However, other considerations require the opposite exrdhat the
molecule should be described by as many beads as possiblgrodyy
namic behaviour of the polymer is mainly governed by viscora) act-
ing on the molecule. The total drag acting on the moleculassiduted
amongst the beads, which act as drag centers.

In order to consistently distribute the drag along the contof the
molecule, a sfiicient number of drag centers, beads are required. Another
consideration supporting the large number of beads andgsprs moti-
vated purely by geometrical considerations. In case of iadepoly-
mers in confined channels, the phenomena can only be descobectly,
if the concerning length scale of the molecule is smallen tha& confining
channel dimension.

The challenge in consistent coarse-graining lies in theirement of
using large and small number of springs, within the same inddeor-
der to determine the optimal level of coarse-graining, Whilleand Doyle
@] carried out detailed investigation of the force-exien behaviour of
systematically coarse-grained bead-spring models.

During their investigations, both statistical mechaniosl &rownian
dynamics simulations have been used. They have conclu@deditice
the springs are decoupled, force-elongation behaviouneiodels de-
pend on the number of rigid segments represented by eadit edpsng.
In other words, the elastic response of the bead-springnaepends only
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on the level of discretisation for each spring.

§71], that the intcadion of
additional springs into the chain modifies the elastic b&hav The gen-
erally accepted explanation for this phenomena is basetiematt that

It is well-known from previous studie

freely rotating joints do not transmit bending momentsref@re introduc-
tion of extra springs adds extra flexibility to the ch [/Bhsed on their
theoretical investigations, Underhill and Doyle [64] peitt out that this
explanation is not fully correct, since the mean fractiamndension of the
chain depends only on the discretisation level of each gprin

Focusing on the equivalence of force-extension behaviéuwhains
with varying level of coarse-graining, Underhill and DOM] proposed
the PET (polymer ensemble transformation) method. The PEihoal
was developed to determine equivalent spring force lawssidering the
coarse-graining level of each spring. Based on the PETfranation, the
WLC formula (eq! 1.10) for a bead-spring chain is written@]:[

F3 keTf X X 3 3 6),
PET ~— A 1-52)2 y(1-%) +(3_2_@_)?)

(13/32)+ (0.8172x) - (1479/x?)\ ... .,

+( 1-(4.225x) + (4.78/x?) ) X(1-X )}, (1.12)

with kgT thermal energyy, persistence length and=x/I fractional ex-
tension. Herel denotes the fully extended length of a spring gnd the
number of persistence lengths represented by a spring.

1.10.3 Coarse-Graining Guidelines

Larson H] carried out a theoretical study of bead-springircs in order
to determine general coarse-graining principles. Hisshgation was fo-
cused on the determination of a characteristic relaxatroa by tracking
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modes with diferent frequencies.

Larson concluded that the minimal number of springs requoeepre-
sent the relaxation time of all modes depends on the Debanaibar (De)
73]. The Deborah number is a dimensionless parameter oseltrac-
terise the stretching of polymers due to velocityfeliences of the flow
field. By definition, the Deborah number is the ratio of theypar relax-

ation time and the characteristic relaxation time of thedfflow.

In practical applications, fluid flows are defined by the chtaastic
strain rate, which is the inverse of the fluid flow relaxationg. Therefore,
the Deborah number is defined as: Ber,e, wherer; is the longest
relaxation time of the polymer angis the strain rate.

A bead-spring chain wittN beads containsN - 1) modes. Consid-
ering flexible moleculesy; mode relaxation times (= 1,....N — 1) are
proportional to the power of the mode number; ~ i~P [73], wherep
exponent ranges betweerb®nd 18 depending on the quality of the sol-
vent. Considering the power law relation, the number ofrgmineeded is:
(N = 1) > (116)P ~ De'/P ]

However, LarsoHS] also considered an upper limit for thenber of
springs. Standard spring force laws have been derived demmsg that a
spring represents many Kuhn steps. In practice, a springppased to
model at least ten Kuhn steps. Therefore, the number of gpannot
be increased above a critical point, where the number of katbps per
springs drops below ten. The combination of these two cageesults the
following formula:

10De”P < Ng < Nk /10, (1.13)

where Ns denotes the number of springs aNgd denotes the number of
Kuhn steps of the chain.



Model Development

52



Model Development

Thorough analysis of the considered microchannel probbgmosed sig-
nificant details. Investigation of the device operationigated that funda-
mental processes occurring in the investigated channgbeexe transport
of DNA molecules and DNA base-pairing.

The parameter analysis clearly demonstrated the domiraremvec-
tive transport over the ffusive mechanism for the given parameter ranges.
From the objective of the system, it is obvious that the nundeasity of
the ssDNA molecules present in the channel should be caerside be
extremely low.

Analysis of the concerning scales revealed that procesdegant to
bio-chemical applications cover a wide range of time andtlerscales.
The transported substances are segments of single-siraDdA
molecules with lengths in the nanometer range, while theadteristic

53
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length scale of microfluidic devices is in the micrometerganThis mul-
tiple scale nature of the microfluidic problem raises sewdiféculties.

Focusing on the design questions arising from the pracsick, we
are more interested in the quasi-macroscopic transpgpepties than de-
tailed description of fine scale reactions. Quasi-macnaiscdescription
of the problem provides information regarding ssSDNA paudi and resi-
dence times. This requirement defines the lower limit fortiime scales
of interest at the order of 18 seconds.

Considering the modelling approaches, characteristie soales make
atomistic models impractical. On the other hand, the levelatails re-
guired concerning the transport process make pure comtimaadels in-
accurate.

Meta-models 5@7] however, provide a reasonable seolutode-
scribe problems on these scales. This modelling technggeite éficient
when molecules of interest are several orders of magniardet than the
solvent ones and the number density of the transportedesisletremely
low.

Analysing characteristic scales of the problem and conisigéhe ques-
tions arising from the engineering side, meta-modelling pi@ven to be
the most suitable approach to support and guide functieent&d design
of microchannels.
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2.1 Basic Equations of Meta-Models

The meta-modelling technique applied to describe the tigaged dilute
ssDNA solution is based on micro-mechanical models of redeaules.
The key idea of meta-modelling is the dual numerical desonpof the

solvent and solute molecules. The technique successfaiges the fine
scale description of individual large molecules, with themcilative en-
semble averaged description of solvent molecules on thencwm-level

scales.

In the meta-modelling approach, individual large molesidee repre-
sented as micro-mechanical structure models of real migleciParame-
ters of the structure models are adjusted to provide costatit and dy-
namic behaviour. Macromolecules are typically modeleckagss of beads
connected with freely rotating, non-extensible rods ostidasprings. Type
of the connecting element depends on elastic propertidgeatdncerning
real macromolecule under the given conditions.

In such mechanical structure models, beads act as centefsrdes.
Th purpose of the connecting elements is to preserve thetsteuof the
model and mimic the elastic behaviour of real molecules.ii@unumer-
ical calculations, beads experience macroscopic forcdsnanroscopic
effects arising from the solvent and from the changes of thecntdecon-
figuration. Considering the micro-mechanical represenrtatf a macro-
molecule, fine scale behaviour of bead described by the Langevin equa-
tion , 50]:

2
drn:f

(2.1)

wheref , represents the total force acting on partiglelnvestigating the
transport of macromolecule structures in dilute soluttbe,sum of forces
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acting on a single bead is as follows:

1:n = MyYyn (U(I’n) - Vn) + Py + Son(t) (2.2)

with myy, = 6anb, friction codfticient arising from the Stokes drag of a
sphere with radiub,, in a fluid withn dynamic viscosityu(r,) is the fluid
velocity at positiornry, v, represents the particle velocig, represents the
sum of all non-hydrodynamic forces (typically elastic s and will be
discussed laterp,(t) is the random Brownian force, modelling thfeet
of solvent molecules stochastically colliding to the beadd exchanging
iImpulse. The random force possess Gaussian distributiaracterised as
(5, 50));

<p,t)>=0 (2.3)

< @r(D@n(t) >= 2MyynkeT 6(t - ') (2.4)

Considering the total force acting on each particle, aold#i volumetric
force experienced by the carrier liquid is calculated as:

F(r)=—-> fode(r=17) (2.5)

with 6. smoothed Dirac function of length scale. This function incorpo-
rates division with unit volume, therefore transforms tba@erning point-
like force f , into a volumetric force field.

The governing equation of the unsteady flow of incompressihtrier
liquid is described by scalar components of the Navier-&adquations.
The momentum equations alone do not form a closed systemgfdine
the continuity equation derived from the principle of masaservation is
used to eliminate the closure problem. The system of equagoverning
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fluid motion is therefore written as ([45]):

0 1 1
My (U-V)u=—-—=Vp+vAu +-F (2.6)
ot P P

V-u=0 (2.7)

where¥ on the right-hand side of the momentum equation represeats t
additional force distributed over elementary volusive The equations de-
scribe the motion of incompressible fluid with dengitypressurep, kine-
matic viscosityy and velocityu according to volumetric forc# induced
by the transport of long chain molecules.
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2.2 Solution of the Fluid Flow Equations

During the simulations, the flow field was calculated using ithvhouse
finite volume artificial compressibility solver, with inasl fluxes approx-
imated using the characteristics-based method (e.g. Pi#-€émbined
with the third order variables reconstructio&[, 75]).

The integration in pseudo-time for the artificial comprbsgy formu-
lation was performed using the fourth-order Runge-Kuttahoe (e.g.
7 ,H—S]). The used software is the evolution of the incorspifele ver-
sion of the code CNS3 8@1] to incompressible fIO@ E‘]‘@

In the first step of the numerical solution, the basic equatitave been
scaled with suitable parameters. Nondimensionalisatiotihe govern-
Ing equations is a general practice in numerical calcutatiofluid flows.
Working with normalised equations is not only practical &lgo increases
numerical accuracy of the calculations. Scaling of theviaglé quantities
simplifies the detection of numerical overshoots and deecg.

2.2.1 Nondimensionalisation

Let us consider the following reference variablés:U andp, denoting
length scale, characteristic velocity and fluid densitycétding to com-
mon routine, the following nondimensional variables areveel:

r* = Vi=L-V, A*=L%2-A, u'=—, t'=-—

r
L?

* p * Vi * b *_rn'] *_TL _UL
p:m, Vn:U, b:E’ pn—m, T—_ Re—_.
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With the introduced scaled variables, nondimensional fofthe constant
density flow equations 2.6 and 2.7 is written as:

ou”™
ot*

1
*'V* *:—V* *k _A* ES k 2-8
+ (U )u p* + A" +F (2.8)
V' .ut=0 (2.9)

Consequently, the nondimensional form of the Langevin gegu&.1 is
written as follows:

d?r; .
dt*g =f7, (2.10)
with nondimensional total force acting on each bead:
Fr =0 (U(rg) = Vi) + @4 + @5 (7). (2.11)

Here, the concerning variables are defined as:

f*: fnL *:¢I’1L S0>|<:‘)0I’1L y*:&:6ﬂ-bl’?
" omuz " mu2z " mu2 " U prRe

At this point, we omit the concerning:™ upper index in order to sim-
plify the notation system. The following model equationgia§ chapter
are written for nondimensional variables. Consequyetité considered

variables are scaled ones, however their notation folloesliscussed sim-
plified schema.
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2.2.2 Atrtificial Compressibility Formulation

In the investigated model, the fluid is considered to be idestous New-
tonian and incompressible. The main challenge during nicalesimu-
lation of incompressible flows arises from the decouplinghef pressure
field from the velocity and density fields. In order to cougie pressure
and momentum, pressure projection meth@ [82], pressureation al-
gorithms [83] or artificial compressibility method84] ddube consid-
ered, see [2] for a review.

The applied artificial compressibility approag [84] cinceents the
problem of pressure decoupling by adding a pseudo-timeaiem to the
continuity equation 2.7. Therefore, the resulting modigdtem of equa-
tions[2.12 and 2.13 can be iterated in pseudo-time, untdrdence-free
flow field is achieved. The method is compatible with both dyeand un-
steady flows. The artificial compressibility formulationtb& basic equa-

tions is: 15
p
—+V-u=0 2.12
Bor M u ( )
ou ou 1
— 4+ — -Vu =-V —A 2.13
87+6t+(u u p+Reu+T ( )

As the system 2.12 and 2.13 converges to a steady state id@fewe, the

concerning pseudo-time derivates tend to zero and theé@oledan proceed
in real time.

The artificial compressibility formulation results in hypelic-parabolic
equations for constant density, viscous incompressib¥estlor herefore,
the governing equations are solved using methods and sehegweloped
for compressible flows. The system of fluid flow equations camhtten
In a conservative form with Cartesian (distinguished by Upper index)
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coordinatesX, y, 2) [E]:

U __dur OES N OFS N oGy OEF 9FF 9GP CEC (214
or ot ox 0y oz  Ox 8y 0z '

with the following compact notatiorE[Z]:

= (p/B.u.v, W)T

2.15
U, = (O, u, v, W)T. (13)

Advective fluxes in the Cartesian system are written as:

EC = (u u? + p,uv, uw)
FC = (v VU V2 + P, VW )T (2.16)
GF = (W,Wu,wv,w2 + p)T,

the concerning viscous fluxes are:

EC (O Ty Txys TXZ)T
FS = (0, Ty Ty TyZ)T (2.17)

c _ T
G (O Tzx Tzys Tzz)

and the extra volume force arising from the transportedteadu

FC = (0.5 %3 72) - (2.18)
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2.2.3 Geometrical Transformation

In practical channel flow problems, fluid transport occurglutts with
arbitrary geometry. In order to simplify the flux calculat® fluid flow
equations are usually transformed into a computationaictoate system
(see figure 2.1). In terms of flux fierentiation, the most suitable compu-
tational system is a generalised coordinate system witloumimetrics.

X

i

Ficure 2.1: Cartesian (left) and generalised (right) coordingisesns

Let us consider a generalised uniform curvilinear system, Z, ¢),
which can be easily adapted to the geometry. In order to synibie
flux calculations, incompressible Navier-Stokes equateme transformed
into this generalised coordinate system. Transformatmrdinates are
defined as:

§=¢&(xY.2)
n=n(xy,2 (2.19)
{=4(xy.2)

Current research work focused only on non-moving comparati do-
mains, therefore the transformed time was defined ast. According
to this assumption and referring to the chain rule dfedentation, first
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order partial derivatives are written as:

o (0\oE [8\on [d\oC
S A ey R ey ) 2.20
ax \ozax "\an)ax T\az)ax (2.20)

0 0 \0¢ 0 \on 0 \ol
— = — — — 2.21
ay ~\ae)ay *\an)ay *\acJay (2.21)
o (a\oe [(d\on [0\oc
— — - ! = 2.22
5z \oz|az "\an)oz T\ )bz (2.22)

9 oé n (8\oC &
ot (ag)at (an)at+(a_g)§+%' (2.23)

Based on these first order derivates, higher order dericatiede de-
rived systematicallyﬁZ]. The connection between the twordmate sys-
tems is represented by the Jacobi matrix characterisirnigghsformations.
It is formulated utilising first order cross-system derasatDeterminant of
the transformation matrix is used to derive cross-ders/ftg

~ ' d(x,Y,2)
0. 0)

The system of basic equations written in curvilinear canaitgs is as fol-
o
0JU 0JU, o0Ey OFy 0Gy OE, 0dF 0G

- _ s i F. (2.25
p ot " oe Tan Tac e op oz D @2

(2.24)

lows

where the inviscidl() fluxes are:

o¢ 0¢ 43
C C C
I + F, By + G (2.26)

El = .J(E e

an an an
F|=J(EC o +FC— 3y + G — = (2.27)
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G = J(Efg—i + F,Cg—f/ + G,CZ—i) (2.28)
and viscousY) fluxes in general curvilinear coordinates:

Ev = J(ESZ—i - F\‘;Z—i + GSZ—‘;;) (2.29)

Fv = J(ES%( + FSZ—Z + G\S%) (2.30)

Gy = J(ES% + Fsg—i + Ggg—i). (2.31)

The additional volume force in the general curvilinear systs:

F= 30,77, 7). (2.32)

2.2.4 Hyperbolic Solver

Numerical solution of the basic equations 2.25 is carriedutilising a
finite-volume hyperbolic solver based on the method of attarsstics. Let
us consider a suitable arrangement of the basic equatiocsrenodating
the hyperbolic terms on the left:

oJU ok, oF 090G, oJU, oEy oJF, 0Gy
- = - - - -

or o on @ ac ot o on " oc

+F. (2.33)

Considering the applied solution method, real-time dékes, viscous
terms and volume forces are treated explicitly. Pracyc#ile hyperbolic
solver concerns the following equation:

U 9E, OF 4G
or | 0¢  on oL

= 0. (2.34)
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During the numerical solution of the hyperbolic equatiostsyn 2.34, 1-D
directional splits of the original 3-D problem are consetr

0JU  GE

o & _ 2,
5 - o 0 (2.35)
0JU  OF,

or o _ 2,
ot g =0 (2.36)
0JU 4G,

0JJ 9G _, 2.37
o Tac "0 (2.37)

The solution of the original 3-D problem 2.34 is achievedtesguperpo-
sition of the concerning 1-D splits. The 1-D split Riemanolgems were
solved utilising the Characteristics-Based (CB) methoekliged for in-
compressible flows (e.&[g 79]).

2.2.5 Characteristic-Based Scheme

Basic idea of the CB method lies is the unique definition oisom fluxes.
In this approach, advective fluxes are constructed by spegithe prim-
itive variables as functions of their values on the relevardracteristics
2]. In order to demonstrate the CB scheme, let us considefailfowing
scalar hyperbolic problem written in Cartesian systerm@looordinatex:

oU  OE

Update of the studied conservation law is given t@/ ([2])
t+At E
UG+AD:U®—J“ Qgght (2.39)
t

Here, the spatial derivative of the fliis known at time level, the lower
bound.
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Accurate determination of the integral requires a methodlltaw the
development of the formula in time to perform a stable updaterder to
determine the solution ak(t + At), a linear Taylor expansion is performed

as ([2)): N

Ea
with neglecting the higher-order terms. Let us derld{e — A, t) = U,

U(X t+ At) = U(X— A&, t) + Ag%—lj( + At (2.40)

\!

AX
t+ At ) ®
Lu(t+ At)
u/
t ® ) ® ®
i-1 i i+1

Y

-
-

AE

Ficure 2.2: Calculation ofJ(x, t + At) = U, based on the characteristic variable(schematic
adapted fronﬁZ])

andU(x t + At) = U, and introduce wave speed @as= d¢/4t. Utilising
the definition of the wave speeq the relative @set of the characteristic
variable isA¢ = £At. With this formula ofA¢, the update ob (in 2.40) is
written as [2]:

~ ou ouU.

Here, all terms are unknown. From the hyperbolic equati@8,2he time
derivative ofU is written as

U 9E(V)

ot 0X

(2.42)
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Applying the chain rule of dierentiation, the spatial derivative of advec-

tive flux E is
0E(U) B 0E(U) oU

: 2.4
OX ouU ox (2.43)
Therefore, substitutingU/dt into equation 2.41 results:
~ ou|. 0E(U)
= — |& — ———| AL 2.44
0-u+2 lf = ] t (2.44)

By definition, the wave speed is an eigenvaldes JE(U)/dU ﬁ].
Therefore, the multiplier of the spatial derivaie)/dx cancels out, thus
resulting

~

J=u.. (2.45)

Practically, the updatel can be obtained using the characteristic variable
U, at point (x — £At, t). This value belongs to the characteristic line with
slope J¢£. The concerning variable); can be calculated using higher-
order interpolation. Havingy = U, in hand, the advective fluE(U) can
be determined.

Although the CB solution strategy has been demonstrated $omple
1-D case, the method can be extended to multi-dimensiomalftoblems
as well @]. In such cases, more than one characteristicelmets. There-
fore, the fluxE(U) would be the function of all characteristic variables
lying on the lines with slopes/Z, (I = 0- 2).

2.2.6 CB Reconstruction

Let us consider a three-dimensional hyperbolic flow probfemncom-
pressible fluids. This problem concerns the following veabcharac-
teristic variables:U = (B, 0,7, W)". Calculation of the concerning vari-
ables is being performed using characteristic-based (E&)nstruction.



2.2 SrutioN ofF THE FLub FLow EqQuarions 68

Although the flow problem is three-dimensional, 1-D coupéet (along
£) of the basic equation 2.34 has been considered [77] to detnaba the
reconstruction method:

0  05OB" OgOFT 6£0GT

oJ 08 _ 2.4
ot | ox 0f oy o0& 0z 0F (2.46)

Let us introduce the following notationgs = \/(%)2 + (%)2 + (‘;_é;)z

andk = 1% with k = x,y,z Dividing equation 2.46 witm\ and utilis-
ing the simplified notations results the following conséimeaformulation

77):

i%mg—gwg—;ﬁg—g:o

+(u>”(+v§/+vv23—‘é;‘+(>~(g—;+§/g—é__’+2‘g—‘g’)u+ :
+ (UX+ VY + W) 2+ (RGE + 92 + 292) v + 3F
(UK VT + W2 2+ (RGE + 95 + 222w+ 5

=
>

p

u Py _
6X_

0 (2.47)
0 :
z=0

|Q:: Q::lQ; Q;lQ;
S 3K A
- <

[

>~ >l >l

D
S
N

T

The above system of equations can be written in matrix form as

———+A— =0, 2.48
Aor " oE (2.48)
where matrixA is (]):
0 X ¥ Z
X Ao+ Xu Yu Zu

(2.49)

Xw yw Ao+ zZw

Here, 1o = Xu+ yv+ Zwdenotes the velocity normal to the given cell face.
Eigenvalues of matriX are given byly, 1; andA,, where

A1 =A9+S Ar=Ap—S (250)
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with s artificial speed of sound defined as:
S= A3+ (2.51)

Following the derivation of the CB scheng[74], the recamndtted vari-
ables at the cell face:

p =5 (P2d1 — Padz + 1d2(Ry - Ry))
0 - ¥ _| Uo+t Fxﬁz(pl— P2 — 1R + 12Ry) , (2.52)
v Vo + 125 (P1— P2 — 41R1 + A2Ry)
W Wo + 755 (P1 — P2 — 4Ry + 42R)
with R; andR, auxiliary functions:
Ry = X(Uo — Ug) + §(Vo — V1) + Z(Wo — W) (2.53)

Rz = X(Uo — U2) + ¥(Vo — V2) + Z(Wo — Wo).

The applied 12 lower indices denote variables defined from left and right
states, depending on the sign of the corresponding eigesval

Uo = %578 — sign(lo) 53>
U; = UL (2.54)
U, = Ug
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2.2.7 Higher-Order Interpolation

The applied CB method results in characteristic variabfg$i, ¢, W) re-
constructed on cell faces. In order to calculate these staacted "tilde"
values, we need the set of primitive variables @, vi, w;) for each eigen-
value ( = 0,1,2). Consider the relevant 1-D scentil presented by figure
2.3. Let us specify two states of the concerning intercedirabteristic
variables: left (L) and right (R) [2].

L R
~|
L [ ] [ L L
i-2 i-1 [ i+1 i+2
i—-1/2 i+1/2

Ficure 2.3: 1-D scentil used for higher-order interpolation (sohéc adapted from [2])

Utilising third-order reconstruction scheme, the cormsfping (L) and
(R) states on cell face ¢ 1/2) are defined as ([74, 75]):

5 1 1
ULiz12 = éui - éui—l + éUi+1, (2.55)
and c 1 1
Uri+1/2 = 6Ui+1 — éUi+2 + §Ui- (2.56)

These interpolation formulas are directly utilised to det@e the primi-
tive variables [, u, vi, w) for each of the eigenvalues € 0, 1, 2) of the
system. The selection of the left (L) or right (R) state valdepends on
the sign of the local intercell eigenvalue:

1 . .
Uiis2 = z[ (1 +sign())Uric12 + (1 = sign@))UL iz12|.  (2.57)
2
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2.2.8 Flux Differencing

During the numerical calculations, both viscous (V) aneiogll advec-
tive (1) fluxes were defined at the cell faces. Once the recocstd char-
acteristic variable§) are available, the concerning advective flux can be
determined ag&,i.1/2 = [E.(LNJ)]M/2 . According to the applied notation
schema, the inviscid intercell flux if direction was defined in the cell
center {, j, k) and calculated as [2]:

oE| (E|)i+%,j,k - (El)i—%,j,k

2.58
o AE (2.58)
with figure 2.4 illustrating the corresponding scentikidirection.
u
Ay\
/

g

Ficure 2.4: Scentil in£ direction

Concerning viscous fluxes (V) were computed using the seooter
centered approximation. Advective fluxes (I) were cal@dattilising the
reconstructed characteristic-based variables ([2]),loed with the third
order variables reconstruction ([74]), as discussedezarli



2.2 SrutioN ofF THE FLub FLow EqQuarions 72

2.2.9 Time Stepping

The integration in pseudo-time for the artificial comprbagy formu-
lation was performed using the fourth-order Runge-Kuttahoe (e.g.
,]). In order to simplify the formulas, the followingert-hand nota-
tion has been introduced:

03U, 9By OFy Gy 9B _9F 4G
ot = aE | am | ac  0E  on  a

RHS(U) = — +F (2.59)

With the introduced simplified notation, the basic equa@b is written
as:

% = RHS(U). (2.60)

Therefore, algorithm for the pseudo-time stepping is dsvid H]:
U]_ = Un
Uz = Up — 57(RHS(Uy))

Us = Up — 5(RHS(Uy))
Us = Up — 57(RHS(U3))

(2.61)

A
Unr = Un—é(RHS(U1)+2RHS(U2)+2RHS(U3)+RHS(U4)) (2.62)



2.3 SruTioN ofF EqQuarions FOR FLEXIBLE PoLYMERS 73

2.3 Solution of Equations for Flexible Polymers

Polymers with no secondary structure are usually flexibleé msemble
weak resistance upon external stretching forces.

A typical example of flexible macromolecules is single1sttad DNA.
Experimental observations of Smith and Bustamante saé&b‘ﬁp con-
firmed that single-stranded DNA's response to applieddimet) force is
negligible. The molecules can be extended almost to theiiocw lengths,
without considerable resistance against the stretchirog$o

Focusing on the numerical simulation of flexible molecutég, most
suitable mechanical representation is the bead-rod ateiotodel. Bead-
rod models describe the macromolecule as a series of sphpaticles
connected with non-extensible, freely rotating rods.

Beads act as force centers, but also serve as connectiots.p&nds
are connecting elements without any structure-specifentation. Their
bare purpose is to preserve the distance between two beau® tBese
molecules experience negligible forces resulting fromtiméecular struc-
ture,¢, non-hydrodynamic force is considered to be zero in beadvnod-
els.

2.3.1 Bead-Rod Model Equations

Modelling polymers as bead-rod structures however raisegia require-
ments concerning the numerical implementation of the mddedrder to
preserve the molecule structure dictated by the micrommechlamodel,
pre-defined lengths of the connecting rods must be mairdaine

|rn - rn—1| = ann-1, (2-63)
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with an -1 pre-defined rod length. The indexuns from the second bead
of the structure to the last one.

During the numerical calculations, nondimensional goveyequation
2.10 is integrated in time in order to determine bead vakxiand posi-
tions. It is important to emphasise that most of the relegaraintities are
nondimensional, except the particle magsand the necessary scaling fac-
tors,U andL. In the absence of non-hydrodynamic forﬁ analytical

integration of 2.10 results in the formula for bead veloaci ,E)]:

Vn(t + At) = u(rp) + (Vn(t) - u(rn)) expynAt) + O'VRv,n(At), (2.64)

with oy = Z%TEBLT ﬂa E)]. Having the formula for bead velocities in

hand, bead positions are obtained from analytical integraif 2.64 in the

form of , 50]:

Mt +At) = ru(t) + (va(t) — u(ry))
+U(rp)At + o xRy n(At), ’ (2.65)

(L= expyad) |

with o = / yfr'r‘iL ﬁ:F)@] Ry.n(At) and Ry ,(At) vectors of independent
random numbers drawn from Gaussian distributions with reean and

variances: ]
(Run(At)?) = (1 - exp(=2ynAt)) (2.66)
2ynU
(Ren(A)?) = L (2ynAt — expE2ynAt) + 4 explynAt) — 3).  (2.67)

2ynU
Basic equation 2|1 does not include rod length criteriaicitpl. There-
fore, bead positions 2.65 resulting from numerical intégreof 2.1 do not
necessarily satisfy rod length requirements.
In order to preserve dimensions of the molecule, rod lengthast be
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maintained explicitly. This is usually carried out by wdihg an additional
algorithm to adjust the calculated bead positions. Thesatll particle
corrector routine ensures that bead positions satisfyefairements re-
garding the molecule structure at the current time levelplisation of a

corrector stage results in a two-step, predictor-correstide algorithm.

2.3.2 Particle Corrector Method

The governing idea of particle corrector methods is theothiction of
artificial tension forces along the connecting elementsetpasition the
beads. Essentially, this approach can be interpreted agharmslodification

of basic equation 2.1:

d?r,,
dt?
with g, artificial constraint force arising from bond deviationdided as:

my =f,+ 0y, (2.68)

opn-1=(f—r-)*—a%,;  n=1.N, (2.69)

wherea, -1 is the pre-defined bond length. When length of tha (- 1)th
bond|r, — rn_1] is equal to the prescribed value, there is no constrainéforc
acting on the™ andn — 1" beads due to this bond.

The introduced constraint forces apparently modify thegessm equa-
tion 2.1 describing the behaviour of beads. However, thiéace materi-
alises only in the additional particle corrector step. Ef@re, application
of constraint forces does noffect the calculation of particle velocities
2.64 and positions 2.65 in the predictor step.

The dfect of artificial tension forces is considered in the cowestep,
where the calculated unconstrained particle velocitied positions are
modified to satisfy the geometrical constraints. This prdicorrector
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type approach leads to the following two step algorithm:

1. Calculater,’(t + At) unconstrained positions of beads from Eq. 2.65,
neglecting the fect of constraint forces.

2. Determine the correction vectafs,(t + At) and construct the con-
strained particle positiong,(t + At) = ry’(t + At) + orp(t + At)

Various approaches are available for the constructiontaf tmnstraint
force g,. Let us assume that each constraint force component actg alo
the rod connecting corresponding beads. Suppose thatriteerfaagnitude
Is proportional to the dierence between the prescribed and actual bond
lengths. Based on these assumptions, the general coh$traia acting
on then™ bead is written as [50]:

N

0o,

G == Ani (2.70)
i=1

whered,; parameters are proportional to the force magnit@ﬁ?,deter-
mines the orientation of individual constraint forces lagton beacd and
the sum runs for all bonds.

2.3.3 SHAKE Algorithm

In the widely used SHAKE particle corrector algorithitg; parameters are
treated as Lagrangian multipliers ([85]). Values of the daagian mul-
tipliers are determined by the requirement that the comedimg length
constraints in 2.69 are satisfied exactly on each time step.

Correction vectors are resulted from definition of the canst force
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2.70 and written a@S]:
2
Sta(t + At) = —A—t /1”.80”' , (2.71)
where ,
doni| 8([rn(t) - ri(H)]" - aﬁ.) 279
arn by arn(t) ' (2.72)

As|2.72 demonstrates, direction of constraint forces irSiHAKE patrticle
corrector is determined by bond orientations taken fronptiegious time
step.

Such definition of correction vectors is characteristic HABE algo-
rithm and forms a significant fflerence compared to a similar corrector
routine, FALCO. After substituting the constrained pdeticoordinates
evaluated at + At and rearranging the terms, the constraints equation 2.69
becomes

2(r" = 1i') - (8rn = 61i) + (Brn = 6r)2 = &2, — (ra— )%, (2.73)

Equations for correction vectors 2,71 and geometrical icaimgs 2.73
result in a system o — 1 quadratic equations fok,; values. In order to
avoid direct numerical solution of the resulting system ABIE particle
corrector employs an iterative solution of the followingdarised system
on each time step:

w2
20" = 1) - (or 0 —or,) = &% — (ra = 1))? = (or, I = or, 1Y), (2.74)

wherel — 1 upper index refers to available corrections calculateadgus
previous iteration step, ; (-1 values, and indekrefers to correction vectors
at the current iteration step The solution is |n|t|allseuhg/l° = 0. Once
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the iterations have converged, the resultingvalues are used to construct
the correction vectors 2.71.

2.3.4 FALCO Algorithm

SHAKE is widely used in Molecular Dynamics simulations. Hmwar, the
algorithm has a limited convergence range and may fail te@g@e when
the initial guess is far from the corrected particle positio

While this problem usually does not occur in Molecular Dymasim-
ulations, it has been previously observed in meta-modaelilsitions (see
for example]). The complications which arise from thweited conver-
gence range, namely the restrictions on the time step oéadgtcoupled
simulations prompted the development of the FALCO cormecto

In the FALCO (FAst Linear COrrector) particle corrector tharticle
positions are iteratively determined using the mass-weddeviation of
the current bond length from the prescribed one as follows:

€
2m,
min (M, My.1) DLﬂLi’lnﬂ’;ﬂ) : (2.75)

orat+ADD = (1min (my_y, my) DL ) -

n-1,n n-1,n

whereDL!"D denotes the elongation of the bond between partickesd

n—1 atl — 1 iteration given by:

OLD, = [+ o) = (408 —aran, (2.76)

with n{~D unit vector along the direction of the bond between pariole

andn-1 in thel-1™" iteration stepe € [0, 1] is the applied under-relaxation
factor.
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The relation of the FALCO corrector to SHAKE algorithm candse
tablished by considering an analogy with Hooke’s I@v [8@hvihe spring
constant proportional to the bond length elongation. Thegthen is pro-
portional to the bond elongation with the ¢eient of proportionalityl,,;
(2.70). If we definel,; to be proportional to the normalised bond elonga-
tion DLN,;

M _ €. min [T |
=5 | -or @77
_ _ 2
\/[(rn’ +or¢ 1)) - (ri '+ o1 1))] — an;
DLNy; = (2.78)

I o) = (e o)

and substitute this definition into the SHAKE correctiomholia 2.71, tak-
Ing into account the bond constraints updated on eachidarat

() 6([(rn’ +org D)= (ri’ + 6ri("1))]2 - aTZH)

tat a(rn /4 6rn("1))

ao-n,i
orn

. (2.79)

the FALCO update formula defined by 2.75 is resulted. As thenéda
illustrates, the FALCO algorithm updates the particle poss inside the
iteration loop.

This leads to the the direction vectors being updated on gaction
as opposed to using the previous time-step direction veahoEHAKE.
This results reduced sensitivity of the particle corretbaihe angular dis-
placements of the bonds.

Figure/ 2.5 demonstrates the construction of correctorovealefined
by SHAKE and FALCO. According to formula 2.72, orientatioh gy ™"
corrector vector of the SHAKE algorithm is defined by preddume-step
position vectorsi(t) andrj(t). Contrary to this practicegf ch corrector
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vector of the FALCO algorithm is constructed by the most ie@®sition
vectorsr;’(t+At) andr; ’(t+At) updated in each iteration step (see formula
2.79).

The proposed FALCO formulation does not involve numericiison
of second-order equations, which leads to reduced stoegarements
and increased computationdlieiency.

Although SHAKE and FALCO particle correctors are closelated to
each-other, dissimilarities of the numerical details lesgnificant diter-
ences in the behaviour and performance of the two methods.

SFLC Jos

2,1 \\‘
2o

: ~o 2 ~FLC
! N 3,2
Gz .7 T ) O

~

//fﬁ’(t+ A)

/

SHAKE: g, (T;(t)
FALCO: g, (r’(t+ At)

Ficure 2.5; Construction of corrector vectors with SHAKE and FALCO
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2.4 Solution of Equations for Elastic Polymers

Behaviour of macromolecules with strong secondary stracisi highly
influenced by inter-molecular forces arising from changesolecular
configuration. A typical example of macromolecules with siderable
secondary structure is the class of double-stranded DNAcn@ds.

Due to their unique biological role, these macromolecuée&heceived
exceptional scientific attention. According to the mechahimeasure-
ments of dsDNAs carried out by Smigh al. [58], the molecules resemble
structure-dependent restoring forces. Thea of the considered forces
can be observed when equilibrium configuration of the mdéaivio-
lated. This typically occurs when molecules of interest stretched by
external forces.

Considering the numerical simulation of elastic macromales, the
most accurate representation is the bead-spring model. mdohanical
model is constructed from a series of beads connected veigtyfrotating,
elastic bonds represented by springs. In such models, congelements
are beads, also serving as force centers. Purpose of thiecggprings
Is to model entropic elastic forces arising due to changdeseomolecule
structure.

2.4.1 Bead-Spring Model Equations

For the numerical calculation of bead velocities and possgj the nondi-
mensional governing equation 2.10 is integrated in timeng@tering the
effect of entropic forces arising due to the molecular strgtanalytical
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integration of 2.10 results the formula for bead velocity

Vh(t+ At) = u(ry) + (vn(t) —u(rp) — ﬁ) expynAt) +

n

n

Having the formula for bead velocities in hand, bead pos#tiare obtained
from analytical integration of 2.80 in the form of:

—+

¢\ (1 - expEynAt))
ra(t+At) = rp(t) + (vn(t) —u(ry) — —) y

+(u(rn) + ﬁ)At + oxRyn(At) , (2.81)

n

with the same notations as used for the bead-rod model egsatn equa-

tion2.80 and 2.81¢,, denotes the dimensionless non-hydrodynamic force

representing thefect of entropic elastic forces acting on bead

The overall nondimensional spring forge on bead results from the
contributions of the concerning springs- 1 andn connecting bead pairs
(n—=1,n) and f, n+1), respectively. Spring forces are calculated explicitly
Considering the bead-spring model of double-stranded B§ANg forces
are described by WLC-PET 1.12 force-extension law. For ke ®f the
numerical calculations, WLC-PET 1.12 forces were consibtescaled
with the relevant factok/m,U?:

¢y = — FWLC_PET(rn—l(t), M(t)) - N(n-1n +
+ FWLCPET(r (1), Foea(D) - N()nnsr. (2.82)

Here, FWLCPET(r 1 (1), rn(t)) denotes the dimensionless force magnitude
andn(t),-1» denotes the relevant unit direction vector.
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2.5 Implementation Details

This section is aimed to discuss technical details relewattte implemen-
tation of meta-models. The applied modelling method is tasethe dual
description of the fluid-solute system. Therefore, the migjof practical
guestions are related to general information transfer.

However, apart from technical details of the two-way dasasfer, re-
alistic simulation of the transported mechanical struedlarises questions
related to near-wall treatment.

2.5.1 Euler-Lagrange Coupling

The meta-modelling technique successfully merges tharaann-based
modelling of the solvent and the individual description loé transported
micromechanical structures. The applied dual descripticine solvent-
solute system facilitated the combination of the Euleriad hagrangian
description methods for the fluid phase and the transpottedtsres.

Figure 2.6 demonstrates momentary positions of a Lagrarggiacture
on the grid of Eulerian cells. Cells filled with dark grey cofalenote the
cell containing the studied particle.

During the meta-model calculations, properties and flowaldes of
the fluid phase are calculated on the fixed arrangement ofmmnng and
non-deforming elementary volumes called computationt$.cé&ressure
values, velocity components and material properties dreatein the cen-
ter of each computational cell. Therefore, calculated flanameters are
assigned to fixed points of the geometrical space. This kimdpresenta-
tion of physical phenomena is called Eulerian description.
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Moving Lagrangian Poaints Fixed Eulerian Grid

Ficure 2.6: Moving bead-rod structure and the fixed computatioats c

The considered micromechanical models are moving reladitiee Eu-
lerian cells. Parameters of the travelling structures aleuated concern-
ing the actual coordinates of the moving beads. Contrasithé Eulerian
approach, parameters of the individual structures are xad in the met-
ric space, but attached to the moving particles. This typs#estription is
called Lagrangian approach.

Dual treatment of the carrier fluid and the transported sotatjuires
two-way information exchange between the fixed Euleriafscatd the
moving structures. Information transfer from the fluid phé&s the struc-
tures is especially challenging, since particle coordisadb not necessarily
coincide with cell centers. Convective velocuyr,) of particlen at posi-
tion r, can be calculated utilising for example first order appration:

u(rn) = Up, (2.83)
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where p index denotes the cell containing the particle. Secon@toagp-
proximation of particle velocity utilises fluid velocitieefined at the cen-
ter of neighbouring cells termed as "donors". In such caseyective ve-

Ay

° )
particle "n"

®

. Yol
' Yo

Y %<

-

|

Ficure 2.7: Scentil for second order velocity approximation

locity of particlen at positionr,, is approximated as the weighted average
of the concerning cell velocities:

u(re) = > Wiy ug, (2.84)
d

with
Wiy = WzZg - Wyg - WXy . (2.85)

Here,wfy weighting factors are the products of linear functions it
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coordinates:

124 — Z|
WZ4 =
PARA|
g = |yd - yn|
IYa — Yql
WXq = Xa = Xl , (2.86)
|Xd = Xq

respectively. Here, indesl runs over all donor cells and corresponds
to the investigated particle. Indexalways denotes the concerning neigh-
bouring cell in the relevant spatial direction.

2.5.2 Force Transfer Method

As it has been mentioned earlier, the total force acting @h béaad is the
sum of a hydrodynamic force - Stokes drag - and a random forgmated
from the Brownian motion of solvent molecules. Both forogigresent the
Impact of the continuum phase exerted on the sphericatpesf interest.

According to Newton'’s third law, the force acting on eachdseasults
a counter-force acting on the fluid with the same magnitudkecaposing
direction. While the force experienced by individual besdsoint-like by
Its nature, the concerning counter-force projected bathkadluid phase is
distributed over the volume of surrounding cells.

From the total force acting on each particle, the additienaime force
in the momentum equation is calculated as:

F(1) == frocr—ro) (2.87)
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with 6. smoothed Dirac function of length scale. This function incorpo-
rates a division with the cell volume and therefore trans®the concern-
ing point-like forcef , into a volumetric force field. During the numerical

@, ¢

o {
1 2 3 4

|

current bead position

Ficure 2.8: Schematic figure of the transfer function

calculations, discretised version of the Dirac functiotnaduced by Zhu
and Peskin [87] is applied to facilitate force transfer te tiell centers.
Figure 2.8 demonstrates the involved cells and the appliedtion along
coordinatex. Definition of the discrete Dirac function is given as [87]:

_ (D(ch_xn)q)(ycc_yn)q)(zcc_zn) (2.88)
AXAyAz AX Ay Az

Oc(r—rp)

whereAx, Ay andAz are the dimensions of the actual cedls, Yoc andz.
are the corresponding cell center coordinates xa¢, andz, represent
the Cartesian coordinates of bead ® transfer function is defined as a
monotonically decreasing trigonometric relation with gofildistance. For
x spatial direction® is written as:

1 s (ch—xn) H (ch_xn)
(D(xcc— Xn) _ [ (1 cos(353e)) if g =2 (2.89)
AX 0 otherwise
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Transfer functions for thg andz spatial dimensions are constructed in the
same fashion, respectively.

2.5.3 Wall Treatment

Another important topic is the behaviour of particles admag towards
a solid wall. It may occur that the trajectony(t) — rn(t + At) carries
beadn across the boundary of the fluid domain. In reality, partdannot
penetrate solid obstacles, therefore such events musbimeavduring the
numerical calculations too.

Calculated particle position Bounced particle position
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Ficure 2.9: Schematic figure of wall bouncing

In the numerical implementation, we assume perfectly ielgstrticle
bounce-& from the wall. Calculated particle trajectories are combisly
monitored as time progresses. When a collision is foret¢hstjmpact
POSItioN r'pimpact and collision timeAtimpact is calculated in the first step.
As perfect elastic particle bounceéfs assumed, new particle velocity and
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position is calculated as follows:
Vh(t+ At) =v,—2(n-Vvy) - n (2.90)

wheren in the unit wall normal vector pointing outwards from the com
putational domain. Figure 2.9 demonstrates the elastiicfmbounce-€&
mechanism. The reflected particle positions normally dosadisfy the
length constraints 2.63. Therefore, particle correctigo@hm is applied
after the wall-bounce event to enforce these conditions.

2.5.4 Random Generator

Brownian motion occurs when fine scale behaviour of a miapscpar-
ticle in solvent is considered. The phenomenon can be obdenvcases
when the size of the investigated particle is several orideger than the
surrounding solvent molecules.

Brownian motion of a micro size particle is induced by cartiquid
molecules, randomly colliding against the consideredgartFigure 2.10
illustrates the collission of solvent molecules and theailtesy stochastic
motion of the transported particle. Every single collissiesults momen-

Ficure 2.10: Sketch of the Brownian motion of a microscopic pagticl
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tum exchange between the smaller solvent molecules andridper Iparti-
cle. Due to the high, but limited number of collisions, thé m®mentum
transferred to the particle per unit time will not be zeroisliesults in the
acceleration of the particle.

The final dfect is that the bigger particle immersed in liquid is sulgdct
to erratic motion, similar to thermal agitation. Althouglolacule collis-
sions are rapid and therefore time sales are very shorteghdting fine
scale motion of a larger immersed particle is a much slowecgss. The
investigated phenomenon describes longer time statatectarge number
of collissions.

Since rapid individual molecule collissions are stocltastatistical av-
erage of such spontaneous events also results random naotitonger
time scales. Thefect of solvent molecules stochastic motion on the im-
mersed particle is represented by the random force compe@néiin the
governing equations for the Langevin beads. The actiondi stochastic
force is modelled using a random number generator.

Numerical implementation of the random generator is baseti® po-
lar version of the Box-Muller transformatiomg, 89]. Thalgorithm pro-
vides transformation of numbers with normal distributiom® Gaussian
distributions. Pseudo-algorithm of the polar Box-Mullertsformation is
as follows:
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I Source: http://www.taygeta.com/random/gaussian.html
do

{

| Generate normal distribution random numbers
yl = 2.0 * rand() - 1.0
y2 = 2.0 * rand() - 1.0
I Calculate w
w = (yl*yl) + (y2*y2)
}
I Stability requirement
while (w .GE. 1.0)

w=sqgrt ( ( -2.0 * In(w) ) / w )

I Gaussian random numbers with 0 mean and variance 1.0
zl =yl *w

z2 =y2 *w

I Transform numbers into prescribed mean and variance

X = delta * z1 + mu

where %" is a random number possessing Gaussain distribution droun
"mu" mean and delta" variance.

Figure 2.11 shows the Gaussian distribution,@¥d0 000 samples with
zero mean and variance &= 10.0, generated with the polar Box-Muller
algorithm. In order to avoid numerical over- and undershpah upper
cutaf limit for the generated radom numbers is defined agJim 36 and
the lower limit of the values is defined as lyp = —30.



2.5 IMPLEMENTATION DETAILS 92

4000
3500

3000 / v
2500 / \‘
2000 f
.
1000 / \

500

Number of samples [-]

O coczaM
50 -40 -30 -20 -10 O 10 20 30 40 50
Deviation from mean value [-]

Ficure 2.11: Gaussian distribution of 1,000,000 samples gerwkrhte polar Box-Muller
method
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Model Verification Studies

In chapter 1, detailed investigation of the available miuiglapproaches
has been carried out. The study concluded that meta-moglédchnique
Is the most suitable numerical tool to describe processd®igonsidered
sensor device. In order to utilise the developed modelioad to support
engineering design, extensive verification and validatibthe method is
necessary.

This chapter is aimed to provide thorough validation of thieaduced
meta-modelling technique. During the investigations, reeseof numeri-
cal tests have been carried out to verify and validate spgudits of the
models, stand-alone algorithms and the overall modellp@ach. The
considered studies have been performed in a systematicovegstire con-
sistency.

94
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The performed investigations involved the verification ot bead-
rod and bead-spring structure models. During the bead-rodehtests,
numerical performance of the developed FALCO particleaxior method
has also been investigated. Results of the FALCO algorithie tbeen
compared against the widely used SHAKE method.
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3.1 \Verification of Bead-Rod Structure Models

This section is aimed to validate the developed FALCO plarttorrector
method [Eb] and verify its numerical implementation. Raeticorrector
methods are utilised when macromolecules are modeled b®ad-rod
mechanical structures.

In the considered meta-modelling technique, behavioueatlbrod struc-
tures is described by the Langevin equation 2.1. It is ingrdrto empha-
sise that basic equation 2.1 models the motion of microbaecisrding to
concerning macroscopic and microscopic forces. The Langsyuation
alone does not provide the description of the consideredomiechanical
structures.

Description of the bead-rod models requires constraingsdserve the
molecule structure. To this aim, particle corrector methack utilised.
Sole purpose of the applied particle corrector algorithrtoisnsure that
prescribed rod lengths are maintained during the numesicallations.

Let us consider particle corrector methods as stand-allyueidams.
Their objective is to re-position two points of the metriasp in such a
way, that the obtained new positions satisfy pre-definegtleoonstraints.

In order to validate the FALCO particle corrector and ilhase its su-
perior stability, two diferent tests have been performed. Initially, the vali-
dation of the algorithm is carried out for a rotating dumibbpebblem [91].
For this problem, the analytic solution is readily avaialdh this test case,
the mechanical model is forced to rotate by a steady vortex.

The second test case considers a more complicated scerfaao o
biomolecule transport in a lid-driven cavity flow. For théstbase, FALCO
results are compared with the results obtained with the SHAdl&rticle
corrector.
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3.1.1 Rotating Dumbbell Problem

Theorem of zero net hydrodynamic forJ:; [91] declares thiatian of an
asymmetric body about any axis going through its center dfdgynamic
torqueC results in zero net hydrodynamic force. Hydrodynamic terqu
centerC is defined as a point where the torqlie vanishes in case of
placing a fixed dumbbell into a uniform homogeneous veloogig.

Ficure 3.1: Schematic of the rotating dumbbell problem

Consider an asymmetric dumbbell in a fixed vortex with anigugdoc-
ity w about an axis passing through(Figure/ 3.1). The generated flow
field imposes bead 1 and 2 to move through the surroundinguiitidve-
locities u; andu, respectively. Due to the motion, the beads experience
Stokes drag forces

Fi = —67T7]biui, = 1,2 (3.1)

acting through their centers. Hergdenotes the dynamic viscosity ahd
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Is the concerning bead radius. The velocities are given by
U = w X I'cij, | = 1,2 (32)

with total force
F = —671770) X (b1r01 + bzrcz) . (33)

The location of the hydrodynamic torque centers calculated from the
following relation

b
el = —b—zrcz. (34)
1

Substitution of this relation into the formula for the totaice 3.3 leads to
F = 0, in accordance with the general theorem.

An initially resting dumbbell placed into a steady vortexosh start
rotating around its hydrodynamic torque cer@erAngular velocity of the
structure should gradually increase until reaching the flelocity. The
steady state is reached when the angular velocity of the Qalinimatches
the rotational velocity of the generating flow.

The simulation of this problem validates the implementabbthe rigid
bond constraint. In the absence of the bond constraint, fdrags would
result in spiral particle pathlines. Furthermore, incetest or biased par-
ticle corrector algorithm would result in distorted pakitrajectories.

To verify the FALCO algorithm, the accelerating dumbbebiplem has
been computed for the beads with the radius ratfd, = 2.0 and constant
density coresponding to bead mass ratiarefm; = 8.0. The angular
velocity of the clockwise rotating vortex was set t®.1The bond length
was equal to @. The bead orbits determined by 627 time steps formed
two concentric circles (Figure 3.2).

The integration error for the time step af = 0.01 lead to the orbit
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Freure 3.2: Calculated trajectories of the rotating dumbbell Isead

displacement of 1% after a complete circle. Figure 3.3 shibwslevia-
tion of the calculated bond length from the exact value, radised by the
prescribed bond lengti{N;,). While FALCO proven to be stable during
this test, we were unable to perform the same study using SHédtrec-
tor, even if the time step was reduced by 7 orders of magnituedelting
At =107,

3.1.2 Comparison of SHAKE versus FALCO

In order to demonstrate the stability of the new correctothoe, numer-
ical simulation of an ssDNA strand is performed in a squadedhiven
cavity flow. Using the bead-rod model, the ssDNA segmentpsasented
by 3 beads connected with rigid and freely rotating rods.utatons were
performed for two diterent values of the time step with both the SHAKE
and the FALCO patrticle correctors.
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Ficure 3.3: Normalised bond length deviation from the prescribechobell length

At time t = 0 the ssDNA strand was injected into a developed micro-
cavity flow with the Reynolds number of 10 based on the cawiptdL
and lid velocityU. The ssDNA was aligned vertically, downwards from
the starting point oky = 0.5,yy = 0.2.

Since the primary aim of the test case was to evaluate thesogence
range of the algorithm, the force exerted on the fluid flow g/ $sDNA
was neglected in order to simplify the problem. Estimate$opmed for
the conditions indicate that this external forcé)iélo4 - 107) smaller than
the convective and viscous terms.

The stochastic Brownian force acting on the beads of the arecal
model (see, for examplQAlS]) was neglected in order tolerditect com-
parison of the results obtained withfidirent particle correctors. Consid-
ering motion of the investigated Brownian particles in flatdroom tem-
perature, stochastic forces @5(106) smaller compared to viscous drag
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Ficure 3.4: ssDNA positions obtained with FALCQ@t = 0.01

forces.
Under these assumptions the equations determining th@motithe

beads without constraint forces reduce to

d?r,,

dt?

m, = 6rnb, (V(r,) —u,) n=121.3 (3.5)

The corresponding length constraints are given by
|rn - rn+1| = Ann+l - (3-6)

The density of the beads, bond lengths and bead radii weseneiot
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from the experimental data published by Totheval. ﬁ;2], which yields
the following bead parameters normalised by the fluid dgns#ét room
temperature and the cavity depthloE 1um

p13=122-10% by 3=39-103 ap=a,;3=83-10°  (3.7)

The flow was computed on a uniform orthogonal grid comprigidg
64 computational cells. The force acting on the ssDNA beaas @b-
tained based on the volume-averaged flow velocity in theesponding
flow cell. No-slip boundary conditions were imposed on thétgawvalls.
The computations were performed with = 0.05 andAt = 0.01.
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Fieure 3.5: Average dference between SHAKE and FALCO particle positiofs= 0.01

Initial simulations were performed using the small timgosié = 0.01.
The simulations ran for 10000 time steps. Figure 3.4 shoegdrticle
positions obtained with the FALCO particle corrector. Hoss are dis-
played withét = 0.2 sampling frequency, up to the time step 1200. Figure



3.1 VEeriricaTioN OF BEAD-ROD SrrucTURE M ODELS 103

shows the averagefiirence between the bead positions obtained with
both correctors defined as:

3

1 | .
D = 3 Z |rSHake ™ MraLcol (3.8)
=
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Ficure 3.6: Average bond length deviation during SHAK&,= 0.05

Here the data is shown prior to the first collision with theicaovall.
After the collision, the particle starts to rotate and therage deviation
increases. This can be expected since FALCO updates thaidime in
the correction process and SHAKE does not, hence the rogtrootion
would have a significantfBect on the results. However prior to the wall
collision and the fast spinning of the particle it initiatébe diference
between the results obtained with the SHAKE and the FALCQexbors
was negligible.

When the time step was increased\to= 0.05, the simulation using the
SHAKE corrector diverged after 145 steps whereas the stmualasing
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Ficure 3.7: Average angular displacement during SHAKE = 0.05

the FALCO corrector completed successfully. The resuééarty demon-
strate that the time step magnitude has an impact on thditstaifithe
SHAKE corrector.

A possible explanation which can be proposed is based oratéfat
the SHAKE corrector utilises previous time step bond diced. As a
result, it is sensitive to the angular displacement of thedso The combi-
nation of angular deflections and large deviations from tlesqribed bond
length leads to the divergence of the particle corrector.

The validity of this hypothesis can be demonstrated by amnadythe
evolution of the initial guess for the particle correctohelquality of the
initial guess can be quantified using the average deviatidheouncon-
strained bond length from the prescribed bond length

1
= E ('aggc a]_2| + |a§g°— 323') (39)
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and the average angular displacement given by

Aa = % (@12 + a23) (3.10)
wherea1, andas,s denote the angles between the bond orientation at time
levelt andt + At for bonds 12 and 23 respectively.

Figures 3.6 and 3.7 show the evolutiond and A« for the SHAKE
corrector simulation witlAt = 0.05. As the simulation progresses, the
initial guess gets worse for both measures. Both measucesaise when
the SHAKE simulation diverges with the average angularateun equal
to 283 and the average bond length deviation equal. 8®%. However,
whereas for the average angular deviation the divergenoegmresponds
to a maximum, the same is not true for the average bond leraytlatbn.

Figures 3.8 and 3.9 show the evolution/af and Aa measures for the
FALCO corrector simulation witlA\t = 0.05. Figure 3.8 indicates that
during the FALCO corrector rumyd reaches the value of22% which is
higher than the value @fd at SHAKE's divergence point. The periodically
occurring peaks of thad measure clearly indicate the wall bounce events
as the structure approaches the upper (moving) wall of thgycas the
figure suggests, the studied structure completes 6 fullesirduring the
2000 time steps.

During the FALCO simulationAa reaches the value of 1¥ at time
step 134, which overshoots the critical value concerninBHAKE'’s di-
vergence point.

The results indicate that it is possible to obtain a conwrgmution
with the FALCO corrector even when the initial guess is muabrse
(Aapaco = 16.3°) than that leading to the breakdown of SHAKE
(AarsHake= 2.83°).
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Ficure 3.8: Average bond length deviation during FALCAY,= 0.05
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Ficure 3.9: Average angular displacement during FALQ®= 0.05
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3.2 Verification of the Bead-Spring Model

Equation 2.80 and 2.81 describes dynamic behaviour of larglecules
modeled as microscopic multi-spring mechanical systertis @amping.

In order to verify the numerical model of such a multi-springchan-
ical system, dynamic simulation of a simple mechanical rhbde been
carried out. The investigated model consisted of two beadsected with
a single spring. The performed numerical study considdreddlaxation
of this linearly elastic structure from the extended state.

The elastic dumbbell was considered to be symmetric, simeddeads
attached to the ends of the spring possessed the same massdarsd
Initially, the spring was extended from its resting lengtidahe beads
were held in place by anchors. The simulation started, wheratchors
were released and the structure was allowed to relax in wssfioid.

Numerical simulation of this dumbell relaxation study wasnpared
against the analytical solution of the problem. The calootes were car-
ried out considering both over-damped and critically dagnparmonic
systems, relevant to realistic DNA models. Mathematicatiehaf the
investigated one-dimensional harmonic spring problens i®bows:

d*x, dx,

W + rT’h)/n— —+ kX = O (311)

Th at

with the concerning initial conditions¢ (tg) = —L, Xo(to) = +L, va(tp) = 0
andvx(tp) = 0.

The studied harmonic system is considered to be over-darﬂ@iﬁé(ﬂ‘
myy2 — 4k > 0 and critically damped [93] ifnyy2 — 4k = 0. During the
numerical studies, bead masses were sgtte m, = 7.196807x 103 kg
and the damping factors were setigy; = My, = 1.69668x 101 Ns/m.
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Initial position of the beads wag = —1 m, x, = +1 m. Two cases, over-
damped and critically damped - with spring fogentsk = (myy2)/4 =
0.5 and 10 N/m - were investigated, respectively.
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Ficure 3.10: Position and velocity of bead "2" over time;&k5 N'm
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Ficure 3.11: Position and velocity of bead "2" over time; k0 N'm

First, the over-damped case with= 0.5 N/m have been investigated.
Figure 3.10 shows the position and velocity of bead "2", ltesyifrom the
analytical solution of 3.11 ([93]) and numerical calcubais utilising 2.80



3.2 VERIFICATION OF THE BEAD-SPRING M ODEL 109

and 2.81. Figure 3.11 shows the same results for the chtidaimped
case, withk = 1.0 N/m.

During the calculations, maximum relative deviation beswé¢he ana-
lytical and numerical solution for bead positions waB82% fork = 0.5
and 004% for thek = 1.0 case. Maximum relative velocity fierences
between the analytical and numerical solutions we@3% fork = 0.5
and 007% for thek = 1.0 case.
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Simulation of DNA Mechanical Behaviour

The considered meta-modelling approach was developedsitride the
microscale behaviour of large molecules. The previous@egrovided
detailed verification of the applied numerical techniqued algorithms.
Based on the results of the verification studies, the impigetemodelling
tool has proven to be stabldfieient and reliable.

Having the numerics verified, validation of the modellingpegach can
be carried out. The goal of the validation studies is to destraie the abil-
ity of the modelling approach to capture and describe trevagit physical
phenomenon with required accuracy. Validation of the modgemethod
has been carried out by comparing numerical simulationltesigainst
available experimental data.
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This section presents the performed numerical studies lidava the
modelling approach. The tests were targeted to descrilliethetmacro-
scopic transport phenomenon and the related micromedidebaviour
of the considered molecule structures. During the perfdretedies, macro-
molecules have been represented as bead-rod and beagl-sjpuictures,
depending on the nature of the investigated problem.
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4.1 Experimental Validation of the Bead-Rod Model

The numerical studies in the previous section providednskte verifica-
tion and detailed analysis of the applied particle cornestethod. Based
on these studies, the considered FALCO algorithm has primvba an ef-
ficient and reliable method to preserve the structure of {sedanicrome-
chanical models. Having a verified particle corrector indhasalidation of
the modelling approach has to be carried out.

This section is aimed to demonstrate that the meta-modedioproach
Is an accurate and reliable numerical tool to describe Hresport of indi-
vidual macromolecules. During this study, macromolectapsesented as
bead-rod structures have been considered. Numericalatimulesults of
the investigated transport phenomenon have been compgaetsaavail-
able experimental data.

Focusing on the transport of macromolecules, Setial. M] car-
ried out detailed experimental studies. During their itigagions, the
transport of double-stranded DNA molecules in pressureedmicro- and
nanoflows has been observed using fluorescence microscopy.

The investigated-DNA molecules have been labelled with fluorescent
dyes and individual molecules have been imaged by epiflaeree mi-
croscopy. Trajectories of the molecule’s center-of-mas&lbeen recon-
structed by tracking the labeled DNA over a series of imagés. experi-
mental data was recorded with 5 Hz frequency, resulting plaitats in ev-
ery 02s @l]. Ensemble average velocity of a small number of muéec
was calculated analysing the recorded images.

During the experiments, high aspect ratio rectangularauitannel had
been used. Width of the channel was= 50um, channel height wag, =
0.25um and the length walg = 4 mm. The flowing solution was aqueous
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buffer, containing extremely low number of labeled DNA molesule

In the channel, constant flow rate was maintained by appliedspire
gradient, resulting steady Poisseuille flow. The apphgu = 1.44 x
10-% Pa/m pressure dierence resulted parabolic profile with maximum of
Umax = 10.7 um/s across the channel height. In the transverse directien, th
flow was plug-like across the width, decreasing sharply iwithdistance
of h; at the near-wall region.

The flowing fluid was aqueous fiar with dynamic viscosity ofy =
1.05x 1072 Pas and density of = 103 kg/m?® [@f]. Kinematic viscosity of
the solution was' = 1.05x 10°°m?/s. Based on the maximum velocity
Umax and the channel height, the calculated Reynolds number was-Re
2.54x 107,

The experiments have been carried out using #BpA-DNA molecules,
with L, = 22um contour length. The observed DNA molecules resem-
bled random coil configurations with the concerning equiilitm coil size
Ry = 0.73um [94]. The resulting Weissenberg number was below 5,
which is the critical value for molecular elongation to s{@4]. The ap-
plied steady Poisseuille flow did not impose stretching eftiiansported
molecules [94]. Therefore, no entropic elastic behaviduthe dsDNA
molecules was expected.

Considering the channel heightlaf = 0.25um, the investigated DNA
molecules have been strongly confineéd € R;). Due to the intense con-
finement and the absence of strong velocity gradients, thebooational
changes of the macromolecules were insignificant duringrémsport pro-
cessE§4].

In the numerical simulation, DNA molecules have been regmes] as
bead-rod structures. Although the studied molecules weubld-stranded
DNA molecules, the applied flow conditions resulted in nettning of
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Ficure 4.1; Sketch of the microchannel and the confinddNA

the macromolecules [94]. Consistently, the elastic bgmaohg model was
irrelevant to the investigated problem.

Parameters of the considered bead-rod structure have le¢éemahed
from real data. Rod lengths have been determined based peitsistence
length A, of a stained DNA, resulting a segment lengthaot= 21, =
2x 67.15nm= 1343 nm. This way, the considered macromolecule has
been represented by 165 beads connected with 164 rodsctigsfye

Bead radii have been determined considering the drafiicieat of a
coiled molecule, calculated from the Einstein relation,[69]. This re-
sulted equal bead radii &f = 10.225nm. Molecule mass of a 48kbp
A-DNA is approximatelympya = 5.81 x 1072%kg [42]. The molecular
mass has been distributed equally along the beads, withuéiingsbead
mass ofm = 3.52x 10722kg.

The numerical calculation has been carried out in a threeedsional
channel geometry. According to the experimental condst{®d], a parabolic
velocity profile along the channel height was prescribetairilet. Along
the channel width, the flow field was considered to be plug-likt the
outlet, the fluid was considered to enter into a constarggune reservoir.
Here, constant pressure was prescribed as the boundamicorhd fluid
velocities were extrapolated from the computational domai
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Considering Stein 's opinion regarding the preferred jpas$of macro-
molecules in pressure-driven flows [94], the DNA model haanfaitially
placed to the half channel height at the inlet, resemblingoan coil con-
formation. Position and velocity of the structure was cltad in each
step withAt = 2.33x 107°s real time step size.
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Ficure 4.2: Experimental and calculated velocity and displacémen

Figure 4.2 demonstrates the experimentally observed achilbulated
velocity components and displacements of the moleculgitecef-mass.
The experimental data shows significant fluctuations in B@thdz veloc-
ity components. Contrary to this behaviour, the fluctuaionthe calcu-
lated velocity components are much weaker. A possible aeggilen of this
effect may be the lack of correlation between the random Brawfaieces
acting on individual beads in the model.

Considering the streamwisg)(component of the center-of-mass veloc-
ity vy, the numerical calculation slightly over-predicted th@e&xmental
mean value. In accordance, the simulated streamwise d&spkent con-
sistently over-predicted the measured value. The cakdiftansversez|
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velocity component, resembled the same zero mean value as the mea-
sured one, with weaker fluctuations compared to the measiatad The
resulting transverse displacements are therefore stighdam the experi-
mental values.

The transport phenomenon has been investigated in confireethels.
According to Steiret al’s work [94], majority of the molecules favours
the middle region of the channel height. Consistently, tidADnodel
has been initially positioned to the middle of the channes tAe bead-
rod model travelled towards the outlet, the structure stagehe middle
region of the channel height, in accordance to S¢tial. [@f].

However, Steiret al. also argued that a small number of molecules
may occur away from the channel mid-pla@ [94]. During thégrened
experimentsy position of the molecules along the channel height was not
registered. Itis possible, that some of the tracked moésduhve randomly
drifted away from the middle region of the channel, enterimnig a zone
with relatively lower convective velocity. This is a podsilexplanation
of the slight deviation between the calculated and expearially observed
streamwise velocity.
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4.2 Experimental Validation of the Bead-Spring Model

Having the bead-spring mechanical model verified (seeme8), investi-
gation of the relaxation dynamics of real DNA molecules hesrcarried
out. The performed numerical calculations were aimed twatd the in-
troduced model against experimental data resulting framglsimolecule
experiments of Perkinst al. ([EZ]).

In their experiments, Perkinst al. studied the relaxation of single
DNA molecules by optical microscopy. During the investigas, op-
tically trapped DNA molecules were stretched to full extensoy fluid
flow. After stopping the fluid flow, the molecules were allowedelax in
the resting fluid.

Relaxation of the stained DNA molecules was recorded by
video-enhanced fluorescence microscopy and the visibigtHeof the
molecules was measured for every frame. The experiments garied
out for long :; = 39.1um), medium {; = 21.1um) and short i, =
7.7 um) molecules.

During the DNA relaxation simulations, the molecules weredeled
as bead-spring structures consisting 38, 21 and 8 beadssesying long,
medium and short DNA chains, respectively. The elastic elgmwere
considered to consume 10 Kuhn steps and resembled nonlinear
force-elongation behaviour described by the WLC-PET lai21.

The mass of the beads was determined by uniformly distngutne
concerning molecular mass over the beads of the structusad Badii
were calculated from the Batchelor formulQ[QS]). Therefanass of a
single bead wasy;) = 3.61x 107! kg in the largemy,) = 3.52x 107 kg in
the medium andng) = 3.37x 107! kg in the short DNA chain model. Bead
radii werebgy) = 3.47x 1078 m, bz = 3.61x 108 m andb = 3.88x 108
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m for the diferent chain models, respectively.

During the numerical calculations, equation 2.80and|2.8% wiilised
to describe the dynamic behaviour of the models. Figuredd3lad shows
the upper and lower bound of the experimental results reddoy Perkins
et al. [62] for the long (. = 39.1um) and mediumI(. = 21.1um) DNA
chains, along with the simulated relaxation curve.

Figure 4.5 demonstrates the same data, relevant to the @hor
7.7um) molecules. The figures demonstrate good agreement of e Si
ulated relaxation curves with the experimental data.

WLC-PET

0O Experimental

Ficure 4.3: Relaxation of DNA molecule with contour length of 3@uh
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Ficure 4.5: Relaxation of DNA molecule with contour length of 7w
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4.3 Relaxation and Stretching of dsDNA Molecules

This section is devoted to the investigation of the micronagical be-
haviour and motion of dsDNA molecules in fluid flow. Resultslué per-
formed numerical simulations have been compared agailestrd exper-
imental data.

Based on the comparison of calculated and experimentalpsored
behaviour of the molecules, a novel correction to the aldstice acting
on dsDNA segments has been suggested. The corrected &dastictfers
significant improvement in the prediction of dsDNA lengthcomparison
with published models.

The simulation results indicate that the dynamic elastapprties of
dsDNA may diter from those determined from static measurements. The
analysis of contributions to the overall force acting ondeBNA molecules
demonstrates that the experimentally observed dynamasDNA exten-
sion was dominated by the hydrodynamic drag force.

The simulations reported in this section follow the expemtal results
obtained by Wongt al. [@], who conducted studies of dsDNA relaxation
in no-flow conditions and dsDNA stretching using hydrodymafcus-
ing. In their experiments, 164 kbp T2 DNA stained with YOYQd¢e
were used, and the highest reported Deborah number was g0l
The staining changed the contour length of the dsDNA moéscidom
~ 56um to ~ 71um and the persistence length from.48m to 6715 nm
(7).

Following the coarse-graining considerations of Larsﬂ, a sin-
gle spring of our DNA model represented 10 Kuhn steps of thkeoode.
Therefore, bead-spring models containing 54 beads and fi&yspvere
used to describe the T2 DNA molecules. The total mass wagmmmiy
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distributed along the beads, resulting in bead mass©f3.6384 1072 kg.
Drag codficient of the molecule was approximated by Batchelor’s fdeamu
([@]), which resulted the hydrodynamic bead radius,pf 3.37-108m.
The results of the performed initial simulations suggestext both
the standard WLC and WLC-PET forces lead to over-prediaioglastic
forces in the high stretch regime and under-prediction afds in the low
stretch regime of the DNA relaxation process. Hence an satjugersion
WLC-PET was proposed to counterbalance theékets as follows

0.5%)
FWLC—PETA — 8 . 05 _ ( . FWLC—PET 4.1
(0.5+ 0.5%) (4.1)
The suggested correction for the DNA relaxation and stretcls evalu-
ated for a single experimental setup reported by Weairgj. ].

4.3.1 Relaxation of dsDNA in Free Solution

In Wonget al.’s experiment, the T2 DNA molecules were initially stretdhe
by the stream-wise velocity gradient generated by hydradya focusing.
After the flow was stopped, the DNA molecules were allowedetax
freely in the resting bilier solution with viscosity ofy = 21.5 cP.

It is important to note at this stage that experimental dooas in this
relaxation study diered from previous experiments (e.g[[62]), where
molecules were attached to fixed latex microspheres by oteesulting
In constrained dynamics of the relaxation process.

The initial condition for the relaxation simulations caapended to a
resting state with end-to-end distancexgt. = 0.8, digitised from the
experimental data. The chain was then allowed to relaxyfrigetesting
buffer solution,

The relaxation process started with a short, sub-continsgale
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(~ 10712s) transient phase. This period was dominated by elasties$or
since drag forces acting on the initially resting beads wegligible. In
this transient phase, bead velocities increased rapidiytrag in suticient
drag to balance the action of spring forces.

0.014 o WLC drag
£ WLC spring

v WLC-PET drag
g — —  WLC-PET spring
0.008 =% o WLC-PETA drag
; WLC-PETA spring

log F (pN)
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Ficure 4.6: Average drag and spring forces during relaxation

As bead velocities reached their peak, the transient phaisédid and
the relaxation process advanced into the quasi-balancaseplit subse-
guent stages, dynamics of the relaxation process was gavé&snmainly
drag and elastic forces, with slight perturbations due tm\Brian dfects.

Figure 4.6 illustrates average spring and drag forces lzdtmliin the
guasi-balanced phase of the simulations. The averagestalae in the
ensemble represented by all beads and springs in all dsDNAcnies.
The computed ratio of the magnitude of the Brownian fagde the drag
force in these simulations w@;(lcrl).
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Ficure 4.7: dsDNA length during relaxation

Both WLC and WLC-PET models lead to a significant decreashef t
average elastic force with time. After an initial period~of80 s, the mag-
nitude of the drag force exceeded the magnitude of the sfoog, result-
Ing in acceleration of the beads. This process cannot baedmes to be
guasi-static. By comparison, the adjusted WLC-PETA atdstice lead to
a lower spring force and similar drag force for the entireadion of the
relaxation process.

The comparison between computational results and expetaingata
of [96] for the dsDNA molecules length is presented in Figli'e. Here,
the error bars on the experimental data represent the icariag¢tween dif-
ferent dsDNA molecules. The proposed elastic force yiektteb agree-
ment with the experimental data, particularly at the ladgss of the relax-
ation process.
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Further, the dsDNA relaxation time was computed foIIowi@][by
fitting the square of the calculated end-to-end distagde

i(t) = Aex{~t/r1) + B, (4.2)

taking into account only the data points corresponding(tb < 0.3.
The relaxation time obtained with the WLC-PETA force was agio
14.84 s, which provided the closest fit to the experimental iegiax time
of 15.0s. Simulations utilising WLC and WLC-PET yielded relaati
times of 2398 s and 367 s, respectively.

A possible explanation of the obtained results can be pealitione
recalls that the experiments by Sméhal. @ 59] were performed under
static conditions. These measurements resulted in thefatatae derived

fits of the elastic force given by equations 1.10 and 1.12.

The observed dlierence between the simulated and experimental relax-
ation curves for the dynamic process and improvement cidawith the
modified elastic force may suggest that elastic forces tiagurom static
measurements do not provide an adequate description oytfadc phe-
nomena.

In order to verify this hypothesis, the computations of tiéADstretch-
ing in a highly non-uniform flow field were conducted. UnmoelifiWwLC
elastic forces are excluded from further discussion asehelts obtained
with this force for the dsDNA relaxation process demonstrigast
favourable comparison with the experiment.

4.3.2 Extension of dsDNA via Hydrodynamic Focusing

In the experimental dsDNA extension study by Wat@l. [96], a dSDNA-
laden stream was constrained and stretched by two focusieanss in a
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converging channel (Figure 4.8).
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Ficure 4.8: Fluid streamlines in the focusing device

As the DNA stream reached the focusing section, the uppetcavet
sheath flows merged into it, forcing the transported DNAs @tarrow
region at the centreline. In this region, the molecules weeqgosed to
a strong streamwise velocity gradient. The strain rate veasralled by
adjusting the flow rates of the focusing side streams.

The viscosity of the fluid was equal tol¥ cP, the flow rate of the DNA
solution was equal to.Bulmin~t and the corresponding Deborah number
was~ 0.8. The case presented in this section corresponds to the Istta
e = 1.006 s, which resulted from the sheath flow rate of@il min~t in
the focusing streams.

Initially the fully developed 2-D flow field was computed, tegeam-
lines of the developed fluid flow in the focusing device arasiltated on

figure/4.8.
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Ficure 4.9: Velocity contours and dsDNA pathlines

The baseline grid in these simulations comprised 20x5& delithe
main inlet, 40x70 cells in the sheath inlets and 100x17&arlthe main
channel. The grid convergence was ascertained by doulblengumber of
grid cells which lead to the average relative velocitffetence of 078%
and 058% in the first and second refining stage, respectively. €lagive
velocity differences were calculated along the centreline of the exiensi
region spanning between= 1000um andx = 1500um.

Once the developed flow has been obtained, dsDNA simulai@ns
conducted using both standard and adjusted WLC-PET moole&Ofds-
DNAs released dt= 0 in the upstream section of the middle inlet.

The release points were uniformly distributed across tlaochl width.
Figure 4.9 shows the focusing section with contours oftrelocity com-
ponent and computed pathlines of the centres of mass of 5@dndl
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dsDNA molecule models. The dsDNA molecules essentiallp¥ofluid
streamlines, which is in good qualitative agreement witbtpgraphs of
the dsDNA concentration reported by Woetgal. [96].
dsDNA elastic forces obtained with WLC-PET and WLC-PETA mod

els have been compared with the experimental data in Figafe &imi-
larly to the approach taken in the experimental study, tmeikition results
were averaged for dsDNA molecules located close to the elargrof the
focusing channel in the region of minimal shear stress. Tiwog bar on the
experimental data represents the variation between ohavimolecules.

o Experiment
- — — = WLC-PET
WLC-PETA

X(pm)

Ficure 4.10: dsDNA length during extension

Good agreement is obtained with both elastic forces at tHg si@ages
of the stretching process & 1.155s). At this stage the elongation is rel-
atively small k < 25um) and the molecules undergéiine deformation
with the extension following the fluid stretch.
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At later times { > 1.15s) of the process, the standard WLC-PET model
deviated significantly from the experimental results. famiendency was
previously reported b 98] and [99] for Brownian Dynasisim-
ulations performed in extensional flows at low Deborah nun{be =
2.0). By comparison, the proposed WLC-PETA model demonstrgted
agreement with the experimental data at the later stagelseoflsDNA
stretching process as well. For the overall process, theageerelative
difference between the experimental mean values and the ¢attalA
stretch was @74%.
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Ficure 4.11: Average drag and spring forces during extension

Figure/4.11 illustrates average drag and elastic forcesgaoh beads
of the dsDNA model in the hydrodynamic extension processhétarly
stage { < 1.15s), the two models predicted almost identical molecule
end-to-end distances, however the WLC-PET model lead terlemerage
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elastic forces. This is in agreement with the behaviour nleskat late
times of the relaxation process.

In comparison with the modified WLC-PETA, the original WLEP
model lead to systematically lower values of drag, howelerditference
between the drag forces is relatively small. The overshbthe experi-
mental data obtained with WLC-PET is thus due to faster dsBNétch-
ing arising from lower elastic forces. It is also worth ngtimat the results
suggest that the dsDNA extension process is dominated byrégeforce
for the whole duration of the simulation.

The developed meta-model has proven to be a valuable tothd¢an-
vestigation of dsDNA dynamics in the fluid flow. The result$asbed with
conventional elastic force models demonstrate reasocabiparison with
the experiment.

However, the proposed modification for the elastic forfers signifi-
cant improvement for both dsDNA relaxation process undefiow con-
ditions and dsDNA extension in a complex flow field. Invediigraof the
relative impact of forces acting on dsDNA molecules led taghggestion
that the hydrodynamic drag force dominates the dsDNA extansocess
in the hydrodynamic focusing experiments of Waeial. ﬁ;6].
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Conclusions

The work completed in this thesis considered the numericaleting of
microscale processes. Motivated by a joint research catiparfunded
by the European Commission, a novel modelling approach bas de-
veloped. The developed modelling tool was designed to gdeoan ac-
curate description of the macroscopic transport and theomiechanical
behaviour of large molecules, such as DNA.

In the frame of this Ph.D. work, systematic verification of @pplied
numerical methods and thorough validation of the modelpgroach
have been carried out. During cooperative research witlpitbject part-
ners, the developed novel modelling tool has been sucdlssfilised to
simulate DNA transport and mechanical behaviour in micanciels.
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5.1 Conclusions of the Research

A novel modelling approach was formulated to provide an eateude-
scription of phenomenon occurring on microscopic lengthtane scales.
The developed meta-modelling method successfully mehgesantinuum-
based model of the solvent and the more sophisticated, mexbanical
structure-based description of the transported macramal@s. The intro-
duced modelling technique is especially advantageous)witdecules of
interest are several orders of magnitude larger than thesbbnes and
the solution is dilute.

The approach can be related to the Brownian Dynamics mesiock
both utilise the Langevin equation to describe fine scalepimenon. How-
ever, the proposed meta-modelling method features signifatfferences
compared to the Brownian Dynamics technique. While nuraéiim-
plementation of the BD method neglects inertia terms of thadevin
equation, the meta-model calculations account for thesdiandtects.
Due to the implicit solvent concept of the Brownian Dynanmmesthod,
the concerning fluid fluid phase is not modeled. Contrary te $trat-
egy, continuum-level description of the solvent is proddyy the meta-
modelling technique. Simplifications of the BD method lisnils applica-
bility, especially when complex and unsteady flow fields amesidered.

Macromolecules exhibiting no elastic behaviour under tkiergcondi-
tions can be represented with bead-rod structure models.b€&haviour
of such bead-rod micromechanical structures can be deskutilising a
two-step, predictor-corrector type solution algorithnonSidering the typ-
ical time steps involved in meta-model simulations, the 8HAmethod
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developed for Molecular Dynamics calculations has prowebd indfi-
cient. The limitations on time step size arising from theited conver-
gence range of SHAKE initiated the formulation of a new éetcorrec-
tor method. Based on the results of the performed numerssts t the
FALCO particle corrector developed in this Ph.D. work hasven to be a
reliable and robust algorithm. Comparison of SHAKE and FALClearly
demonstrated that FALCO resulted converged solution, edem the ini-
tial guess for the particle positions was much worse thaactitieal, which
led to the breakdown of SHAKE.

Evaluation of the bead-rod model against experimental dataaled
that calculated streamwise velocity of the center-of-negghtly over-
predicted the experimentally measured value. This dewiatiowever,
might have been resulted from DNA molecules randomly dagftaway
from the high convective velocity region in the middle of tfennel, dur-
ing the experiments. Also, the calculated random Browniaisenwas
weaker than the experimentally observed values in botlasingese and
cross-stream directions.

Micromechanical behaviour of large molecules resembliigppic elas-
ticity can be described by the bead-spring structure modalising the
PET transformation provided by Underhill and Do[72] arahsider-
ing the coarse-graining guidelines of Lars [73], beaglkgpmechan-
ical structures resembling consistent force-elongatiehalwiour can be
constructed. Systematically derived models provide ateudescription
of the experimentally observed elastic behaviour, praviteat entropic
forces have been measured under the same conditions asnsidered
experiment. However, in cases when conditions of the inyastd prob-
lem differ significantly from the conditions of the force-elongatexperi-
ments, suitable adjustment of the measured spring forcescisssary.
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Such situations have been extensively investigated wHaratton of
an extended dsDNA in free solution and extension of DNA males via
hydrodynamic focusing has been considered. During thesbest un-
constrained free dynamics of the considered dsDNA molsdues been
investigated numerically. Relaxation simulations basetboce-extension
laws resulting from static experiments predicted fastertraztion of the
molecule for large extensions and slower relaxation dynarar small ex-
tensions. The proposed correction of the elastic forcadtesssignificant
improvement in the determination of dsDNA length in comgani with
published models. Detailed analysis of the forces dematestrthat the
first half of the relaxation process was governed by the goasince of
elastic and hydrodynamic drag forces, while the seconddfidlife process
was characterised by the slight dominance of the drag forces

The performed hydrodynamic extension studies resultedagind-
ings in regard to the calculated dsDNA lengths. In the edadyges of the
process, the molecular extension followed the fluid stretotrefore good
agreement with the experimental results was obtained fibrthe standard
and the adjusted force models. At the later stages of thegxie process,
molecule extension calculated by the standard force maeleatéd sig-
nificantly from the experimental values, while the adjusfecte model
demonstrated excellent agreement with the measured datastigation
of the forces demonstrated the dominance of hydrodynanaig thrces
during the majority of the extension process. Considerioidp bhe relax-
ation and extension studies, the proposed adjustment afléséic force
resulted significant improvement in the calculation of dg{dBingths.
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5.2 Future Work

The presented mesoscale modelling approach carries sajttifpotential
to become the major simulation tool for mesoscale phenomeRorther
development of the method will enable the description oftipllysics
mesoscale processes relevant to individual macromokecule

The modelling tool has been successfully applied to dematesthe ca-
pabilities to model polymer migration phenomenon, conameSdfman
lift force and Faxen drag correction. However, validatidrihe@ migration
model was impossible, due to the lack of available expertaiefata.

The numerical approach provides the ability to consideratt®on of
additional forces on the beads of the relevant micromeclaamnodels.
Depending on the investigated physical phenomenon, fileeteof elec-
trostatic forces, magnetic forces and other external fielushe tracked
macromolecule structures can be modeled.

As a further development possibility, mesoscale modelhhigiochem-
ical reactions, such as DNA hybridisation and protein bgdieactions
can also be investigated.
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