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ABSTRACT

Segura, Rodrigo. M. S., Universitat der Bundeswehr Migmchl6.06.2014. Thermo-
Liquid Crystal (TLC) Thermography and Astigmatism Pagidlracking Velocimetry
(APTV) for the simultaneous time-resolved 3D measuremehtsicroscopic temper-
ature and velocity flow fields. Professor: Christian J. kahl

The ever accelerating state of technology has powered aeasing interest in heat
transfer solutions and process engineering innovatiotteimicrofluidics domain, many
of which require reliable temperature flow diagnostic téeghas. Thermo-liquid crys-
tal (TLC) thermography has been a widely accepted and coymmed technique for
the measurement of temperature fields in macroscopic flomgh&more, its combina-
tion with optical velocimetry techniques, such as Partiglage Velocimetry (PIV), has
provided a means to simultaneously characterize macrastwep-dimensional (2D) tem-
perature and velocity flow fields. Unfortunately, howevke state of technology has not
allowed for this task to be carried out in microscopic flowsw.seeding density, volume
illumination, and low TLC particle image quality at high nmafications present unsur-
passed challenges to its application to three-dimensitma$ with microscopic dimen-
sions. In the following chapters, a combination of cuttidgetechnology is presented as
a means to accomplish precisely this objective: to simelasly measure time-resolved
3D temperature and velocity fields in microscopic flows wherdti-camera methods
and light sheets are not possible. The process of achiekiagydal happened in three
phases: 1. TLC thermography had to be improved and adaptie fooint where the
temperature of individual particles could be evaluated taacked over time. An emul-
sion of TLC micro spheres (with a narrow size distributior ar encapsulation) was
manufactured to improve the image quality of TLC particlad a multi-variable cali-
bration approach, applied to a mathematically optimalalde space, was developed to
improve the estimation of temperature from color informati 2. Astigmatism Particle
Tracking Velocimetry (APTV) was developed to preciselydt&particles in a flow vol-
ume and track their displacement in three dimensions (3D)I't8 the signal-to-noise
ratio (SNR) of TLC images had to be improved enough for thdiegon of defocusing
techniques, such as APTV, which encode the third comporfethieqparticles’ position
in their images’ geometry. A state-of-the-art balancetitligpurce which combines the
light spectrum of multiple light pipes was used instead @f tonventional high power
flash lamps and a circular polarization filter was designezkfdoit the optical properties
of chiral nematic polymers. This combination made it pdestb boost the SNR just
enough for the combination of TLC thermography and APTV takvd-inally, a proof-
of-concept experiment was performed in a simple microscipiv example, and the 3D
displacement of TLC particles was tracked simultaneously their temperature. More
complex applications were not possible due to current teldgical hardware limitations
but the capability and potential of the measurement tectenigas clearly demonstrated.



ABSTRACT / KURZFASSUNG

KURZFASSUNG

Der standig andauernde technische Fortschritt fuhrt gneBh der Mikrostromung
zu einer steigenden Nachfrage von Warmetransportl@ungd Prozessoptimierungen,
die zuverlassige Messmethoden fur Temperatur und $ingsfeld erfordern. Thermo-
liquid crystal (TLC)-Thermographie ist eine weithin akiepe und haufig verwendete
Technik zur Messung von Temperaturfeldern in makroskbgiscStromungen. In Kom-
bination mit optischer Geschwindigkeitsmesstechnik, Réaticle Image Velocimetry
(PIV), kann gleichzeitig sowohl die Temperatur als auchSti®mungsgeschwindigkeit
fur makroskopische zweidimensionale (2D) Stromungisfelbestimmt werden. Lei-
der erlaubt der Stand der Technik aber nicht, dass dieseddethuf mikroskopische
Stromungen ubertragen werden kann. Niedrige Partigleldj Volumenbeleuchtung und
die schlechte Qualitat der TLC-Partikelbilder bei groRergrofRerungen fihren zu uniiber-
windbaren Herausforderungen bei der Anwendung auf dreid&ionale Stromungen
mit mikroskopischen Dimensionen. In den folgenden Kapitgird eine Kombination
verschiedener Neuentwicklungen vorgestellt, die sichagetiesen Herausforderungen
stellt: Das 3D-Temperaturfeld sowie das Geschwindigi@dsiner Mikrostromung sollen
zeitaufgeldst vermessen werden, ohne auf Mehrkamesamgstider Lichtschnittverfahren
aus der makroskopischen Stromungsmesstechnik zugitdgrzu konnen. Dieses Ziel
wurde in drei Phasen erreicht: 1. TLC Thermographie mugstiengert und angepasst
werden, so dass die Temperatur der einzelnen Partikel\wesge und Uiber die Zeit ver-
folgt werden konnte. Eine Losung von TLC Mikro-Partikemi{einer engen GroflRenver-
teilung und ohne Verkapselung) wurde benutzt, um die Biditht der TLC Partikel
zu verbessern. Durch eine mehrdimensionale Kalibrierumgseoptimierten Parameter-
raums war es moglich, die Temperaturbestimmung aus dbirffarmation zu verbessern.
2. Astigmatismus Particle Tracking Velocimetry (APTV) wlerentwickelt, um die Par-
tikel im Stromungsvolumen genau zu lokalisieren und d&®@nwegung in drei Dimensio-
nen (3D) zu folgen. 3. Das Signal-zu-Rausch-VerhaltniSRpder TLC-Partikelbilder
musste soweit verbessert werden, dass es fur defokusseeMethode, wie APTV, an-
wendbar ist, da sich die dritte Raumkoordinate in der FormRaatikelbilder verbirgt.
Anstelle einer einzelnen konventionellen Hochleistutiggdhmpe wurden die Spektren
verschiedener geregelter Lichtquellen Uber Lichtwédier kombiniert. Mittels eines
zirkularen Polarisationsfilters konnten die optischereBighaften der chiralen nematis-
chen Polymere ausgewertet werden. Diese Kombination ma&shinoglich, das Signal-
zu-Rausch-Verhaltnis gerade so weit zu steigern, dasgleiiehzeitige Anwendung von
TLC-Thermografie und APTV mdoglich war. Somit konnte scRlieh ein Demonstra-
tionsexperiment am Beispiel einer einfachen mikroskdm@scStromung durchgefiihrt
werden. Die 3D-Verschiebung der TLC-Partikel wurde dalicgzeitig mit ihrer Tem-
peratur verfolgt. Komplexere Anwendungen waren aufgrueidatktuellen technologis-
chen Hardware-Einschrankungen noch nicht moglich. Behrkonnten die Fahigkeit
und das Potenzial der Messtechnik demonstriert werden.



1. Introduction

1.1. Purpose

Flow diagnostic experimental techniques have been thesubf extensive research for
more than one hundred years. To this day, there exist wilbkshed methods to recon-
struct two-dimensional (2D) and three-dimensional (30peity and temperature fields
in macroscopic flows. When geometries and test sectionskstwimicroscopic dimen-
sions, however, challenges arise that make the simultaneelocity and temperature
reconstruction of 2D and 3D flows a cumbersome task. The garpbthis research is
to develop a reliable calibrated measurement method tolsimaously reconstruct the
temperature and velocity fields of microscopic flows. A measient approach that uses
individual non-encapsulated thermochromic liquid criy6t& C) micro particles was de-
veloped to track their temperature, as well as their 3D nmaip means of Astigmatism
Particle Tracking Velocimetry (APTV).

1.2. Motivation and Background

Heat transfer problems are commonplace in modern sciertemgineering and their
solutions have led to a long list of technological developtae many of which have
played a major role in transportation, communicationssoamer electronics and personal
computing, amongst many other areas that affect our livdssaniety. Today, with the
strong downward trend in the size of electronic componentgndto micro and nano
scales, combined with the upward trend in their heat tolmratemand, innovations in
heat transfer solutions become more and more relevant.riixg@eatal techniques used to
solve heat transfer problems have played an essentiahrofedierstanding a myriad of the
physical phenomena that occur in its many applications. ilyer of these applications
involve fluids, which are naturally dynamic, whose constaasformation and motion
can be used to optimize heat transfer processes. Theréfersuccessful design and
optimization of such heat transfer processes requiresmigttbe precise reconstruction
of the flow temperature, but also its velocity field.

1.2.1. Thermochromic Liquid Crystal (TLC) Thermography

A substantial amount of research has been carried out oedash century to develop
experimental methods that can accomplish precisely treses in macroscopic flows.
Point-wise measurements, such as hot- and cold-wire anetnpms well as mounted
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thermocouples, continue to be used in the macroscopic doto&valuate the flow tem-
perature at individual points. However, their implemeiotatn microscopic experimental
arrangements is virtually impossible on top of the incomsentruth of their being intru-
sive diagnostic techniques that alter the flow in question.

On the other hand, optical methods have also been the focasa$t accumulation
of research over many decades, yielding useful qualitap@roaches such as flow vi-
sualization 1 1987), as well as robust and prenise-intrusive methods that
allow for instantaneous 2D measurements like surface teatyre measurements with a
pyrometer or an infrared (IR) digital camefa (Michalski Et2001, Chung et . 2003).
Furthermore, the fast technological evolution of recemiades has brought along better
and faster camera sensors, which combined with powerfbot Bgurces, gave birth to
optical flow diagnostic techniques that are far better gufite microfluidics than intru-
sive point-wise approaches and provide instantaneous 8B Rrcharacterizations of the
flow. One common way to estimate temperatures by means aabptiethods is the use
of laser induced fluorescence (LIF) or luminescence. Thesiphyprinciple is that the
fluorescence intensity of a dye dissolved in the fluid charsgea function of tempera-
ture. In order to decrease the uncertainty due to illumimatiariations, ratiometric LIF
uses the signals of two different dyes, where only one etehébiemperature dependence
(Coppeta & Rogels 190B. Sakakibara & AdHan 1999, PD04, Saree ai[ 2005). The
development of the LIF technique up to this point, howewelies on the use of a laser
sheet that illuminates a planar section of the flow which istrigial to produce in an
experimental setup with microscopic dimensions. For th&son, micro optical flow di-
agnostic techniques use volume illumination which meaas tthe measurement signal
is integrated over the entire flow volume. In microfluidicewever, flow fields are most
often fully three-dimensional and in many instances inelsttong gradients. Hence, a
temperature measurement approach that does not integrats dghe flow volume, such
as the tracking of individual patrticles, is preferahle. ®gmet al.[(2009) and Someya
et al. (201[1) used a high speed camera to measure the 2Dtyelndi temperature fields
using particles, labeled with a temperature dependentlopfiore, and evaluating their
luminescence’s lifetime. Only recently, Vogt & Stephani2Pshowed results of an ex-
periment where particles were labeled with two dyes. Thppmed higher uncertainties
compared to dissolved dyes but proved that the techniquksweing averages over in-
terrogation windows. Nevertheless, two-dye particle lialges not currently a common
procedure, thus making the particles very expensive.

Another way to determine the temperature is to evaluate theBan motion of parti-
cles [(Hohreiter et 8. 2002). The major drawback of this metis that in order to be able
to reliably measure Brownian motion, the particles havegwéry small, thus substan-
tially decreasing their signal. Furthermore, their sizgrithution must be very narrow and
the viscosity of the fluid should not change if a consistelatienship between Brown-
ian motion and temperature is to be established. On top of tdmy time-averaged
measurements are possible. Besides these techniqued;digiatal thermography has
received great attention over the last several decadesodigedapability to quickly re-
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construct temperature fields in surfaces and flow planaestve$. TLCs are substances
whose molecular structure has both solid and liquid proggrihence the name liquid
crystal, that change their color as a function of tempeealEergasdh 1966, Adams et al.
[1969] Parslély 1991, Oswald & Pierafiski 2405, $agel2011)r Tke as a thermal diag-
nostic tool is commonplace in the heat transfer and fluid dyosresearch communities.
Today, TLCs have a broad range of applications including flimwalization|(Smith et al.
[2001 | Dabiri & Gharih 1991), microfluidics thermal mappif@hé [ 1998),
heat transfer design for electronic componehts (Barin&,189ar & FarinH 1997), and
medical applicationd (Stasiek etlal. 20006, Bharara lét @#8pamong others. An exten-
sive account of most, if not all, of the research in the fieldlb€ thermography has been
reported in a number of review articles over the last two des Baughh 1995, Roberts
& East 1996, Wozniak et al. 1996, Behle eft al. 1996, Stasi€k 1Stasiek & Kowalewski
2002 Stasiek et 1. 2006, Dabiri 2009, Nastrek PD10, At all 2010, Salje 2d11).
They thoroughly describe and discuss most of the availéieleature, dating back to the
1800's, on several subjects that concern this technique asd¢he motivations for its
development, properties of TLCs, colorimetry, imagingmeeercial availability, time
response, calibration, uncertainty analysis, hysteresid applications, among others.
Several studies have been performed using TLCs in thin fiaisare applied to surfaces
to measure their temperatufe (Akino ef{al. 1989, Fhrinal]Sabatino et al. 2000) and
the concept has even been extended to the microscopic devithithe aim of measur-
ing two-dimensional temperature fields or point-wise ageraeat transfer coefficients in
the walls of micro tubes and channels (Hohmann & Sth,Mﬂwanga & Hassan
[2006H,h, 2007, Chin etlal. 2002). All the experimental tissported in the aforemen-
tioned literature were obtained by illuminating the TLC evél with high-power flash
lamps. Table 1 df Dablri'd (2009) review specifically lisketillumination source types
used in most of these experiments. Unfortunately, the kgleictrum generated by the
light bulbs or tubes in such flash-lamps is far from unifornad aisplays one or a few
narrow peaks in the visible spectrum. This means that someshaf visible wavelengths
will be scattered with substantially less intensity thameotbands, hence making the de-
tected color patterns weaker.

Over the years, many calibration methods have been engimhégextract the temper-
ature from the color of TLCs. Section 4[of Behle €}t al.’s (jaﬁd Smith et dl. i izob 1)
articles, Section 5 of Dabliri -9) review, and Sectiaf@bdullah et al.’s|[(2010) re-
port provide a thorough account of the various attempts tiope this task over the last
two decades. Rao & Zahl (2010). Bednarz ét al. (2010), Culetia] {201P), and Se-
gura et al.[(2013) are some of the latest reports of novehtqaks and ideas on this topic
that are not covered in the earlier reviews. The generaletenydover the last decades
has been to use the temperature-hue relationship of TLCAitwate the digital images,
where hue is a parameter, derived from the Red, Blue and GR®B) signals of the
color camera’s digital sensors, that represents a colafesaad will be defined in more
detail in Chapter 212. On the other hand, multi-variablécation approaches using the
color images’ hue (H), saturation (S), and intensity (I)édalso been studied, since the
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S and | signals also contain valuable information that peagsibstantial role in relating
the TLCs' temperature to the color of their digital imadesji§awa & Hashizunle 2001,
[Segura et al. 2013). Fujisawa & Hashizlime (2001) performsttidy of synthetic data,
using a multi-variable calibration approach, and repoutgckrtainty values of.06 Kin a
range of 23 K (2.6 %) for two-dimensional interrogation windows. Fujisawale(2005)
later reported uncertainty values ofl8 K, using a stereoscopic setup, on TLCs with a
temperature response range (& R (5.7 %), using a similar approach. It should be noted,
however, that even though the HSI color space has been tisfdrenation of choice for
most research groups using this measurement techniqeadt the only means of inter-
preting color of digital images in order to extract their fmature information. Roesgen
& Totaro ) proposed a statistical calibration apphotiat uses proper orthogonal
decomposition (POD) to transform the raw RGB digital imag&adnto a fully decorre-
lated variable space with the potential of providing a steeglibration curve that yields
a lower uncertainty for a one- or two-variable calibration.

1.2.2. TLC Thermography Combined With Particle Image
Velocimetry (PIV)

The principle of the technique has also been combined wittidRalmage Velocimetry
PIV) to simultaneously measure temperature and velogtgidi(Dabiri & Gharih 1991,
0) in two dimensions. PIV is a measurement tqohnised to reconstruct
instantaneous 2D velocity flow fieI007)vda1|y simple terms, it works
by seeding the flow with tracer particles, illuminating arnaaregion of it, recording
digital image pairs of the illuminated tracers (separatgdatknown time delay), and
cross-correlating them to get a grid of velocity vectord tiepresent the mean velocity
over the corresponding flow sections. Sihce Santiago et (@1998) introduction of a
PIV system for microfluidics, this method has become a magov fliagnostics tool for
microfluidic devices used in a myriad of science and engingeaipplications. For a
comprehensive explanation and discussioruBiVV and is applications, the reader its
referred to the most recent reviews on this measuremermitﬂw&

[Lee & Kim[2009] Wereley & Meinhdft 2010, Williams et/al. 2010)

Several researchers have used the combination of TLC tlyzaply and PIV over
the last two decades and their contributions are summagmrddabulated in Table 1 of
[Dabirl’s (2009) review and Tables 2.1 and 2.4 of Nadardk (3 dissertation. Today,
the technique continues to evolve into better and more effidemperature and veloc-
ity measurement methods. It is worth noting that in ordeiiutaneously measure the
flow temperature and velocity, researchers have seededthe/ith solutions containing
microencapsulated TLC material, as well as other traceighes that are better suited for
PIV cross-correlation, due to the low image quality of theCTparticles. Up to this day,
all of the reports on this flow diagnostics technique are éhaseacquiring color images of
flows, with high concentrations of TLC material, and recamnding planar temperature

fields. Extensions of this principle like scanning methdglgisawa & Funatafhi 2000, Fu-
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jisawa et al. 200% i al. 2001), stereoscapic (Famia& Fujisawa 2002, Fujisawa
et al[ 2004 2005), and tomographic arrangements (Mistail 2000 1. 2003)
have also been used to reconstruct average 3D temperatlkelacity flow fields. All
of these measurements rely on the concept of breaking tbeicwhges into sections and
evaluating the mean temperature of the flow in each sectivan Ehough sophisticated
methods have been successfully employed to extract the tesgoerature of the flow by
evaluating these so-called interrogation windows, thelmi®n of such measurements
is limited by the size of the windows and the reconstructibtemperature gradients is
necessarily biased when using this approach. Furthermdgren the flow volumes are
reduced to microscopic dimensions, the measurement panaclhanges and, for one,
the use of a light sheet is not possible thus introducingterdtias in the measurement
of flows that contain a temperature gradient in the depthctioe. Secondary flows,
commonly encountered in micro channel geometries, po$ieesfeatures that are com-
pletely hidden to two-dimensional measurements with veliilmmination (Rossi et al.
). On the other hand, as explained in Cierpka & Kahled2)'s review, seeding
concentration tends to be lower in microfluidics experiraeamid correlation methods
become less reliable while the individual tracking of paets would be a convenient so-
lution to avoid bias errors. Moreover, if the TLC particleswld have a narrow size
distribution and produce a high signal-to-noise (SNR)oradiefocusing methods, such
as astigmatism particle tracking velocimetry (APTV) cobklused to track their motion
in three dimensions as well as their temperatlire (Cierplal] 8010] 2011a). To this
day, however, the application of TLC thermography, combinéth particle velocime-
try, to three-dimensional micro flows presents currentlgurpassed challenges caused
by sparse seeding density, volume illumination, and lowiglarimage quality at high
magnifications. Even thou @001) also usedvtbege temperature over
sections to reconstruct the flow’s two-dimensional temipeesfield, they reported uncer-
tainty figures for the temperature estimation of individpaiticles ranging from around 5
% to 20 % over a temperature span d K using a neural network calibration approach.
They used micro-encapsulated TLCs manufactured by Hatl¢(BM40C26W20) with a
useful temperature response range approximately betwiand®29C. Due to the high
uncertainty in the temperature measurement of individaaligles, they calculated the
mean temperature over interrogation windows o&32 pixel and obtained lower error
values of 2- 8 %. This reduction in uncertainty, however, comes at theesp of a lower
spatial resolution due to the averaging over interrogationiows.| Basson & Pottebalim
(2012), recently reported temperature measurements irce rohannel using individ-
ual encapsulated TLC particles. They demonstrate infageatlvantages provided by
an innovative circularly polarized illumination system imicro-encapsulated TLCs also
manufactured by Hallcrest (NSL33R35C5 W), yielding averagcertainties of 2 K
over a temperature range between33énd 437 °C (16 %). These uncertainty levels
remain too high for a reliable temperature field reconsioancbut can be brought down
by improving the images of the TLC particles.
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1.3. Approach

An experimental method, comprised of a combination of ngtédge technology, is pre-
sented to generate high quality color images of non-entatesLTLCs, which allow for
their individual tracking in order to perform time-resotvmeasurements of 3D tempera-
ture and velocity fields in microscopic flows where multi-eammethods and light sheets
are not an option.

An emulsion of TLC micro spheres without encapsulation wasiafactured by Shi-
rasu Porous Glass (SPG) membrane emulsification, a te@hitiqi allows for the pro-
duction of particles with narrow size distributions (Jdgne & TragardH 20d0). Addi-
tionally, a state-of-the-art white light source, whichyides a more homogeneous illumi-
nation spectrum than those produced by high power flash langssused in combination
with a circular polarization filter that exploits the optipaoperties of chiral nematic poly-
mers, to boost the SNR of the particle images. This incremmeBNR not only enhances
the temperature estimation of the TLC particles from thelocbut also allows for the
implementation of defocusing methods to encode the destitigo of the particles in the
geometry of their images.

Astigmatism Particle Tracking Velocimetry (APTV), is suahdefocusing technique
where the optical symmetry of the imaging system is brokeh wicylindrical lens, and
particles are projected as ellipses on the camera sensawjiraj for an unambiguous
determination of their depth position in the flow volume frtime shape of their elliptical
images. The main reason this technique was developed avéadtfive years is its ease
of implementation to microfluidics experiments with a saagptical access to the flow.

A multi-variable calibration approach was also developdguich makes use of all three
RGB color components to compute an optimally decorrelagethile space that can be
used to find a robust calibration function to extract tempeeainformation from the
particle images’ color, as opposed to the commonly used Femeperature relationship.

Finally, the TLC thermography method was combined with APaN a proof-of-
concept experiment was performed, where the displacenm@&ihi®particles is tracked in
3D while their temperature is also being measured. More ¢axgpplications were not
possible due to current technological hardware limitatibuat the capability and potential
of the measurement technique is clearly demonstrated.




2. Fundamentals

2.1. Thermochromic Liquid Crystals (TLCs)

Thermocromic liquid crystals (TLCs) are fluids that refledffedent colors as a func-
tion of their temperature. They belong to a more general ni@htelass, referred to, by
[Brostow (199D) anld Mitchéll (2004), as liquid crystal (L@lpmers that are neither com-
pletely liquids nor solids. Instead, these polymers existri intermediate material phase
in which they can flow but also exhibit long-range order iattions between molecules
as well as crystalline structures. This state provides ger@ant combination of physical
properties where the material mechanically behaves lilkguédl but exhibits the optical
characteristics of a crystal. LCs consist of cigar-shapetkaules and exist in different
phases, reviewed and explained in detail by Ferddson |(106#Brostol[(1990), with
particular molecular arrangements.

-

i

Figure 2.1.: Liquid crystals in their nematic phase. Theeuuoles float freely, with their
long axes parallel to each other, with no apparent orderny@riag scheme.







2.1. Thermochromic Liquid Crystals (TLCs)

All phases of LCs have in common that their molecules are simarallel to each
other. The average orientation of the molecules’ long agdsown as the ’director’,
which is responsible for their anisotropic behavior. Bysatiopic it is meant that the
index of refraction of LCs, as well as their dielectric camdf is not constant and varies
as a function of the polarization orientation and propagatirection of the light that
travels through them. The 'nematic’ phase of LCs happenswhe only long-range
order exhibited by the material is the alignment of moleswiéth the director. In other
words, nematic LCs consist of free floating molecules whosg laxes are parallel to
each other as shown in Figure 2.1. The 'smectic’ phase e=hgiditional degrees of
long-range order. Molecules in smectic LCs, aside fromdpaiigned to a director, have
their centers fixed in equidistant planes, forming plangeis as shown in Figufe 2.2a.
Moreover, the smectic phase can have further degrees ofrtorge order where the
molecules lie in organized two-dimensional lattices (Féj@.2b) or the layers are not
perpendicular to the director. The third phase, in which Fleist, is called 'cholesteric’
or 'chiral nematic’. Its name accounts for the fact that isgesses a molecular structure
commonly found in materials that contain cholesterol. Males in cholesteric LCs,
like those in smectic LCs, are arranged in layers with treiglaxes aligned parallel to
each other. In the cholesteric phase, however, the layensaaallel to the director which
rotates from layer to layer by approximately 15 arc-minufssing a continuous rotation
of the molecules along a helical path, as schematically shiavFigure’ 2.3[(Fergasbn
). The meticulously ordered molecular structure ofiesteric LCs grants them
unique optical properties, tabulated and thoroughly dised by Fergasbhn (1966), Parkley
(1991) and Sage (2011). The relevant characteristics,lyn@sponsible for their visible
change in color as a function of temperature, are summasgédallows:

e Cholesteric LCs are birefringent materials, meaning theirtindex of refraction
changes as a function of polarization orientation and gyapan direction. Fur-
thermore, unlike nematic and smectic LCs, they are opyiaadigative; linearly
polarized light that travels through cholesteric LCs eiqrares an index of refrac-
tion, n, in the range between,j, andnnax Which correspond to the cases when
polarization orientation is perpendicular and paralleéh® director, respectively.

e As explained by Fergasoh (1964), cholesteric LCs are eseoptically active
materials that rotate the polarization plane of incidemtdirly polarized light at a
rate as high as 1800° per millimeter.

e Cholesteric LCs are circularly dichroic and selectivelyle®t circularly polar-
ized light whose polarization chirality matches that of ti@s director’s rotation
1). The reflected circularly polarized ligh& isroduct of constructive
interference between reflected light waves from differeaterular layers, analo-

gous to Bragg reflections inside a solid crystal (Colley 18@%ersl 2000). This
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Figure 2.3.: Liquid crystals in their cholesteric phase.eTholecules are arranged in
layers with their long axes aligned parallel to each othée director of the
layers rotates from one layer to the next causing a contsuatation of the

1 molecules along a helical path.



2.2. Colorimetry in digital photography of TLCs

reflected light exhibits a maximum intensity at a specific @amgth s
),

Nmin + N,
Amax = pw (2.1)

that is also the center of the narrow reflection bandwidthg&sol 1966),
0A = P(Nmin — Nmax) (2.2)

wherep, defined by de Vriéd (1951) as the pitch, is the distance reqdor the

director of molecular layers to rotate 360

e As explained by de Vrié$ (1951) (note that he uses a stati@ardinate system
when evaluating rotation chirality), type 'dextro’ matgs, as are TLCs, do not
invert the chirality of circularly polarized light upon refition from molecular lay-
ers. This is due to the fact that when polarized light trates one layer to the
next, the angle between its polarization plane and thetdiret the layer changes.
This relative rotation causes one orthogonal componentefetectric vector to
experience a higher index of refraction while the otheragtinal component nec-
essarily experiences a lower one. Consequently, only otieeé components will
experience a phase shift, thus inverting the reflected'digtitcular polarization
chirality, which is normally opposite to that of the incidevave.

e The pitch, p, of TLCs exhibits an inversely proportional relationshiptémpera-
ture. Ergo, as temperature rises the reflected wavelength 82, shifts to shorter
wavelengths and the TLCs appear to gradually change cotoossthe visible
spectrum from red to blue.

The different material phases of LCs have been a commondudfjeesearch over the
last century and there are a myriad of scientific reports eir tholecular characteristics
and properties. Several models, outside the scope of tiy,shave been proposed to
quantify their optical behavior as well as experimentahdatvalidate them. For further
information, the reader is referred to previous reporthimrhatter|(Oseén 1933, de Vfies
1951, Feriasﬂn 1966, Adams ellal. 1969, Berreman & Schedzd , Melamed &
Rubin 1971, Dreher & Mei&r 19711, 1973, Gleeson & Coles Il & van Da ,
Abbate et dl. 2007, Chen & Yih 2012).

D

2.2. Colorimetry in digital photography of TLCs
TLCs reflect selective wavelength ranges as a function af thmperature, which makes

them a potentially useful instrument to measure the tentyperaf their surrounding
medium, granted that a reliable relationship can be estadii between their color and
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their temperature. This invites the question of how colaneasured and/or interpreted,
which is addressed thoroughly in the colorimetry (scieniceotor) literature. Newton
was the first to break white light into its colored componargig a prism, which led to
the understanding, years later, that colors corresponifeveht wavelengths of electro-
magnetic radiation. Ing stated, in the third higpsis of his lecture on the
theory of light and colors, that "the sensation of differeolours depends on the different
frequency of vibrations, excited by light in the retina” ,daproposes that the retina can
separately detect intensities of three principal waveternmnds which, compounded,
produce the human interpretation of color. However, it $thdxe noted that this was
merely a suggestion, without physiological evidence, aad mot experimentally shown
until the 1960s, WhI 64) 964) presd evidence of the
three types of cone photodetector cells present in humasy ej@ng with their respec-
tive sensitivities in the red, green and blue spectral rari@@wn & Waldl 1964, Wald
[1964). 1N 1855 Maxwell was the first to report an experimeqtalitative method for
creating any variety of visible color by combining coloréght of three primary colors.
This procedure was then quantified in the late 1920s (Wrigﬁgﬂi;hl Guild 1931), and
resulted in the RGB and XYZ mathematical colorimetric stadg of the Commission
International de Eclairage (CIE) of 1931 (Smith & Guild 1980, Fairman et[al919
). These international standards define specidiameters of observation, il-
lumination and viewing conditions, evaluation of brigrgegand a trichromatic system
to measure the expression of color, such that any light igfian arbitrary color) can
be comprehensively interpreted as a function of the sugérpio of three primary color
intensities. The theoretical derivations of the 1931 Clibémetric standards are be-
yond the scope of this study. This three-dimensional imé&tgtion of color, however,
became the platform for the revolution that has taken pla@®ior digital photography
and cinematography during the last decades.

The basis of the trichromatic color matching theory usedigital photography is a
subtractive system where light is filtered with differentwekength bands to reconstruct
a certain recorded color. The imaging process of a colotaligamera begins with light
being focused on to a charge-coupled device (CCD) arrayose8ce the CCD sensor
is monochromatic and cannot tell the difference betweereargphoton and a red one,
the CCD array must be segregated with color filters in ordeit fo gather the necessary
information to reproduce color. There are two main ways bfedng this task. The first
is the placement of color filter arrays on individual CCD serasknown as Bayer Mosaic
sensors, so that adjacent pixels are exposed to red, grddsiuanlight, exclusively, and
the trichromatic data required for the color reconstruct®recorded. The second is the
placement of a prism system, such that white light traveisuh a red, a green and a
blue filter, and is focused on three CCD sensors, carryingttieidual color information
to each, known as 3CCD cameras. The latter has a better tiesplsince all the color
information is available for every single pixel of the serssoFor the purposes of this
study, a 3CCD color camera is used to acquire all color digitages. Therefore, each
recorded color image, is composed of three data matricesaioing its red, green, and
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blue (RGB) monochromatic intensities. These data mustItleeinterpreted to establish
a reversible relationship with the TLCs’ variations of tesmgture.

The first sensible approach would be to fit a mathematicaltimm¢o the RGB data of
TLC images at different temperatures. This would be doné thié intention of estab-
lishing a reversible relationship between RGB values angb&zature, in order to be able
to extract the latter from the former.

As the temperature of TLCs varies and their color changes fied to blue, the indi-
vidual R, G, and B intensities exhibit trends which have besad to directly calibrate the
temperature response of TLC thin sheets in surface coafifejsazka & Marty| 200[7).
However, these values are all directly affected by the {gghirce’s intensity and orien-
tation, digital camera settings, optical arrangements, ahd do not necessarily respond
to variations of these experimental factors in the same mraithus making them very
susceptible to bias errors in the temperature calibration.

An alternative to directly using the R, G, and B componentsabér is to use the H,
S, and | (HSI) color space. This is an alternative perspedtfwcolor perception that uses
relationships between R, G, and B instead of their raw values

e H describes the shade of a particular color; conventioniar cames like yellow,
orange, etc. are examples of hue.

e S quantifies the degree of purity of the color, also descrasethe extent to which
the color is diluted with white.

e | relates to the chromatic-independent brightness of thar.co

There have been several formulations to the transforméditamn RGB to HSI color
space[(Ru$is 20pR, Hay & Hollingswdtth 1006, 1998, Pratt [p0&or the purposes of
this study, a simplified version 6f Hay & Hollingswdrth (1986formulation will be
used, employed by the 'rgb2hsv’ function of the MATLAB soétve package where,

I = maxR,G,B)
S = |-min(RG,B)/I
(2.3)
(G-B)JI/S | R>B,G
H = {{ 2+(B-RI/S | G>RB

4+(R-G)I/S | B>RG

This transformation provides non-dimensonal HSI valudsne H is a simplified ap-
proximation of Hay & Hollingsworth's| (1996) formulationpmmalized with 21, and | is
normalized with the maximum pixel count for an individuahser of the digital camera
(255 for 8-bit camera sensors).
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The reader should note that the HSI color space is a nonsielemathematical trans-
formation of the raw images’ RGB data. In the introductionttdaé transformation ap-
proach| Joblove & Greenbéilg (1978) states that most viemtise a color's hue before
they notice other characteristics so this convention aassa convenient system for the
specification of colors based on more humanly intuitive d¢jtias than red, green and
blue levels. Nevertheless, it is not the only way to interpaor and a more precise
transformation may exist that is better suited for tempeeaestimation from the color
of TLCs.|[Roesgen & Totard (2002), for instance, introducesagistical calibration ap-
proach that uses proper orthogonal decomposition (PODatsform the raw RGB dig-
ital image data into a fully decorrelated variable spacéhhie potential of providing
a steeper calibration curve that yields a lower uncertaifityey used normalized RGB
values

r = R/(R+G+B)
g = G/(R+G+B) (2.4)
b = B/(R+G+B)

to calculate the covariance matrix
C = Covrgb)

(r—m? (r-m)(g-g) (r—T)(b—b)
(2.5)

n
wherex = 1 5 x. The POD is then a linear transformation expressed as,
i=1

X1 (r—m)
( . ) ( o9 ) 2o
X3 (b—b)

whereT is a rotation matrix such th@f1 = lt, composed of the eigenvectors, arranged
in rows below each other, of the eigenvalue problem

CT=XT. (2.7)

Thex; andx,; components, associated with the direction of the non-zigenealuesi,
and A, carry all the color information while the third componenssaciated with the
direction of the lowest eigenvalue; = 0, vanishes due to the raw data normalization
(r+g+b=1).
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3.1. Dispersion of Non-Encapsulated TLC particles

A major factor behind the high uncertainty of temperatureasoeements in individual
TLC particles, such as those reported|by Park et al. {200d)Basson & Pottebadm
(2012), is the fact that the polymer shell around the TLC miateauses aberrations and
distorts the detected color of each particle creating atanbal bias error in the evalu-
ation of color, especially for high magnification images.dibnally, the encapsulation
process may also alter the molecular structure of the TLCGeriztcausing each parti-
cle to react differently to temperature chanrstates, in Hallcrest’'s TLC
handbook, that raw TLC materials need to be protected abdiztal in order to be suc-
cessfully used for commercial applications due to theicepsbility to degradation from
UV light and certain organic chemicals. This is why smallplets of TLC material are
surrounded by a polymer coating, or microencapsulatedyderao shield them from
the atmosphere. Section 2.3 of the TLC handbook discus§esedit types of microen-
capsulation and provides the reader with further infororaéind literature regarding this
matter. Figuré 3/1 shows an example of what a particle fromnapte of Hallcrest en-
capsulated TLCs (NSL40/R25C5W) looks like over its usednhperature range. Even
though the color variation with temperature is clearlybligj the particle image displays
a very strong outer ring that occurs due to the strong refledf light from the encap-
sulating material, which produces errors that affect treuation process. Furthermore,
complex structures inside the particle are evident, whity from particle to particle.
This is why the successful temperature tracking of indigldiLC particles requires sev-
eral improvements to the current state-of-the-art TLCrttagraphy technique. First of
all, the quality of the particle images must be considerddgiter than that of encapsu-
lated TLC particles. Second, a preprocessing algorithmwloaks consistently for the
varying color intensity profiles that correspond to diffreemperatures is necessary to
reliably detect all particles in the temperature range. Arict, a reliable relationship
between the color of each particle and its temperature neusstablished.

Since encapsulated TLC particles are clearly not a vialtiefor individual tempera-
ture tracking, non-encapsulated material was used. Thgrapby using non-encapsulated
TLC material has been investigated to a limited extent fa-timensional or point-wise
temperature measurements (Muwanga & Haksan #odeb.d, BOO@) attempts to fab-
ricate stable TLC droplets for particle tracking have beemlenso far. The TLC particles
used in this study were produced at the Institute of Pharoiged Technology of the
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Figure 3.1.: Color images of encapsulated TLC particlesli¢rest NSL40/R25C5W)
over their color response temperature range (20x magndicatiuminated
with a HXP 120 W flash lamp).

Braunschweig University of Technology using a direct SPGnim&ne emulsification
process as described in detaillby Nakashimalelt al. [1992)y. AcC bulk materials were
studied (fabricated by Hallcrest Inc.): R20C1W, R20C5WPR20W, R20C20W, with
temperature color response ranges of 1 K, 5 K, 10 K, 20 K, aiyady. All four TLC
materials, with a red-start temperature of 2D, were briefly heated to 5%C, beyond
their melting point of 45- 47 °C, and placed in a 10 ml custom built, double walled,
temperature controlled, pressurized, stainless stetiread pressure micro kit type ves-
sel manufactured by MCTech Co. The device was equipped ithede D1 water bath,
manufactured by Thermo Haake GmbH, used for tempering pick phase of the mate-
rial. A pressure of 25- 35 kPa was applied to force the lipid phase through a preedett
hydrophilic SPG membrane with a pore size d iim, fabricated by SPG technology
Co., into 80 ml of 5% poloxamer 188 emulsifier (aqueous phasi#)0.01% thiomersal
as preservative. The solution was continually stirred &itemperature controlled mag-
netic stirrer (IKA-Werke GmbH) at 300 rpm. Evaporated wates replenished every
12 hours during the 48 hours of preparation. After the diezstisification process, the
solution container was dipped into ice-water for at leastri2Qutes, giving birth to the
TLC particles that would be used for the temperature trackixperiments, which take
form when the emulsion droplets are cooled below the ligoydtal phase transition tem-
perature. All samples were stored at room temperature @8°C). A direct comparison
of the resulting non-encapsulated particles’ raw coloreapance with their encapsulated
counterpart is displayed in Figures 3.1 and| 3.2 (illumidatéth a HXP 120 W flash
lamp). The non-encapsulated TLC particles display a muckerhomogeneous color
profile and, even though the raw images’ contrast is low dtdrigemperatures. This lack
of contrast occurs due to the inhomogeneous light spectemargted by the high-power
flash lamp.
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3.2. Light Source and Circular Polarization Filtering

25°C 26°C 27°C 28°C 29°C 30°C

Figure 3.2.: Color images of non-encapsulated TLC pasi@itallcrest R20C5W) over
their color response temperature range (20x magnificatiaminated with
a HXP 120 W flash lamp).

A laser diffractometer with polarization intensity diféattial technology (model LS 12
320 by Beckman-Coulter) was used to estimate the partizkedistribution of the dis-
persion. Three measurements were performed at the liestitétharmaceutical Technol-
ogy of the Braunschweig University of Technology to caltelldhe volume distributions
assuming an index of refraction of4b for the TLC particles, B3 for the aqueous dis-
persion medium, and.01 for the imaginary part of the refractive index. The estada
particle size distribution for the non-encapsulated TL@&iplkes is plotted in Figure 3|3
along with that of micro encapsulated TLC particles fromletalst (NSL40/R25C5W).
Both sets display multi-modal distributions but the domindiameter ¢ 16 um) of the
non-encapsulated particles represents a higher relasluene, with a narrower distribu-
tion than that of their larger encapsulated counterpatt§ pum). Furthermore, no higher
diameter particles were detected in the non-encapsulategdls and the- 1 um portion
is not discretely discernable with the optical system usedHe temperature tracking
experiments.

3.2. Light Source and Circular Polarization Filtering

The majority of the TLC thermography experiments reportethe literature mention
the use of white light flash lamps to illuminate the TLC makrbe it sprayed layers or
encapsulated particles. As can be seen in Tablé 1 of Da 689) review, the illumina-
tion sources range from halogen to high-power Xenon, metiad, and mercury lamps.
Different flash lamps shine different light spectrums blibhAthem have deficiencies in
certain wavelength bands of the visible spectrum and pea&thier bands. This causes
a lack of contrast for some colors and an excess of it for ethes can be seen in Fig-
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Figure 3.3.: Size distribution of custom made non-encaed| TLC particles along with
that of commercially available encapsulated TLC partidlesn Hallcrest
(NSL40/R25C5W).

ure[3.2. The spectrum generated by the HXP 120 W flash lamp, toséuminate the
TLC particles in Figures 311 and 3.2, is plotted in Figure(@éasured with a Laser 2000
BlueWave STE-BW-UVN spectrometer). The spectrum for tlagipular light displays
two narrow peaks in the green band but the blue and red itiehare very low in com-
parison. Thus, it becomes clear from this plot why the cattwathe TLC particle color
image is so vibrant when the particle reflects green lightsbuweak in the red and blue
regions. This is why a different illumination source wasdise

A Lumencor Spectra X is a so-called light engine that combitie illumination of
six light pipes which shine specific wavelength bands of tiséle spectrum. The light
pipes are individually adjusted and can be normalized toymre a more homogeneous
spectrum. The illumination spectrum used for the experismgrthis study is also plotted
in Figure 3.4 (measured with a Laser 2000 BlueWave STE-BVW$@ectrometer) and
the TLC particle color images, illuminated with the Spectright engine are shown in
Figure[3.5. It is evident from Figure 3.5, even for the nakge, énow the color signal
of the TLC particles is much better acquired when they atenihated with a balanced
light source. However, when the particles heat up, a haleasparound the blue particle
images (probably because they are approaching the teraperahere they leave their
chiral nematic phase), which makes the color detectionaif tiiue cores less accurate.
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Figure 3.4.: Light spectra of HXP 120 W Mercury flash lamp anoinencor Spectra X
light engine.
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Figure 3.5.: Color images of non-encapsulated TLC pasti@itallcrest R20C5W) over
their color response temperature range (20x magnificatiominated with

a Lumencor Spectra X light engine.)
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In order to obtain higher quality particle images acrosgé¢ngperature response range
of the TLC material, the method proposed by Basson & Pottel2012) was used to re-
move background noise, as well as unwanted reflections dod theat may surround the
TLC particle color-reflecting cores. Since the narrow wawgth bands that TLCs reflect
are always circularly polarized with the same polarizatibinality, a circular polarization
filter can be introduced in the optical system such that dmydircularly polarized light
scattered by the TLC color particles is transmitted to th@era sensor. This circular
polarization filter consists of a linear glass polarizerrtiehd Optics NT47-216), with
an extinction ratio of 1%: 1 and a wavelength range of 460700 nm, used to transmit
a single polarization plane of the white light that shinesfrthe light source, combined
with an achromatic quarter wave plate (CVI Melles Griot AC\WB0-700-06-4), which
is a birefringent crystal through which the speed of lighiesas a function of its electric
field’s orientation.

Figure 3.6 shows a schematic illustration of the operatimggcple of the circular po-
larizer. What happens is that the unpolarized white ligbirfithe light source becomes
linearly polarized after passing through the linear pakri Next, assuming that the axis
of the linear polarizer is aligned at 45rom the fast axis of the quarter wave plate, cir-
cularly polarized white light will be transmitted to the TLgarticle seeded flow. Note
that the circular polarization chirality of the transmittéght can be inverted by adjust-
ing the alignment of the quarter wave plate, with respechéolinear polarizer, by 90.
Now, once the circular polarization of the light illuminagi the TLC particles matches
the rotation of their molecular layers, the narrow wavetarzands reflected by the parti-
cle cores, will be transmitted back through the circulaapahtion filter, while all other
light will be blocked by it. This happens because the TLCipkas will always reflect
circularly polarized light with the same polarization @iity, regardless of the illumi-
nation’s polarization. On the other hand, other reflecticessed by index of refraction
gradients or hard boundaries, such as those arising frogldke plate, the surface of the
particles, walls or corners of microchip geometries, etid.swatter light with an inverted
circular polarization chirality. This light will be transtted as linearly polarized light by
the quarter wave plate, with a linear polarization perpeudr to the axis of the linear
polarizer, which will not be transmitted further to the camsensor.

Unfortunately, achromatic quarter wave plates do not traingerfectly circularly po-
larized light for all wavelengths, hence the backgroundatpn is not perfect. The trans-
mission and retardation of light achieved by the CVI MellesoGACWP-400-700-06-4
achromatic quarter wave plate is plotted in Figure 3.7 asatfon of incoming wave-
length. Nevertheless, though not optimal, the circulampohtion principle does work
and the TLC particle images obtained using the filter are shiovFigure 3.8.

All'in all, the final result of the combination of a balancediteHight source with the
circular polarization filter is a substantial improvemehtte TLC color particle images
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Figure 3.6.: Schematic of circular polarization filter f@dkground reflection removal.
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Figure 3.7.: Transmission and retardation of light prouity achromatic quarter wave
plate (CVI Melles Griot ACWP-400-700-06-4) as a functioninfoming
wavelength.

Figure 3.8.: Color images of non-encapsulated TLC pasi¢italicrest R20C5W) over
their color response temperature range (20x magnificatiaminated with
a Lumencor Spectra X light engine, through the circular poéa.)
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Experimental Setup

that allows for a more precise estimation of the particlesh\perature to be used as a
flow diagnostic technique. Figure 3.9 shows a direct conspardf the particle images
obtained with the various illumination schemes descritedias for both encapsulated
and non-encapsulated TLC particles with a temperatureonsgprange of 5 K. Further-
more, it will be shown in Sectidn/ 6 that these particle imagesibit a high enough SNR
for defocusing methods, such as APTV, to be used for the samebus time-resolved
estimation of the particles’ displacement and temperatuséow flows.

3.3. Image Acquisition Equipment

All experiments were performed at the microfluidics laboratof the Bundeswehr Uni-
versity Munich (UniBw). The imaging system used to capture flow snapshots is
schematically shown in Figufre 3.10 and consists of an Axisedker Z.1 inverted mi-
croscope manufactured by Carl Zeiss AG, a Lumencor Speclighkengine, a circular

Lumencor Spectra X Light Engi

<«— TLC Flow

Objective

A& Lens

Optical Fiber Achromatic

\ @ / Quarter Wave Plate

Brightfield e Linear Polarizer

Acquisition Mirror Cube 3CCD

Computer\ Color
Camera
- Relay Lens &

N

Cylindrical Lens

Figure 3.10.: Schematic of image acquisition system.
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Figure 3.11.: Color response of the red green and blue seataiJAI AT-200 GE, 3CCD
Progressive Scan RGB Color, 24-bit compounded dynamiceréBdpit per

sensor), 1624 1236 pixel digital color camera.

polarizer (described in Section 3.2) and a JAI AT-200 GE, Bd®@ogressive Scan RGB
Color, 24-bit compounded dynamic range (8-bit per sendd24x 1236 pixel digital
color camera. The sensor alignment of the color camera wasated and yielded spa-
tial discrepancies of less than50pixel. The color response of the red green and blue
sensors of the camera is plotted in Figure 3.11.
The entire system was installed on a damped optical tabledid éhe effect of vibra-
tions in the measurements. The light was routed to the bagkwap of the microscope
via an optical fiber and redirected towards the flow sampli it brightfield filter cube,
mounted inside the microscope. The circular polarizatiberfdescribed in Sectidn 3.2
was installed and aligned immediately under the objectwes las shown in Figure B.7,
such that both the light from the Spectra X light engine, albagethe scattered light from
the flow sample, traveled through it. LD Plan-NEOFLUAR »2@nd 10x, infinity cor-
rected objective lenses, with numerical aperturdd&f= 0.4 andNA = 0.3, respectively,
were used to focus the light on the flow sample, as well as tgénthe flow itself. The
acquisition frame rate for all measurements was the camsrakimum 15 fps and fields
of view of 353x 269 um? and 677x 515 um? were obtained for 2@ and 10< mag-
nifications, respectively. The nuclei of the in-focus paetimages, without astigmatic
aberrations, were approximately 20 pixel and 6 pixel in ditemn on average, for 20

and 10< magnifications, respectively.
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4. Astigmatism Particle Tracking Velocimetry

As mentioned in Sectidn 1.2.2, sirlce Santiago kf al. (1898)toduction of a PIV sys-
tem for microfluidics, the method has evolved into a mairstrélow diagnostic tool for
devices used in lab-on-a-chip, micro-chemical, and miadegical applications, among
others. TheuPIV technique provides a two-dimensional, two-compon2m2C) mea-
surement of the velocity field. However, even though flow$wiicroscopic dimensions
are usually laminar, their velocity distribution can beweomplex and fully three dimen-
sional, e.g. in geometries where obstacles are presentedVer, PV measurements
are biased due to the fact that volume illumination is usetitha measurement plane is
rather a volume thus introducing an unavoidable error whatuating steep gradients
(Olsen & Adriafi 2000). This is why there have been multipleere efforts to develop
reliable methods with the capability of evaluating all gareomponents of velocity in
microscopic flows.

The adaptation of multi-camera three-dimension, threapament (3D3C) measure-
ment techniques to microscopic applications is not a frieisk due spacial restrictions
and limited optical access. Therefore, many 3D3C measuretaehniques, applicable
to microscopic flows, use a single camera and take advanfgggrticle defocusing to
encode the depth position of the particles, making it pésgibtrack them in 3D. The
reader is referred to the summary and discussidn of Cher @0819) and Cierpka et .
) for more information of the dlfferent defocusmghelques that have been used
for mi 2
etal.
APTV to fully 3D flows in microfluidics.

One of the most important challenges that 3D defocusingnigaies face is a reliable
calibration procedure to obtain the depth position of thiglas using the nature of their
images. In Astigmatism Particle Tracking Velocimetry (APTthe optical symmetry of
the imaging system is broken by mounting a cylindrical leesMeen the imaging optics
and the camera sensor. The cylindrical lens introduces tigneic aberration to the
particle images, allowing for the encoding of the partigleut-of-plane position in the
geometry of their image. One of the many advantages of thimtque is the simplicity
of its implementation; the only requirement for the teclueido be successfully used
is the proper placement and alignment of the cylindricas lenfront of the camera, as
shown in Figure 3.10. This means that standaRIV systems can be easily modified to
make APTV measurements.
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Astigmatism Particle Tracking Velocimetry

4.1. Astigmatism principle

The optical principle of the APTV technique is schematicdkpicted in Figure 4/1. The
top part of the figure shows how particles are imaged by a atioreal system. In this
case, an arrangement of spherical lenses, which variesdieygeon the microscope or
the optical arrangement, would project spherical padielg circular particle images on
the camera sensor, whose diameter is inversely propottiotize distance from the focal
plane of the imaging optics. The introduction of a cylindfitens, as the one shown in
the bottom part of Figure 4.1, breaks the symmetry of the intagystem due to the
fact that the cylindrical lens focuses light in ti#axis, as does a conventional spherical
lens, but acts as a flat window in tleaxis (assuming, of course, that the axis of the lens
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Figure 4.1.: Schematic of optical astigmatism in partiob@aging.
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4.2. Out-of-plane (z) component calibration

is properly aligned), hence not changing the trajectoryrafgmitted light rays in the
X —Z plane. The result are two differedt— Z andY — Z focal planes, labeled &%
andFy; in Figure[4.1, respectively. Since the cylindrical lenssloet affect the optical
system in theX — Z plane,Fy; lies in the same position as the focal plane of the optical
system without the cylindrical lens. Conversely, sinceaylendrical lens does act as an
additional lens in th& — Z plane,F,; moves closer to the imaging optics by a distafize
Now, since the diameter of the particle images is inversetyprtional to their distance
from the focal plane, spherical particles are projectedigses in an astigmatic imaging
system, as opposed to the conventional circular imagest Whaore, thex-axes,ay, of
the elliptical particle images will be the same as their ditanwhen projected without
astigmatism, while thely-axes ay, will change relative to their distance frafy,. Hence,

a particle that lies closer t, yields an elliptical image with a shortay than one that
lies further away. This way, horizontal ellipses repregeanticles that lie close t6y;,
while vertical ellipses represent particles that lie clasEy,. This information can then
be used to estimate and track the out-of-plane positionegb#iticles in the measurement

volume [(Cierpka et al. 20110).

4.2. Out-of-plane (z) component calibration

There have been different approaches to the calibratioheobut-of-plane position of
particles usingy anday. For instance, the differencay —ay, and the ratioay/ay, were
used by Chen et &. (2009) and Cierpka et al. (2010), resyctio make 3D3C velocity
measurements inside a microchannel. Either one of thedwat&n approaches, how-
ever, requires that the detected particles lie in the voluitiein F,; andF; to preserve
unambiguity, limiting the measurement volumeAn= F; — Fy;. This turns out to be
a substantial limitation for experiments that produceiplrimages with high signal-to-
noise ratios (SNR) since particles can be detected even thiegriie beyond thé,, Fy;
boundaries|_Cierpka etlal. (2011a) used a different caidrapproach, using a mathe-
matical model, proposed by Olsen & Adiidn (2D00), that prsdihe particle image di-
ameter as a function of the particle’s distance from thelfplzane. The intensity profile
of the color images obtained from the TLC particles invextg in this study are differ-
ent from those of monochromatic particle images, such asetpoesent in conventional
APTV experiments. Hence, the model proposed by Olsen & Ad2900) and imple-
mented by Cierpka et hl. (2011a) for the calibration of#ip®sition, was not used for the
calibration of TLC-particle color images. Instead, a lagktable of knowre-positions
for specificay, ay pairs, was used to estimate thposition of the TLC particles.

The z-position of non-encapsulated Hallcrest R20C1W TLC pkasiavas estimated
using the approach outlined in the following paragraphse ThC material has a tem-
perature response range of 1 K, and a red start temperat@@°a. The color images
were acquired with a magnification of 20 and a cylindrical lens with a focal length
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of 500 mm, was mounted in front of the 3CCD camera. The LumeS8gectra X light
engine was used to illuminate the particles, routing thietligrough a circular polarizer,
as outlined in Chapter| 3. A droplet of TLC-containing emaifsidiluted in water, was
placed between two microscope glass plates and left for soimates until the TLC par-
ticles had settled on the surface of the bottom plate. Thecfadistribution was then
observed with the imaging system described in Settion 3&atanning procedure was
carried out, recording images of the TLC particles over angpfa28 um. Figure 4.2
shows a scatter plot of the horizontal and vertical aaggnday, of the elliptical images
generated by a single particle as a function ofip®sition throughout the scan. As stated
above, the axesy anday, of the elliptical particle images have an inversely préjooial
relationship with the distance from their respective fquahes,F; andFy, as can be
appreciated in Figure 4.2. Moreover, it is also clear froguiré 4.2 that particles can be
detected far beyond th&z limits, hence rendering the use of a relationship betwagen
anday, for the calibration of the particleg:location, a waste of data. This is why a look
up table will be used for the determination of thposition instead, which allows for the
estimation ofz over a larger measurement volunde/). Figure 4.3a shows a scatter plot
of ax vs ay for all the particles detected during the calibration saaith the z of each
data point given by the color map. The algorithm that detdeggeometry of the ellipti-
cal color particle images is not perfect and occasionalbr-oer underestimates the axes
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Figure 4.2.: Horizontal and vertical axeg,anday, of the particle images generated by a
single non-encapsulated Hallcrest R20C1W TLC particlefasetion of its
Z-position.
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Figure 4.3.: Scatter plot @k vsay for valid particles detected during the calibration scan.
Gray points indicate outligfa, ay) values and line plots are smooth, interpo-
lated mearfay, ay) values at the temperatures covered in the calibration scan.
a) Colored circles indicate viable particles to be used &ibcation function
computation. b) Colored circles indicate valid particleslifferent(x,y) of
the image and colored lines correspond to the respectieescof the circles.
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lengths. This is why a set of detected particles’ data, @ibés colored circles, is selected
for the calibration of the particleg-position. Along with the plot of the data points,
actual images of the particles at differerpositions are displayed in order to provide the
reader a clearer understanding of the underlying pattetraifows for the estimation of
the z-position from the geometry of the particle images. The nsgmnday lengths was
then calculated for all detected particles at eastep and smoothing and interpolation
algorithms were used to obtain the black calibration curedtgd in Figure 4.8a. The
z-position, z, of a particle image with elliptical axe$ay;,ayi), was then determined by
finding the point,(ax(z),ay(z)), along the black curve, that minimizes the Euclidean
distance from(a, ay;).
However, as reported kby Cierpka el al. (Zdlla),XheZ andY — Z focal planesFy;
andFy, are not actual flat planes in reality, nor are they paralerpka et dl.[(2011a)
performed a calibration scan, recording images of a squatagincreasing-positions,
and reconstructed the XZ and YZ focal iso-surfaces usingal focus function based on
the variance of the image intensi004). Thecapaberrations caused by
the spherical and cylindrical lenses calggandFy; to be ellipsoid surfaces instead of
flat planes. For this reason, the elliptical image’s geoynetra particle would vary for
different(x,y) locations in the image, introducing a systematic error endatermination
of the particle’sz-position. To illustrate this effect, Figure 4.3b shows attar plot of the
same data that is plotted in Figlire 4.3a. In Figure 4.3b, kiewyéhe smooth red and blue
calibration curves were computed using the maaanday of particle images (plotted as
magenta and cyan colored circles, respectively) locatedardifferent(x,y) regions of
the image. Hence, it becomes clear from Figure 4.3b why destrajibration curve for
all detected particles introduces a substantial systeneator that can be corrected. In
order to make this correction, two-dimensional (2D) squmoignomial surface fits were
calculated for bottay anday distributions at eaclz-step of the calibration scan. This
procedure provides a specific calibration curve for e&ry) location in the image, thus
compensating for the optical aberrations that cause thertehs inFy; andFy;.

4.3. Uncertainty analysis

The calibration procedure outlined in Section|4.2 was usegstimate the-position of
the particles that were detected in calibration scansydecowith 20< and 10< magni-
fications, and a cylindrical lens with a focal length of 500 nff8325 and 72137 particle
images were detected throughout the entire scan data, B6igand 10< magnifica-
tions, respectively. An outlier detection scheme yieldédl (78%) and 62498 (87%)
valid particles, for the 2@ and 10< magnifications cases, respectively, whag@anday
were not under- or overestimated beyond a threshold, e&ullas follows. Since the
calibration procedure provides a calibration curve foiheared every(x, y) location in the
image, outliers were determined by segregating valid @aritinages as those whose axes
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4.3. Uncertainty analysis

pairs,(ax, ay), lay within an Euclidean distance of 2 pixel from their restpee calibration
curve (determined by theix,y) location in the image).

_ 1 & 2 2
= Ni;(zi_zreal)

was calculated for each step of the calibration scan, whiere the number of parti-

The standard deviation of the estimatgfdom the true valueg, given by
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Figure 4.4.: Scatter red point plot of valid particles’ esitedz-position. Standard devi-
ation from the true valueg, as black crosses; left vertical axes in absolute
and relative units for uncertainty evaluation. a) Calilmatvith 20x magni-
fication. b) Calibration with 18 magnification.
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cles detected at each step andre the estimategpositions of valid detected particles.
Figure[ 4.4 shows a red scatter plot of all the valid particdstimatedz-position, Zmeas
plotted against their reatposition,ze,. The standard deviation from the true valeg,

is also plotted in Figure 4.4, as black crosses, for the fodinsofz positions covered

in the calibration scan. The left vertical axis of the plobsfs two unit scales, namely
um and % of 28um, in order to allow for the calibration approach’s uncetgieval-
uation in both absolute and relative terms. It is clear frdv plots in Figuré 414 that
the calibration procedure allows for the correct determidmeof the particlesz-position.
However, a distribution of particles whogeosition is underestimated can be seen for
—9 < z< 9 uminthe 20« magnification case. This is a result of a deficiency in the de-
tection algorithm which would be improved either with a betletection scheme or with
higher quality particle images. A substantial increasehiztestimation uncertainty is
also evident foz < —10 um andz > 10 um, in the 20< magnification case, which is also
a result of a lack in robustness of the detection algorithmhé&avily defocused particle
images. For-12 < z< 9 um, in the 20« magnification case, the standard deviation of
the estimated from the true value, remains under 6% of the measuremenmealiOn
the other hand, using ¥0magnification allows for a larger measurement volume but the
defocused particle images, corresponding to particlesldlyecloser to the camera (the
bottom region of the flonz.4 > 0), display star-like aberrations which make the proper
detection of their elliptical shape very challenging. Tisighe reason why the current
imaging system, using a magnification ofx4,0does not meet the quality standards to
provide good enough color elliptical particle images théiva for the 3D tracking of
these non-encapsulated TLC particles. Nevertheless atlasothtained with a magnifica-
tion of 20x, is in fact viable for APTV even though the uncertainty valaee higher than
those reported for standard APTV using quorescent pediahd laser illumination, by

et al.[2014). It should be noted, in any case, that the imagamglitions for conven-
tional APTV experiments are very different, consideringtttasers provide light that is
orders of magnitude brighter than the white light providgdhe Spectra X light engine,
and achromatic quarter wave plates do not transmit peyfeatitularly polarized light
for all wavelengths, thus making background filtering sabgally less efficient than that
obtained with fluorescent arrangements. All in all, althotlge measurement method
still counts with much room for improvements, the succds3iutracking of color TLC
particles in a flow volume remain unprecedented to this dag,the uncertainty levels
obtained in this study still allow for their time-resolveddtking in a microscopic 3D flow,
as is shown in Chapter 6.
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5. Thermo-Liquid Crystal (TLC) Thermography

5.1. Temperature Calibration

Just like with most measurement techniques, convertingahemeasured data to the
desired physical quantity, in this case temperature, haa khetopic of itself since the
birth of the technique. So far, the hue-temperature deperedeas been reported on most
experimental studies as the basis for the calibration ofdipgal images even though
a limited amount of research has been performed on diresibguthe R, G, B color
components of digital images to extract the temperafurgra¥ka & Marty[200F). A
thorough review of the I|terature pertlnent to this parcuopic can be found in Section

5.1 of Dabiri latak (2010)'s report. Rao &
Zang | I.(2010), a . (26a@rt the most recent stud-

ies and advances in the hue-temperature calibration of TI@sugh this approach has
worked for years and sophisticated computational methods as neural networks have
been used to improve the calibration results, the RGB to boeersion is not the optimal
mathematical transformation to evaluate the temperatoce she units of hue are in ra-
dians, which is a periodic scale and hence presents a chalkgrthe time of calculating
a calibration curve that allows for the estimation of uniqemperature values for any
measured hue. Furthermore, the hue-temperature relajionsglects the saturation and
intensity variables of the HSI color space, which also dontaluable information that
can play a role in reducing the uncertainty of the tempeeatatibration.

The color image data for the temperature calibration waaiobtl using a droplet of
TLC-containing emulsion (see Section 3.1), which was ptwe a microscope glass
plate. A Peltier element was then mounted immediately altowalroplet such that the
fluid was in direct contact with its heating surface, as sdterally shown in Figure 5/1.
The thickness of the fluid layer (TLC droplet) between thesglplate and the surface of
the Peltier element was approximatelyp Inm. The temperature of the Peltier element
was automatically controlled by a feedback controlled @ustmodule, implemented in
an in-house image acquisition software, written in MATLABIng a Peltier-Controller
TC2812 manufactured by CoolTronic GmbH and a mini Pt100thtlbeouple. The tem-
perature of the Peltier element was initially set to a terapee below the red starting
temperature of the TLC material and subsequently increasdibcrete steps to a tem-
perature beyond the blue temperature of the material. Golages were acquired at
each step and the acquisition software waited until the ézaipre in the fluid (measured
with the mini Pt1000 thermocouple) was stable, withifh & of the target temperature
for each step, for ten seconds. The fluid was only illuminéedhe short lapses of time
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Figure 5.1.: Schematic of TCL calibration experiment.

required for the camera to acquire an image (the microsduoyiites was opened once the
desired temperature was reached and the camera was readyuiceaand closed after
the images were recorded). The time response of the TLC ialatexrs not measured for
this study but the reader can refet to Ireland & Jbhes (1987 Btudy on the response
time of TLC thin sheets, where they report delay times of 3 ffise TLC-containing
droplet remained in contact with the peltier element forragimately fifteen minutes,
which was the time required for the temperature scanninggehare, and no abrasion or
bleeding was observed in the TLC particles. An experimehgne the TLC material was
exposed to intense light for a longer period of time, is désedl in Section 5.2.

Three different sets of data were used to find the most reliahly to extract the tem-
perature of the individual TLC particles from their colorages: 1. The RGB data,
normalized by the maximum dynamic range of the 3CCD camarsoss (255 counts),
2. the HSI color space, calculated as described in Secttya@d 3. the proper orthogo-
nally decomposed (POD) RGB data, also calculated as desdritSection 2.2. Figur 5.2
shows the color variables all three color spaces, plottealfasction of temperature for
an emulsion containing Hallcrest R20C5W TLC particles hvdttemperature response
range of 5 K, and a red start temperature of 20 The color images were recorded with
a magnification of 28 and the fluid was illuminated with a Lumencor Spectra X light
engine, through the circular polarizer described in Se@i@. As previously mentioned,
the hue (H) variable has been the predominantly used varialgerform the temperature
calibration of TLC images, according to the available resteaeports. It is clear, how-
ever, from Figure 5.2b, that not only H shows a temperategmeddent pattern but S and
| do as well. Now, if the H values alone can be used to estinfeteemperature of the,
it is only natural to expect that two more variables showilegacpatterns would provide
valuable information to improve the accuracy of the calibra This is the reason why a
multi-variable calibration, which makes use of all the edldormation, as opposed to a
single variable in periodic units, is evaluated in this gtud
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Figure 5.2.: Scatter plot of: a) RGB values, b) HSI values, @ POD components asso-

ciated with the eigenvaluel = 0.0542 andA, = 0.0075 for detected TLC
particles (Hallcrest R20C5W, 20x magnification).
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Figure 5.3.: 3D scatter plot of RGB values for detected TL@iglas.

A thorough calibration analysis was performed to find theaidaethod for extract-
ing the temperature from the colored TLC particle imageerBhough RGB values are
strongly affected by optical arrangements, and do not saci#grespond to experimental
conditions variations in the same manner, thus making themy susceptible to bias er-
rors in the temperature estimation, a calibration was peréd using the raw RGB color
components of the particle images as|did Vejrazka & Martp70 Figure 5.3 shows a
3D scatter plot of the RGB components of the particles deteatith the temperature of
each point given by the color map. This figure illustrates ladivthree color components
provide valuable information required to precisely extréne temperature of particles
that lie in the flat regions of the individual component pefifrom Figure 5.2a, thus
providing a pronounced data pattern to which a 3D polynoweal be fitted in order to
obtain a_precise calibration curve that works throughoeti#mperature range. Vejrazka
& Marty E.-) used a similar approach to evaluate the aeetag-dimensional tem-
perature fields of a macroscopic impinging jet flow and regmbiincertainty values of
< 0.3Kinarange of & K (3.5%).

As mentioned in Section 2.2, an alternative to directly gdime R, G, and B com-
ponents of color is to use the H, S, and | (HSI) color space. H&&color space is a
perspective of color evaluation that uses a non-reversiblhematical transformation of
the R, G, and B data instead of their raw values (see Sect®)nRurthermore, the rela-
tionship between temperature and H (hue value), has beealibeation method used by
the great majority of researchers over the lifetime of th&€Tthermography technique.
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Figure 5.4.: 3D scatter plot of HSI values for detected TL@iples.

Analogous to Figure 5.3, Figure 5.4 shows a 3D scatter pltteoHSI| components of the
particles detected with the temperature of each point diyethie color map. Conversely,
this figure also illustrates how the S and | data provide \J@kianformation required to
precisely extract the temperature of particles that liehm ftat regions of the H profile
from Figure 5.2b, once again providing a pronounced datipato which a 3D poly-
nomial can be fitted in order to obtain a precise calibratiove that works throughout
the temperature range. The reader should note, howevegrdahp of blue points, corre-
sponding to particles around 2, that lie in a section of the plot, some distance away
from where the temperature trend leads. This is a resulteopéniodic nature of the hue
value. Hence, two particles with identical temperatureg statter slightly different in-
tensities of red, green and blue light, which can cause tiedtt tespective hue values vary
drastically from 001 to 099, making the calibration procedure a challenging taski- Fu
sawa & Hashizum' 1) performed a study with synthetia dat compared results
for the calibration of temperature using its relationshithvid, H and S, and H, S and .
They state that there is a clear advantage to using the S amabki data and reported an
uncertainty of 006 K in a range of B K (2.6%), evaluating the average temperature in
interrogation windows. Fujisawa et fl. Fujisawa gt [al. @0@ter reported uncertainty
values of 013 K, using a stereoscopic setup (also 2D interrogation i), on TLCs
with a temperature response range & R (5.7%), also calibrating temperature with all
three variables. Note that all of the research done up tgthiig has been performed us-
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Figure 5.5.: 2D scatter plot of POD components associatéid the eigenvalued; =
0.0542 andA, = 0.0075 for detected TLC particles.

ing mean color values, calculated over designated arehs gensor, and not individually
for each tracer particle. As mentioned in previous sectithis fact is of major relevance
for experiments in microfluidics since the recorded imagesgrate the light over the
entire illuminated volume, introducing a strong bias in tdimensional averages which
does not occur with three-dimensional particle trackinge Temperature of individual
TLC micro droplets evaluated in this study was also calémtatsing all three H, S and |
color variables evaluated at the core of each particle image

A third variable space, resulting from the decorrelatiorttef RGB image data via
proper orthogonal decomposition (POD) (Roesgen & THta@dP0as outlined in Sec-
tion[2.2, was used to fit a 2D polynomial in order to obtain dbcation curve for the
estimation of the individual particles’ temperature. Figj6.5 shows a 2D scatter plot of
thex; andx, POD components, associated with the non-zero eigenvalues0.0529
andA, = 0.0096, of the detected TLC particles, with the temperatureach point given
by the color map.

The algorithm that detects the colored regions of the gartimages is not perfect
and occasional outliers appear in the color distributiamsich is why a select set of
detected particle images, plotted in Figures5.2-5.5, \gas to calculate the temperature
calibration function. The criteria for the outlier remoyabcedure include a requirement
that valid particle images have a maximum R, G, or B intereityve a defined threshold,
in order to ignore detected spots, such as white particlestal other bright features, that
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do not correspond to actual TLC particles; in the case of #rdqular example depicted
in Figures 5.2-5.5, this threshold whs- 60 counts. A detailed description of the image
processing procedure implemented to detect the colorcpaiithages can be found in
Appendix/ A. The RGB values of each particle image were detethby calculating
the average intensity counts recorded by the pixels thaenugkthe detected particle
image, which are above a threshold o7 @imes the difference between the maximum
and minimum grayscale values of those same pixels. The HEP&D values of each
particle image were then calculated using these RGB vahisesytlined in Sectidn 2.2.

Calibrations were made by fitting a three-dimensional tdiedree polynomial to the
RGB and HSI data, and a two-dimensional third-degree paoiyakto the POD data. This
was done using a standard least-squares approach to selsgstiem of linear equations
given by,

T f(V1,V1,V2)1 C1
T f(V1,V2,V3)2 C2
= . . (5.1)
Ti f(V1,V2,V3); Ck

wheref (V1,Va,V3); are arrays with the terms of the fit polynomial, correspogdimeach
particle’s color space data, anglare the corresponding fit coefficients.

This approach was chosen over the look-up table methochedtin Section 412 be-
cause it is a more robust calibration method for the thremblr spaces considered in
this study, namely the RGB, HSI, and POD discussed above.afithenent behind this
statement is mainly the periodic nature of the H variabldctvimakes a 3D look-up table
approach a very challenging task for the HSI color spacemngitiat a smooth data trend
is not present for a color series that progresses from retlieo Wherefore, a calibration
function calculated with the system matrix characterized@guationi 5.1 resulted in a
more reliable approach to estimate the temperature of ti@particles using their color,
and compare the performance of the method using the afotemed color spaces.

5.2. Hysteresis and Bleaching

A simple experiment was performed to evaluate the hystemisplayed by the TLC
material when heated and cooled some degrees beyond itabtlieed temperatures,
respectively. The temperature scanning procedure, ¢hestim Section 5.1, was executed
four consecutive times and the TLC material was heated t&€3nd subsequently cooled
to 15°C after each temperature scan. The mean color values forGifts RSI and POD
color spaces are plotted in Figlre 5.6 as a function of teatpeg for the four individual
scanning runs; the symbol size of the scatter plot increfasssibsequent scan runs. Even
though a hysteresis trend of decreasing blue levels foreemtypres above 23C is clear
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scans. a) RGB values, b) HSI values, and c¢) POD componerasiates
with the eigenvalueg; = 0.0542 andA, = 0.0075. The symbol size in-
creases for subsequent scan runs.
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Figure 5.7.: RGB intensities of TLC particle images durir@ r@inutes of continuous
illumination.

in Figurel 5.6, from one calibration scan to the next, the medigreen intensities do not
show a hysteresis effect. In the HSI color space, the hysiteeffect is not as pronounced
but a slightly less pronounced decrease in the | signal deevifor temperatures above
25 °C. Lastly, the proper orthogonal decomposition (POD) of R@&B data seems to
compensate for the hysteresis in the B signal and a constsgsteresis pattern was not
detected in the POD components associated with the noreigavalued; andA,.

In order to evaluate the effects that prolonged illuminatigsing the Lumencor Spectra
X light engine, has on the TLC material a simple bleachingeeixpent was performed,
keeping a constant temperature of 2% in a droplet seeded with TLC particles. The
particles were illuminated for a period of 60 minutes andrtfean RGB intensities of 50
particles that remain in focus for the duration of the experit, are plotted as a function
of time in Figure 5.7. The vertical axis units are normaligéth the respective maximum
value for each data series for visualization purposes. Thelle exhibits stronger fluc-
tuations in time, compared to the G and B values. Howevelfltisuations do not seem
to suggest a bleaching of the TLC material. On the other htned and B signals do
show a gradual weakening of their scattering intensity gfaximately 4-5 %, during
the 60 min exposure, which is not substantial and would mafiyraffect their temper-
ature calibration. In any case, the bleaching does nottaffiecresults presented in this
study since all the TLC particles used to produce the repudtsented in this report were
illuminated for time periods in the order of a few seconds.
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5.3. Uncertainty Analysis

The performance of the temperature estimation obtainek thi calibration approach
described in Section 5.1 was evaluated for several TLC radgervith temperature re-
sponse ranges of 1 K, 5 K, 10 K, 20 K at magnificatiovs,of 20x and 10<. Since the
real temperatures of the particles detected during théredidon scans is known, an out-
lier detection procedure was implemented in order to igspr&ious color values beyond
a specific threshold, calculated as follows. Outliers westenined by segregating valid
particle images as those whose color values, respectileteariable space being used
for the calibration, lay within an Euclidean distance df 8olor units from a smooth cal-
ibration curve, calculated by interpolating the mean cofdues of the particles detected
at all temperatures covered in the calibration scan. Thihatewas chosen because the
dynamic ranges of all color variables considered in thidysigare in the same order
of magnitude (see Figure 5.2), hence a constant threshbld f@r the determination of
outliers seems like a reasonable criteria to segregate gatimated temperatures in all
cases.

The standard deviation of the estimated temperature frenrtie valueg, given by

(5.2)

was calculated for each step of the calibration scan, wNeigethe number of particles
detected at each step amidare the estimated temperatures of valid detected patrticles
Figures 5.8-5.17 show red scatter plots of all the validiplas’ estimated temperatures,
Tmeas plotted against their real temperatufg,,. The standard deviation from the true
value (referred to as the uncertainty in the following d&sian), o, is also plotted in
Figures 5.8-5.17, as black crosses, for the full span of ezatpres covered in each cal-
ibration scan. The left vertical axis of the plots shows twit scales, namelyC and
% of the respective calibration temperature ranges, inrdrallow for each calibration
approach’s uncertainty evaluation in both absolute arativel terms. A text box at the
top of each plot states the nominal temperature responge i@nthe TLC material in
question, the magnification used to make the recordingsglhie calibration scan, the
focal length of the cylindrical lens mounted in front of theneera (if one was used), and

46



5.3. Uncertainty Analysis

1271 . : —425
a) 312015 AT: 20 K—M: 20x—Valid: 16658/24218 (69%) ',
= '
8 250012 . oy | 17 Jars
] e . 8t oz @k i :
£ SEERSERERIIn .
S 187 of b I | | | {3250
) ; lj I l + o for RGB Cal. Tﬁ
g 1.25r 6f | [ l . Estimated T 275 E
- +
: 1 I L + +
2 0.62F 3t Lroaw? L T O 1225
@ "‘"lt-'- +"'+_*+*-_._$*
0.00L 0 : : : : - - - 1175
oS 225 25 215 Tso[ C]325 35 375 40
2, = real [
1271 425
b) 312715 TAT: 20 K—M: 20x—Valid: 15285/24218 (63%) | l
|_1“32.50-12- o R RT l||| 1375
£ =f:;!iili|
S 187 of T ' l | | 13250
S + . ' i ' I + o for HSI Cal. K
g 1.25- 6f e il I A, Estimated T 275 &
g w b IE T e ey %
m 062' 3"" ! HE +-h_.'-+ #_“_'_ #: -225
' _!' # + * Fi
0.00L 0 : - - - - - - 1175
oS 225 25 275 30[ C]325 35 375 40
2. = real [°
1271 . _ 425
©) 312715 | AT: 20 K—M: 20x—Valid: 17561/24218 (73%) i
— T []
& 250012 . 1) l | 1Y ars
: ot .
..Ct) 1.87- 9+ * copebod i | | I b 13250
) | l I l + o for POD Cal. 'g
g 1.25- 6f | I l & Estimated T 275
; ) iz TR
2 : + +
%0.62-3-{‘”,{* Setepay o, 128
. %
0.00L 0 : - : : : - : 1175
OB 225 25 275 30 325 35 375 40
2R ® Treal[°C]
— o
N

Figure 5.8.: Red points: valid particles’ estimated terapee. Black crosses: standard
deviation from the true value in absolute and relative ufliesnperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for HallerB20C20W
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Figure 5.9.: Red points: valid particles’ estimated terapee. Black crosses: standard
deviation from the true value in absolute and relative ufiesnperature cal-
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Figure 5.11.: Red points: valid particles’ estimated terapee. Black crosses: standard
deviation from the true value in absolute and relative uriiegsnperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hall¢reR20C10W

50 TLC particles. NominalAT =10 K, M = 10x.



5.3. Uncertainty Analysis

1.1771 — 29
a) S AT: 5 K—M: 20x—Valid: 12090/20790 (58%1
T 0.94l12| + o for RGB Cal. ; i '| V17
E . Estimated T x ' il" !! " H
S o.70 of " l!{, ot {250
3 0.47} 6 I“ "” " {23 £
S .23 3- + P O O
& U “_ _I_ i Hy L S rt 4 T + +
0.00t o : : : : : : J19
ox 21 22 23 - 2[4C] 25 26 27 28
2. = real [
A7r1 + - — 29
b) 1.17r15 AT: 5 K—M: 20x—Valid: 12037/20790 (58%1
% 0.94L12L + o for HSI Cal. ) ' || | 107
L . Estimated T N " LIl Il ! '
+ + . 2 ;= —
S 070 of , "' |!.| 1! 125G
= S ; =
° e “ il I * 3
3 047 6} - ul w o 1B3E
o l + +
S 023 3t Tfﬂ Tt 121
n " | ! #
i o+ +
000_ 0 . 1 1 1 1 1 1 1 1 19
O X 21 22 23 T 2[4C] 6 27 28
e = real [°
1.1771 29
©) S AT: 5 K—M: 20x—Valid: 13344/20790 (64%1
T 0.94l12L + o for POD Cal. : | l 197
E - Estimated T " " “
g oo 9f || ! l ' ' {250
S~ l —
S Ik {
g 047 o "I "” I I q23.%
; +, +
gO.23-3-+1.[!_+T#-|++_h_++_".++1‘.+# . ++++-F" o 121
0-00_ O 1 1 1 1 1 1 1 1 19
Oo < 21 22 23 24 25 26 27 28
-O—-és Treal[°C]

Figure 5.12.: Red points: valid particles’ estimated terapee. Black crosses: standard
deviation from the true value in absolute and relative urfigsnperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for HallerB20C5W

TLC particles. NominalAT =5 K, M = 20x. 51
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Figure 5.13.: Red points: valid particles’ estimated terapee. Black crosses: standard
deviation from the true value in absolute and relative uriiegsnperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hall¢re0C5W

5> TLC particles. NominalAT =5 K, M = 10x.
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Figure 5.14.: Red points: valid particles’ estimated terapee. Black crosses: standard
deviation from the true value in absolute and relative urfigsnperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hall¢rB20C1W

TLC particles. NominalAT = 1 K, M = 20x. £3
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Figure 5.15.: Red points: valid particles’ estimated terapee. Black crosses: standard
deviation from the true value in absolute and relative uriiegsnperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hall¢re20C1W

54 TLC particles. NominalAT =1 K, M = 10x.
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Figure 5.16.: Red points: valid particles’ estimated terapee. Black crosses: standard
deviation from the true value in absolute and relative urfigsnperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hall¢rB20C1W

TLC particles. NominaAT = 1 K, M = 20x, fgy = 500 mm. -
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Figure 5.17.: Red points: valid particles’ estimated terapee. Black crosses: standard
deviation from the true value in absolute and relative uriiegsnperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hall¢re20C1W

56 TLC particles. NominalAT = 1 K, M = 10x, fcy =500 mm.



5.3. Uncertainty Analysis

the number of particles deemed as valid by the outlier detescheme outlined above.
It is clear from the plots in Figures 5.8-5/15 that the calflam procedure allows for the
correct determination of the particles’ temperature. Hamwvethe uncertainty, normal-
ized with the temperature response range of the TLC matesdaies for the different
materials, and is higher for the Hallcrest R20C1W particlesh a nominal response
range of 1 K, than for the TLC materials with broader tempertesponse ranges. The
signal-to-noise ratio (SNR) of the color images acquirddgithe polarization filter and
the Lumencor Spectra X light engine was high enough to detdicle images with a
magnification as low as 20 over a broader temperature span than the one quoted as the
nominal temperature response range of the TLC materials:eker, the error is higher
for the 10« magnification in most cases, probably due to the fact thapangcle images
are smaller, and defocusing effects play a stronger roledreolor signals of the detected
particles. Figures 5.8 and 5.9 show some data that stroeglates from the correct tem-
perature estimation trend. These outliers correspond &waphirticles (approximately
1 out of 300) whose color behavior differs from that of theestparticles. This can be
due to a damage in the molecular structure of the materiatt@@uthor regards such
particles as faulty probes that do not affect the perforraasfcthe method due to the
low frequency in which they appear. The detection of thegbkens is not a trivial task
given that their temperature is not known in a real experiraed they display valid color
values for a different temperature.

The temperature calibration with the POD variable spaceaspto be more robust
than the calibrations using the RGB and HSI color variabbesisidering it uses two
calibration variables, as opposed to three, and yields eoafe or lower uncertainty
values than the other two in all cases. The calibration uiegHSI data consistently
underestimates the temperature of the particles when gaghra blue color at higher
temperatures, and generally yields higher error valuesvatémperatures as well. Us-
ing the RGB data yields similar error values as the POD catiitan in most cases, even
though it uses three, as opposed to two calibration vasafleis serves as confirmation
of[Roesgen & Totatd (2002)'s statement that the optimal detation of the RGB data,
via POD, yields calibration variables that are better suiteobtain a reversible relation-
ship with temperature. Figurés 5/16-5.17 show the califmaierformance for the TLC
material with a temperature response of 1 K, with a 500mmmndyical lens mounted in
front of the 3-CCD color camera. The ability of the measuneiechnique to evaluate
the color of elliptical particle images in order to estiméteir temperature does not seem
to be negatively affected by the fact that the images arecdstxl with an astigmatic
aberration. The uncertainty of the calibration oscillaesund 6% using the POD color
variables. Even though this uncertainty levels are not tbevmeasurement technique is
viable to make time-resolved measurements of the 3D pasitiml temperature of TLC
particles in a microscopic flow, as will be shown in Chapter 6.
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6. Temperature and Displacement Tracking in
a Cooling Droplet

In order to evaluate the feasibility of TLC Thermographymimned with APTV, to real-
life applications, a test case was necessary in which theddr@cles show a measurable
displacement in the z-direction as well as an evident changelor caused by a temper-
ature gradient in the flow. Since tze&component estimation of the particles’ location in
the flow volume, using the current state-of-the-art imagiggtem, yielded high uncer-
tainty values using a magnification of 20 all measurements of a real flow field were
made with a magnification of 20 Now, the ideal case would have been to measure
a constant temperature gradient over a known distance ircebsgiopic geometry that
drives a 3D flow. However, the construction of a device that ddve such flow while
holding a controlled temperature gradient over a distafic®® um (corresponding to
the field of view at 2& magpnification) is not a trivial task and an alternative testecwas
chosen.

Instead of a constant temperature gra-
dient, the flow inside a droplet as it cools
down to room temperature was measured,
as schematically shown in Figure 6.1. Th
experiment was carried out in a tempera-
ture controlled laboratory, with the tem-
perature of the room set to 1. The
temperature of the room oscillated around
the temperature set on the thermostat with
the oscillations reaching magnitudes of
up to~ 1 K. The convective streams Mg re 6.1.: Schematic of cooling drop ex-
ing from the ventilation outlets of the periment.
room were perceivable to the people in the
room so the droplet was shielded with a rudimentary cardbolaamber to minimize the
air temperature fluctuations around it. A thermocouple wasailed in the vicinity of
the droplet and temperature fluctuations were still deteotside the cardboard cham-
ber, with amplitudes of approximately3°C. The droplet was seeded with Hallcrest
R20C1W TLC particles, with a temperature response rangekafahd a red start tem-
perature of 20°C. Warm air was blown at the droplet until the particles insgecame
blue and the temperature inside the cardboard chamber iead@. Images of the flow
were then acquired at rate of22Hz until the temperature in the chamber went under
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20°C, and the particles no longer reflected detectable colors.

The experiment was initially performed without a cylinddidens. A series of im-
ages, at constant time intervals during the cooling of tloplét are shown in Figure 6.2.

Os IVAES

Figure 6.2.: Sample image series of the flow inside a cooliogldt acquired with 28
magnification.
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Figure 6.3.: TLC particle 2D motion inside a droplet, as iblscto room temperature.

The warm air blown around the droplet induces some conwétiw inside it which the
TLC particles follow while they cool down to room temperaand gradually change
their color from blue to red. The flow is three-dimensionadl &ne particle images be-
come blurry over time as they distance themselves from thel fplane and become
undetectable. In-focus particle images were detectedjusmimage processing scheme
outlined in Appendix A and their temperature was estimagagithe system matrix cali-
bration approach discussed in Section 5.1 on the propesgwtially decomposed (POD)
RGB data, calculated as explained in Section 2.2. Sincesthdiisg density was not high,
a nearest neighbor approath (Malik éf al. 1993) was impléedeto track the motion of
the particles, using the detected particle imagey/) positions over time, and reconstruct
their trajectories. Figure 6.3 shows a plot of particle ksafor particles whose images
were properly detected in more than 5 consecutive frames, that a trajectory could
be reconstructed, with the temperature of the particlesngby the color map. The time
frame of individual trajectories is independent of the oshdence they do not necessar-
ily begin and end simultaneously. All trajectories detdadaring the time it took for the
droplet to cool down are plotted in the figure but the readeukhnote that trajectories
with different colors correspond to particles detectedrdudifferent times of the cooling
process. The temperature calibration function is ablegolve the temperature decrease
of individual particles as the droplet cools down, allowiiog a lagrangian analysis of
the flow’s temperature for the first time using tracer pagticl These data only provide
a 2D reconstruction of the particles motion, even thoughpitdeomponent of velocity
is clearly evident to the naked eye, when watching the imagesas a motion picture.
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This is why the APTV method was used to evaluate the third acorapt of the particles’
displacement and reconstruct the 3D trajectories of thiécfes motion.

The same measurement was made with a cylindrical lens (fength of 500 mm)
installed in front of the camera. A series of images, at amgime intervals during the

Os 287s

Figure 6.4.: Sample image series of the flow inside a cooliogldt acquired with 28
magnification and a cylindrical lens with a focal length ob5@m.

62



T[°C]:19.7 20.1 20.5 20.9 21.3 21.7

00 ‘ _ | T
30
25|
_ 20}
N 10| g
Q
(]

400

Y [pm] X [um]

Figure 6.5.: TLC particle 3D motion inside a droplet, as iblsato room temperature.

cooling of the droplet are shown in Figure 6.4. Like the ekpent described above,
without a cylindrical lens, particle images were detectétth whe detection scheme out-
lined in Appendix A, and the temperature of the particles essnated using the system
matrix calibration approach discussed in Section 5.1 orptbper orthogonally decom-
posed (POD) RGB data. The geometry of the elliptical patiohages, on the other
hand, was used to estimate thpositions of the particles using tlzecalibration method
discussed in Sectidn 4.2 and a nearest neighbor approadtk @fal][1998) was im-
plemented to track the 3D motion of the particles, using teected particle images’
(%,Y,2) positions over time, and reconstruct their trajectoriegufe[6.5 shows a 3D plot
of particle tracks for particles whose images were propaelgcted in more than 5 con-
secutive frames, such that a trajectory could be recortsttuwith the temperature of the
particles given by the color map. Once again, the time frahiedividual trajectories is
independent of the others, hence they do not necessarilg bad end simultaneously.
All trajectories detected during the time it took for the plet to cool down are plotted
in the figure but the reader should note that trajectoriek different colors correspond
to particles detected during different times of the coolimgcess. The temperature cali-
bration function is able to resolve the temperature deereésdividual particles as the
droplet cools down, in this case allowing for a 3D lagrangaaalysis of the flow’s tem-
perature for the first time using tracer particles. Moreptee particles clearly have a
considerable velocity in the-direction, as they migrate up and inwards, as if following
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some recirculation pattern. This depth component of digstent was, of course, not
measured without astigmatism, which leaves a substanésalib the 2D tracking of the
particles’ motion.

6.1. Considerations and technological limitations

The author performed other experiments to illustrate thetionality of the measurement
technique but controlled temperature gradients in slowughdlows are not straightfor-
ward in such small dimensions and no satisfactory resulte wbtained. The reader
should note that even though the current state of technal@ygllow for the successful
3D tracking of TLC particles along with their temperaturaioooling droplet, limitations
remain to be overcome in order to extend the applicabilithefmethod to more complex
microfluidics problems where higher velocities and wea&ergerature gradients need to
be resolved. Among the many challenges that must be overgdbmenost prominent are
the following:

e The maximum frame rates and dynamic ranges offered by efatee-art low-
noise 3CCD color cameras place a low cap on the velocity stiggt can be
evaluated, as well as the amount of defocusing that can Hedpfherefore, the
flow in impinging jets or colliding fronts, which would be exglary test cases for
the method, cannot be characterized at this time.

e White light sources with a homogeneous spectrum remaire&s powerful than
lasers, making the intensity of detected particle imaggse@ally defocused ones,
substantially lower than that of fluorescent particles invemtional APTV ex-
periments. This translates into a limitation of the measa@ volume’s depth
to only a few tenths of microns, with 20magnification, given that not enough
light is scattered at lower magnification to make real-lifperiments with a low
enough measurement uncertainty. More light means brightgicle images. Ergo,
strongly defocused particles that are undetectable usiagtirrent illumination
scheme will be detected when more powerful light sourceerecvailable. With
an expansion of the measurement volume ef4« the current value, experimen-
tal setups using standard microchannels (5M0um deep) can be designed to
produce controlled temperature gradients that can be aeslu

e The design and production of non-encapsulated TLC pastide these applica-
tions is a young research field and there is room for much iwgmment in the fab-
rication of smaller particles with lower amounts of suréattthat can better follow
complex flows and have brighter color cores. Even thoughadhéddation proce-
dure of the non-encapsulated TLC particles used in thisysyields high quality
color images, the portion of the particles that scatterardslproportionally small
relative to the size of the particles. This can be a produtti@émount of surfactant
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used to stabilize the emulsion containing the TLC partieled more optimal pro-
duction parameters are probably possible, which yield lemabn-encapsulated
particles that scatter more colored light. On the other hémel bigger the parti-
cles the stronger their interactions with each other, whichigher concentration
and low Reynolds numbers can interfere with their abilitjaitow the flow that is
evaluated.

In any case, better hardware is available continuously bhadtvercoming of these
limitations is only a matter of time. That being said, thegrdwork for a powerful
method to simultaneously reconstruct 3D velocity and temtpee fields in microscopic
flows is laid out and proof of its functionality has been preed.

6.2. Future outlook

There are several fields where a temperature field charzatien is missing to complete
interesting studies of fluid transport in microscopic ﬂo.l), for in-
stance, performed a Lagrangian analysis of an electrotilenicrovortex and measured
its toroidal velocity distribution, which led to validatiof simplistic models and the fur-
ther understanding of the interaction between the lasentzerl the microfluidic device.
As its name says, the fluid phenomenon investigated in tlie aa product of an in-
duced temperature gradient which has not been measurediledgsdo say, the ability
to reconstruct the temperature field in this flow would shghtlon the forces that drive
the vortex and probably fuel improvements to its appligaiin the rapid transport of
particles via electrokinetic patterning.

On a different note, Marangoni flows play an important pathmengineering of pho-
tonic materials, thin coatings, deposition in thin fluid fipand crystal growth, among
other fields. Yet, many open questions remain regardingriténd forces and even its
existence in pure water, as well as the impact that enviroteheonditions and sur-
face contaminants have on its behavior. Marangoni flow igchHg a transport of fluid
caused by a gradient in surface tension, generated by a itiopcor temperature vari-
ation along the free surface of the liquid._Hu & Larsbn (20pBsented an analytical
study of the Marangoni flow in an evaporating sessile dropldtey developed a finite
element method to resolve the thermal field as the dropletczates and calculated the
time-dependent velocity fields within {t. Xuefeng & o (Z)Qpresented experimental
evidence of what appears to be a redirection pattern at th@acidine of an evaporating
water droplet. They seeded the flow with fluorescent nanbepes and followed their
approach towards the contact line followed by their migrataway from it. However,
a 3D reconstruction was not presented in their report, gitan the particles became
defocused as they moved away from the contact line and thasena way to tell their
motion in the depth directiorl._Xuefeng & Uupb (2007) statedtttheir observations in-
dicated a monotonic temperature variation along the frefacel of the droplet but, off
course, they did not have the means to measure it. An experiman evaporating water
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droplet was attempted using non-encapsulated TLC pasticlethe amount of surfactant
in the TLC-containing emulsion seemed to annul the Marangibect and no discernable
temperature gradient was detected. This remains a goodasstfor a future time when
production solutions are found regarding the fabricatibamaller TLC micro particles
and the temperature estimation uncertainty of the methfudtiser decreased to the order
of such temperature gradients.
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7. Conclusion and Outlook

The combination of Thermo-Liquid Crystal (TLC) Thermogdngpmand Astigmatism par-
ticle Tracking Velocimetry (APTV), along with other tecHogical advances in experi-
mental measurement techniques, allows for the simultene@asurement of the three-
dimensional (3D) temperature and velocity fields of micogsc flows. After many years
of research and progress in the fields of TLC thermographyoptidal velocimetry, the
technology has become available to record high qualityréioiages of TLC micro parti-
cles, whose position and temperature can be tracked in 319 dsifocused color particle
images by means of astigmatic aberrations.

The first step in the process of making this measurement meaheality was the
fabrication of stable non-encapsulated TLC micro spheceseplace the commonly en-
capsulated TLC particles that are reported in most othertepf TLC thermography in
fluids. A manufacturing process known as Shirasu PoroussG&RG) membrane emul-
sification process was used to produce a water based emafstable non-encapsulated
micro spheres with a narrower size distribution than thatlakile in commercial encap-
sulated TLC particle solutions (see Section| 3.1). Theseemmapsulated particles not
only have a narrow size distribution but also lack a polynieiisvhich is why their im-
ages have homogeneous intensity profiles without interolar atterns, making their
detection, as well as the evaluation of their color at spetéinperatures, possible with
lower uncertainty levels.

In principle, it is possible to detect the color of the pddigmages generated by
these non-encapsulated using conventional imaging sgstelmwever, the illumination
sources that are usually used for TLC thermography expetsm#o not shine a homo-
geneous light spectrum and have peaks at certain wavetergtiat happens with these
white light sources is that particles at narrow ranges openatures scatter substantially
stronger colors than at others, making the detection of teakwcolors a challenging
task, not to mention the temperature calibration. Forelgatvith the accelerating rate of
technology newer illumination systems become availatdellegly and a 'light engine’
using light pipes that shine different wavelength rangesuisently available commer-
cially. This device provides a more homogeneous spectritmeniough power to record
color images of TLC particles of all visible colors with coarpble intensities. On top
of that, TLCs exhibit a very convenient physical propertyh&i the liquid crystals enter
their chiral-nematic phase, they begin to scatter cirtylaolarized light of select wave-
length ranges as a function of their temperature. The dfyiiaithe circular polarization,
however, is independent of the incoming light's nature.sTgarticular feature of TLCs
allows for background noise filtering in images of flow seedstth TLC particles, fur-
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ther increasing the contrast and color quality of the plriimages. A custom circular
polarization filter was then designed and fabricated an@xpscted, the quality of the
color images improved considerably (see Section 3.2).

A cylindrical lens was then mounted in the system in ordeneuate the feasibility
of introducing astigmatic aberrations to the images, ireotd apply Astigmatism Par-
ticle Tracking Velocimettry (APTV) to track the motion ofetlparticles in 3D. Elliptical
images were successfully detected and a calibration puoeedas implemented to esti-
mate the depth position of the particles in a flow volume. Talércation approach was
successful in achieving this task, although the uncestaiatues are higher than those
reported in the literature for experiments with fluoresgeanticles. However, the reader
should note that fluorescent filtering has been a standahaitpee for a long time and
very efficient filters are available commercially, which yide very high signal-to-noise
ratios (SNR). On the other hand, the achromatic quarter wkate used for background
filtering in the circular polarization filter, does not trams perfectly polarized light for
all wavelengths and the filtering in general is not as good itts fluorescence. Never-
theless, it provides high enough quality images to detextjgometry and color of even
highly defocused particle images, which allows for the kiag of the particles’ motion
and temperature simultaneously for the first time.

In the past, the relationship between hue and temperatsrieg®n the most prominent
approach to estimate the temperature from the color of TUdswever, a calibration
approach using more than a single variable was evaluatekisrstudy, which yields
a better performance that the traditional temperature-télegionship. The approach
was implemented using three color spaces, as calibrativables, namely RGB, HSI
and POD. POD stands for the proper orthogonally decompo&&id &ata, which is a
set of optimally uncorrelated variables that provide a muotaust way of temperature
calibration. Four different TLC materials with differeetperature response ranges were
calibrated in order to assess their feasibility for rea &pplications.

The TLC material with a temperature response range of 1 K hexstised to track the
motion and temperature of the TLC particles as they follotiredconvective flow inside a
cooling droplet. The results prove that the measuremehntque is capable of resolving
3D temperature gradients, in both time and space, in miopisd¢lows.

The uncertainty values vary for different TLC materialdnigehigher for materials with
narrower temperature response ranges. Fortunately thechieas plenty of room for im-
provements in multiple fronts. First of all, there is not rhuiesearch in the manufacturing
of non-encapsulated particles such as the ones used fasttidg. The performance of
the method has a wide margin of improvement if solutions Vater amounts of surfac-
tant were developed. The surface properties and wettabflihe particles could also be
engineered to provide particles that scatter brighterrsolon the other hand, better cir-
cular polarization filtering can also play a role in the asgion of higher-quality particle
images. the same can be said for illuminations sources.yTodaer and more powerful
illumination devices are becoming available regularlyjclihcan significantly improve
the results reported in this document. Lastly, the deteddiigorithms and calibration
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schemes can also be perfected further. A substantial poofithe performance of the
calibration approaches, relies on the particle image tieteschemes and the algorithms
that carry them out. Higher-quality images, along with ioyad methods to detect their
color and their geometry, would go a long way in improving #stimation of both the
depth position and temperature of the particles.
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A. Image Processing

A series of preprocessing steps were implemented to imptwveontrast of the TLC
particles’ color images. Even though a circular polar@afilter was mounted to acquire
the images used for the calibration of thposition and the temperature of the TLC par-
ticles, as well as to track the flow inside a cooling dropleg tjuarter-wave plate does
not transmit perfectly circularly polarized light for allawelengths and some background
noise is still transmitted. The detection of particle imagespecially the heavily defo-
cused ones recorded with APTV, requires a high signal-teenmtio (SNR) which can
be considerably improved by using background removal nusthéfter careful evalua-
tion of several different methods to improve the contraghefcolor images and remove
their background noise, the following approach yielded libst particle image detec-
tion performance for a variety of color particle images vatbroad range of defocused
geometries.

e A morphological operation was performed on the raw images Egure A.1a),
consisting of an erosion- followed by a dilation algorithboth of which used
a flat, disk-shaped structuring element with a defined radibich was chosen
depending on the size and shape of the particle imagesrédfitfeadii were chosen
for different magnifications and cylindrical lens arranges). The product of
this morphological operation acts as a smooth dark imagh,the topology of the
background noise levels in the raw color image as shown iarEié.1b.

e This background image was them subtracted from the raw RGa&jémnearly
eliminating completely the background noise surroundiregaarticle images, while
their colors remain bright and vibrant, as shown in FigurgcA.

e In order to detect the perimeters of the particles, a segatientalgorithm will be
used but the grayscale intensity profiles of the particlemgies in Figure Allc re-
main noisy and the determination of a segmentation thregshal works on parti-
cle images of different colors and shapes is difficult to finder these conditions.
Therefore, a smoothing gaussian filter is applied to therdah@ges in order to
reduce the noise in the intensity profiles of the particleges which yields the
image shown in Figure Al1d.

These high-contrast images with smooth intensity profitesuaed to detect the gen-
eral shape of the particle images before a sub-pixel boyrdistection algorithm is im-
plemented on the raw images to accurately determinéxtfyg location of the particles,
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as well as the horizontal and vertical axis of ellipticaltjde images,(ax,ay), when
APTV is used. Once the general shape of the particle imaggstésmined, their RGB
intensity values, which are used later for the temperatalibration procedure, are also
calculated. This process of particle image geometry andr a@termination is carried
out in the following fashion.

A basic segmentation filter is applied to the smooth hightrest images generated
with the preprocessing steps outlined above (see Figur@) AThis filter simply converts

Figure A.1.: a) Raw RGB image. b) Raw RGB image’s backgrouc)dHigh-contrast
RGB image after background subtraction. d) Smooth imagd fmeseg-
mentation.
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the color images to grayscale and binarizes them using & tda@shold, chosen through
an iterative process, testing images that contain pastimielifferent colors and shapes.
Automatic approaches to determine the optimal segment#ti@shold for each image
were attempted but the detection performance yield varibdtantially from one image
to the next. For instance, an automatic segmentation thiectstas calculated for each
grayscale image, maximizing the separability of its blan# white values as proposed by
). Even though this method works well for partioiages of certain colors,
it failed almost entirely for other color. Hence, a constsegmentation threshold was

Figure A.2.: a) Segmented particle image areas. b) Segohpatécle image perimeters.
c) Particle images’ elliptical shapes calculated with pidel accuracy. d)
Pixels used to calculate the mean RGB values of particle ésag

85



Image Processing

used and a consistent detection performance was achievedrticles of all colors and
shapes. Figure Al2a shows the result of the segmentatien diftplied to the image in
Figure[A.1d and Figure Al2b shows the perimeter of the gdartinage areas shown in
Figure A.2a, found with the segmentation filter.

These segmented pixel regions are used next to determiide yhéocations of the par-
ticles, as as well as the horizontal and vertical axis optdial particle imagesiax, ay),
with sub-pixel accuracy. Rectangular windows, with dimens corresponding to twice
the maximum width and height of the segmented particle®rsgiwere used to calculate
a 2D Gaussian fit of the raw RGB particle images, converteddgsgale. The variance
values of the fit in both dimensions were used as the vertiwhharizontal axegax, ay),
of the elliptical particle images and the center of the fitsam determined thg,y) lo-
cation of the particle’s center. Figure A.2c shows the rawBR@age with plots of the
elliptical boundaries of the particle images, calculatéthwhe 2D gaussian fit approach
described above.

Lastly, several schemes were evaluated to determine the \R(EBs of each particle
image. The first was to use the RGB values of the pixel whereehéroid of the seg-
mented area of each particle image lies. Unfortunatelyptrécle images are not sym-
metric and occasionally exhibit dark patterns as they becdefocused, which caused a
broad scatter of color values for particles that were reztbrat the exact same tempera-
ture. The same happened when using the pixel containingetiitercpoint of the ellipses
calculated with the sub-pixel algorithm explained abova akternative method was to
try the mean of a group of pixels contained within a certadius of either the centroid
of the segmented area or the center point of the ellipse.rbthod yielded better results
for in-focus circular particle images but not for ellipticmes mainly due to the fact that
some of the pixels in the group would occasionally lie in tlagkdpatterns of the parti-
cle image, throwing off the mean values. Instead, the maxirgtayscale intensities of
each particle images were evaluated and a threshold was B@¥%@of their difference.
Then, the mean RGB values of all the pixels in the particlegenavith a grayscale value
above this threshold, were used as the RGB values of thelgdrtiage to be used in the
color spaces and calibration computations. This metholdlgieconsistently narrower
distributions of color values for particles images recdrdéthe same temperature. Fig-
urel A.2d shows green crosses indicating the pixels useddolate the mean values that
determined the RGB values corresponding to each particle.
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B. System Photographs

High resolution photos of the laboratory and and the expemial setup components are
shown in Figures BJI-B!7.

Figure B.1.: Imaging and temperature control system.
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Figure B.2.: Microflulidics laboratory.
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Figure B.4.: Temperature calibration experimental setup.
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Figure B.5.: 3CCD color camera mounted behind cylindrieasl

Figure B.6.: Cylindrical lens mount.
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Figure B.7.: Circular polarization filter.
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