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ABSTRACT

Segura, Rodrigo. M. S., Universität der Bundeswehr München, 16.06.2014. Thermo-
Liquid Crystal (TLC) Thermography and Astigmatism Particle Tracking Velocimetry
(APTV) for the simultaneous time-resolved 3D measurementsof microscopic temper-
ature and velocity flow fields. Professor: Christian J. Kähler.

The ever accelerating state of technology has powered an increasing interest in heat
transfer solutions and process engineering innovations inthe microfluidics domain, many
of which require reliable temperature flow diagnostic techniques. Thermo-liquid crys-
tal (TLC) thermography has been a widely accepted and commonly used technique for
the measurement of temperature fields in macroscopic flows. Furthermore, its combina-
tion with optical velocimetry techniques, such as ParticleImage Velocimetry (PIV), has
provided a means to simultaneously characterize macroscopic two-dimensional (2D) tem-
perature and velocity flow fields. Unfortunately, however, the state of technology has not
allowed for this task to be carried out in microscopic flows. Low seeding density, volume
illumination, and low TLC particle image quality at high magnifications present unsur-
passed challenges to its application to three-dimensionalflows with microscopic dimen-
sions. In the following chapters, a combination of cutting edge technology is presented as
a means to accomplish precisely this objective: to simultaneously measure time-resolved
3D temperature and velocity fields in microscopic flows wheremulti-camera methods
and light sheets are not possible. The process of achieving this goal happened in three
phases: 1. TLC thermography had to be improved and adapted tothe point where the
temperature of individual particles could be evaluated andtracked over time. An emul-
sion of TLC micro spheres (with a narrow size distribution and no encapsulation) was
manufactured to improve the image quality of TLC particles and a multi-variable cali-
bration approach, applied to a mathematically optimal variable space, was developed to
improve the estimation of temperature from color information. 2. Astigmatism Particle
Tracking Velocimetry (APTV) was developed to precisely locate particles in a flow vol-
ume and track their displacement in three dimensions (3D). 3. The the signal-to-noise
ratio (SNR) of TLC images had to be improved enough for the application of defocusing
techniques, such as APTV, which encode the third component of the particles’ position
in their images’ geometry. A state-of-the-art balanced light source which combines the
light spectrum of multiple light pipes was used instead of the conventional high power
flash lamps and a circular polarization filter was designed toexploit the optical properties
of chiral nematic polymers. This combination made it possible to boost the SNR just
enough for the combination of TLC thermography and APTV to work. Finally, a proof-
of-concept experiment was performed in a simple microscopic flow example, and the 3D
displacement of TLC particles was tracked simultaneously with their temperature. More
complex applications were not possible due to current technological hardware limitations
but the capability and potential of the measurement technique was clearly demonstrated.
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ABSTRACT / KURZFASSUNG

KURZFASSUNG

Der ständig andauernde technische Fortschritt führt im Bereich der Mikroströmung
zu einer steigenden Nachfrage von Wärmetransportlösungen und Prozessoptimierungen,
die zuverlässige Messmethoden für Temperatur und Strömungsfeld erfordern. Thermo-
liquid crystal (TLC)-Thermographie ist eine weithin akzeptierte und häufig verwendete
Technik zur Messung von Temperaturfeldern in makroskopischen Strömungen. In Kom-
bination mit optischer Geschwindigkeitsmesstechnik, wieParticle Image Velocimetry
(PIV), kann gleichzeitig sowohl die Temperatur als auch dieStrömungsgeschwindigkeit
für makroskopische zweidimensionale (2D) Strömungsfelder bestimmt werden. Lei-
der erlaubt der Stand der Technik aber nicht, dass diese Methode auf mikroskopische
Strömungen übertragen werden kann. Niedrige Partikeldichte, Volumenbeleuchtung und
die schlechte Qualität der TLC-Partikelbilder bei großenVergrößerungen führen zu unüber-
windbaren Herausforderungen bei der Anwendung auf dreidimensionale Strömungen
mit mikroskopischen Dimensionen. In den folgenden Kapiteln wird eine Kombination
verschiedener Neuentwicklungen vorgestellt, die sich genau diesen Herausforderungen
stellt: Das 3D-Temperaturfeld sowie das Geschwindigkeitsfeld einer Mikroströmung sollen
zeitaufgelöst vermessen werden, ohne auf Mehrkamerasysteme oder Lichtschnittverfahren
aus der makroskopischen Strömungsmesstechnik zurückgreifen zu können. Dieses Ziel
wurde in drei Phasen erreicht: 1. TLC Thermographie musste optimiert und angepasst
werden, so dass die Temperatur der einzelnen Partikel ausgewertet und über die Zeit ver-
folgt werden konnte. Eine Lösung von TLC Mikro-Partikeln (mit einer engen Größenver-
teilung und ohne Verkapselung) wurde benutzt, um die Bildqualität der TLC Partikel
zu verbessern. Durch eine mehrdimensionale Kalibrierung eines optimierten Parameter-
raums war es möglich, die Temperaturbestimmung aus der Farbinformation zu verbessern.
2. Astigmatismus Particle Tracking Velocimetry (APTV) wurde entwickelt, um die Par-
tikel im Strömungsvolumen genau zu lokalisieren und derenBewegung in drei Dimensio-
nen (3D) zu folgen. 3. Das Signal-zu-Rausch-Verhältnis (SNR) der TLC-Partikelbilder
musste soweit verbessert werden, dass es für defokussierende Methode, wie APTV, an-
wendbar ist, da sich die dritte Raumkoordinate in der Form der Partikelbilder verbirgt.
Anstelle einer einzelnen konventionellen Hochleistungsblitzlampe wurden die Spektren
verschiedener geregelter Lichtquellen über Lichtwellenleiter kombiniert. Mittels eines
zirkularen Polarisationsfilters konnten die optischen Eigenschaften der chiralen nematis-
chen Polymere ausgewertet werden. Diese Kombination machte es möglich, das Signal-
zu-Rausch-Verhältnis gerade so weit zu steigern, dass diegleichzeitige Anwendung von
TLC-Thermografie und APTV möglich war. Somit konnte schließlich ein Demonstra-
tionsexperiment am Beispiel einer einfachen mikroskopischen Strömung durchgeführt
werden. Die 3D-Verschiebung der TLC-Partikel wurde dabei gleichzeitig mit ihrer Tem-
peratur verfolgt. Komplexere Anwendungen waren aufgrund der aktuellen technologis-
chen Hardware-Einschränkungen noch nicht möglich. Dennoch konnten die Fähigkeit
und das Potenzial der Messtechnik demonstriert werden.
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1. Introduction

1.1. Purpose

Flow diagnostic experimental techniques have been the subject of extensive research for
more than one hundred years. To this day, there exist well-established methods to recon-
struct two-dimensional (2D) and three-dimensional (3D) velocity and temperature fields
in macroscopic flows. When geometries and test sections shrink to microscopic dimen-
sions, however, challenges arise that make the simultaneous velocity and temperature
reconstruction of 2D and 3D flows a cumbersome task. The purpose of this research is
to develop a reliable calibrated measurement method to simultaneously reconstruct the
temperature and velocity fields of microscopic flows. A measurement approach that uses
individual non-encapsulated thermochromic liquid crystal (TLC) micro particles was de-
veloped to track their temperature, as well as their 3D motion by means of Astigmatism
Particle Tracking Velocimetry (APTV).

1.2. Motivation and Background

Heat transfer problems are commonplace in modern science and engineering and their
solutions have led to a long list of technological developments, many of which have
played a major role in transportation, communications, consumer electronics and personal
computing, amongst many other areas that affect our lives and society. Today, with the
strong downward trend in the size of electronic components down to micro and nano
scales, combined with the upward trend in their heat tolerance demand, innovations in
heat transfer solutions become more and more relevant. Experimental techniques used to
solve heat transfer problems have played an essential role in understanding a myriad of the
physical phenomena that occur in its many applications. A number of these applications
involve fluids, which are naturally dynamic, whose constanttransformation and motion
can be used to optimize heat transfer processes. Therefore,the successful design and
optimization of such heat transfer processes requires not only the 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 over the last century to develop
experimental methods that can accomplish precisely these tasks in macroscopic flows.
Point-wise measurements, such as hot- and cold-wire anemometry as well as mounted
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thermocouples, continue to be used in the macroscopic domain to evaluate the flow tem-
perature at individual points. However, their implementation in microscopic experimental
arrangements is virtually impossible on top of the inconvenient truth of their being intru-
sive diagnostic techniques that alter the flow in question.

On the other hand, optical methods have also been the focus ofa vast accumulation
of research over many decades, yielding useful qualitativeapproaches such as flow vi-
sualization (Merzkirch 1987), as well as robust and precisenon-intrusive methods that
allow for instantaneous 2D measurements like surface temperature measurements with a
pyrometer or an infrared (IR) digital camera (Michalski et al. 2001, Chung et al. 2003).
Furthermore, the fast technological evolution of recent decades has brought along better
and faster camera sensors, which combined with powerful light sources, gave birth to
optical flow diagnostic techniques that are far better suited for microfluidics than intru-
sive point-wise approaches and provide instantaneous 2D and 3D characterizations of the
flow. One common way to estimate temperatures by means of optical methods is the use
of laser induced fluorescence (LIF) or luminescence. The physical principle is that the
fluorescence intensity of a dye dissolved in the fluid changesas a function of tempera-
ture. In order to decrease the uncertainty due to illumination variations, ratiometric LIF
uses the signals of two different dyes, where only one exhibits a temperature dependence
(Coppeta & Rogers 1998, Sakakibara & Adrian 1999, 2004, Someya et al. 2005). The
development of the LIF technique up to this point, however, relies on the use of a laser
sheet that illuminates a planar section of the flow which is not trivial to produce in an
experimental setup with microscopic dimensions. For this reason, micro optical flow di-
agnostic techniques use volume illumination which means that the measurement signal
is integrated over the entire flow volume. In microfluidics, however, flow fields are most
often fully three-dimensional and in many instances include strong gradients. Hence, a
temperature measurement approach that does not integrate across the flow volume, such
as the tracking of individual particles, is preferable. Someya et al. (2009) and Someya
et al. (2011) used a high speed camera to measure the 2D velocity and temperature fields
using particles, labeled with a temperature dependent luminophore, and evaluating their
luminescence’s lifetime. Only recently, Vogt & Stephan (2012) showed results of an ex-
periment where particles were labeled with two dyes. They reported higher uncertainties
compared to dissolved dyes but proved that the technique works using averages over in-
terrogation windows. Nevertheless, two-dye particle labeling is not currently a common
procedure, thus making the particles very expensive.

Another way to determine the temperature is to evaluate the Brownian motion of parti-
cles (Hohreiter et al. 2002). The major drawback of this method is that in order to be able
to reliably measure Brownian motion, the particles have to be very small, thus substan-
tially decreasing their signal. Furthermore, their size distribution must be very narrow and
the viscosity of the fluid should not change if a consistent relationship between Brown-
ian motion and temperature is to be established. On top of that, only time-averaged
measurements are possible. Besides these techniques, liquid-crystal thermography has
received great attention over the last several decades due to its capability to quickly re-
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construct temperature fields in surfaces and flow planes/volumes. TLCs are substances
whose molecular structure has both solid and liquid properties, hence the name liquid
crystal, that change their color as a function of temperature (Fergason 1966, Adams et al.
1969, Parsley 1991, Oswald & Pieranski 2005, Sage 2011). Their use as a thermal diag-
nostic tool is commonplace in the heat transfer and fluid dynamics research communities.
Today, TLCs have a broad range of applications including flowvisualization (Smith et al.
2001, Dabiri & Gharib 1991), microfluidics thermal mapping (Chaudhari et al. 1998),
heat transfer design for electronic components (Farina 1995, Azar & Farina 1997), and
medical applications (Stasiek et al. 2006, Bharara et al. 2008), among others. An exten-
sive account of most, if not all, of the research in the field ofTLC thermography has been
reported in a number of review articles over the last two decades (Baughn 1995, Roberts
& East 1996, Wozniak et al. 1996, Behle et al. 1996, Stasiek 1997, Stasiek & Kowalewski
2002, Stasiek et al. 2006, Dabiri 2009, Nasarek 2010, Abdullah et al. 2010, Sage 2011).
They thoroughly describe and discuss most of the available literature, dating back to the
1800’s, on several subjects that concern this technique such as the motivations for its
development, properties of TLCs, colorimetry, imaging, commercial availability, time
response, calibration, uncertainty analysis, hysteresis, and applications, among others.
Several studies have been performed using TLCs in thin films that are applied to surfaces
to measure their temperature (Akino et al. 1989, Farina 1995, Sabatino et al. 2000) and
the concept has even been extended to the microscopic domainwith the aim of measur-
ing two-dimensional temperature fields or point-wise average heat transfer coefficients in
the walls of micro tubes and channels (Höhmann & Stephan 2002, Muwanga & Hassan
2006b,a, 2007, Chin et al. 2002). All the experimental results reported in the aforemen-
tioned literature were obtained by illuminating the TLC material with high-power flash
lamps. Table 1 of Dabiri’s (2009) review specifically lists the illumination source types
used in most of these experiments. Unfortunately, the lightspectrum generated by the
light bulbs or tubes in such flash-lamps is far from uniform and displays one or a few
narrow peaks in the visible spectrum. This means that some bands of visible wavelengths
will be scattered with substantially less intensity than other bands, hence making the de-
tected color patterns weaker.

Over the years, many calibration methods have been engineered to extract the temper-
ature from the color of TLCs. Section 4 of Behle et al.’s (1996) and Smith et al.’s (2001)
articles, Section 5 of Dabiri’s (2009) review, and Section 3of Abdullah et al.’s (2010) re-
port provide a thorough account of the various attempts to perform this task over the last
two decades. Rao & Zang (2010), Bednarz et al. (2010), Cukurel et al. (2012), and Se-
gura et al. (2013) are some of the latest reports of novel techniques and ideas on this topic
that are not covered in the earlier reviews. The general tendency over the last decades
has been to use the temperature-hue relationship of TLCs to calibrate the digital images,
where hue is a parameter, derived from the Red, Blue and Green(RGB) signals of the
color camera’s digital sensors, that represents a color shade and will be defined in more
detail in Chapter 2.2. On the other hand, multi-variable calibration approaches using the
color images’ hue (H), saturation (S), and intensity (I) have also been studied, since the
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S and I signals also contain valuable information that playsa substantial role in relating
the TLCs’ temperature to the color of their digital images (Fujisawa & Hashizume 2001,
Segura et al. 2013). Fujisawa & Hashizume (2001) performed astudy of synthetic data,
using a multi-variable calibration approach, and reporteduncertainty values of 0.06 K in a
range of 2.3 K (2.6 %) for two-dimensional interrogation windows. Fujisawa et al. (2005)
later reported uncertainty values of 0.13 K, using a stereoscopic setup, on TLCs with a
temperature response range of 2.3 K (5.7 %), using a similar approach. It should be noted,
however, that even though the HSI color space has been the transformation of choice for
most research groups using this measurement technique, it is not the only means of inter-
preting color of digital images in order to extract their temperature information. Roesgen
& Totaro (2002) proposed a statistical calibration approach that uses proper orthogonal
decomposition (POD) to transform the raw RGB digital image data into a fully decorre-
lated variable space with the potential of providing a steeper calibration 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 with Particle Image Velocimetry
(PIV) to simultaneously measure temperature and velocity fields (Dabiri & Gharib 1991,
Nasarek 2010) in two dimensions. PIV is a measurement technique used to reconstruct
instantaneous 2D velocity flow fields (Raffel et al. 2007). Invery simple terms, it works
by seeding the flow with tracer particles, illuminating a planar region of it, recording
digital image pairs of the illuminated tracers (separated by a known time delay), and
cross-correlating them to get a grid of velocity vectors that represent the mean velocity
over the corresponding flow sections. Since Santiago et al.’s (1998) introduction of a
PIV system for microfluidics, this method has become a major flow diagnostics tool for
microfluidic devices used in a myriad of science and engineering applications. For a
comprehensive explanation and discussion ofµPIV and is applications, the reader its
referred to the most recent reviews on this measurement technique (Lindken et al. 2009,
Lee & Kim 2009, Wereley & Meinhart 2010, Williams et al. 2010).

Several researchers have used the combination of TLC thermography and PIV over
the last two decades and their contributions are summarizedand tabulated in Table 1 of
Dabiri’s (2009) review and Tables 2.1 and 2.2 of Nasarek’s (2010) dissertation. Today,
the technique continues to evolve into better and more efficient temperature and veloc-
ity measurement methods. It is worth noting that in order to simultaneously measure the
flow temperature and velocity, researchers have seeded the flow with solutions containing
microencapsulated TLC material, as well as other tracer particles that are better suited for
PIV cross-correlation, due to the low image quality of the TLC particles. Up to this day,
all of the reports on this flow diagnostics technique are based on acquiring color images of
flows, with high concentrations of TLC material, and reconstructing planar temperature
fields. Extensions of this principle like scanning methods (Fujisawa & Funatani 2000, Fu-
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jisawa et al. 2005, Lutjen et al. 2001), stereoscopic (Funatani & Fujisawa 2002, Fujisawa
et al. 2004, 2005), and tomographic arrangements (Mishra etal. 2000, Ciofalo et al. 2003)
have also been used to reconstruct average 3D temperature and velocity flow fields. All
of these measurements rely on the concept of breaking the color images into sections and
evaluating the mean temperature of the flow in each section. Even though sophisticated
methods have been successfully employed to extract the meantemperature of the flow by
evaluating these so-called interrogation windows, the resolution of such measurements
is limited by the size of the windows and the reconstruction of temperature gradients is
necessarily biased when using this approach. Furthermore,when the flow volumes are
reduced to microscopic dimensions, the measurement paradigm changes and, for one,
the use of a light sheet is not possible thus introducing another bias in the measurement
of flows that contain a temperature gradient in the depth direction. Secondary flows,
commonly encountered in micro channel geometries, possessflow features that are com-
pletely hidden to two-dimensional measurements with volume illumination (Rossi et al.
2011). On the other hand, as explained in Cierpka & Kähler (2012)’s review, seeding
concentration tends to be lower in microfluidics experiments and correlation methods
become less reliable while the individual tracking of particles would be a convenient so-
lution to avoid bias errors. Moreover, if the TLC particles would have a narrow size
distribution and produce a high signal-to-noise (SNR) ratio, defocusing methods, such
as astigmatism particle tracking velocimetry (APTV) couldbe used to track their motion
in three dimensions as well as their temperature (Cierpka etal. 2010, 2011a). To this
day, however, the application of TLC thermography, combined with particle velocime-
try, to three-dimensional micro flows presents currently unsurpassed challenges caused
by sparse seeding density, volume illumination, and low particle image quality at high
magnifications. Even though Park et al. (2001) also used the average temperature over
sections to reconstruct the flow’s two-dimensional temperature field, they reported uncer-
tainty figures for the temperature estimation of individualparticles ranging from around 5
% to 20 % over a temperature span of 2.5 K using a neural network calibration approach.
They used micro-encapsulated TLCs manufactured by Hallcrest (BM40C26W20) with a
useful temperature response range approximately between 26 and 29◦C. Due to the high
uncertainty in the temperature measurement of individual particles, they calculated the
mean temperature over interrogation windows of 32×32 pixel and obtained lower error
values of 2−8 %. This reduction in uncertainty, however, comes at the expense of a lower
spatial resolution due to the averaging over interrogationwindows. Basson & Pottebaum
(2012), recently reported temperature measurements in a micro channel using individ-
ual encapsulated TLC particles. They demonstrate interesting advantages provided by
an innovative circularly polarized illumination system onmicro-encapsulated TLCs also
manufactured by Hallcrest (NSL33R35C5 W), yielding average uncertainties of 1.2 K
over a temperature range between 36.3 and 43.7 ◦C (16 %). These uncertainty levels
remain too high for a reliable temperature field reconstruction but 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 cutting edge technology, is pre-
sented to generate high quality color images of non-encapsulated TLCs, which allow for
their individual tracking in order to perform time-resolved measurements of 3D tempera-
ture and velocity fields in microscopic flows where multi-camera methods and light sheets
are not an option.

An emulsion of TLC micro spheres without encapsulation was manufactured by Shi-
rasu Porous Glass (SPG) membrane emulsification, a technique that allows for the pro-
duction of particles with narrow size distributions (Joscelyne & Trägårdh 2000). Addi-
tionally, a state-of-the-art white light source, which provides a more homogeneous illumi-
nation spectrum than those produced by high power flash lamps, was used in combination
with a circular polarization filter that exploits the optical properties of chiral nematic poly-
mers, to boost the SNR of the particle images. This incrementin SNR not only enhances
the temperature estimation of the TLC particles from their color but also allows for the
implementation of defocusing methods to encode the depth position of the particles in the
geometry of their images.

Astigmatism Particle Tracking Velocimetry (APTV), is sucha defocusing technique
where the optical symmetry of the imaging system is broken with a cylindrical lens, and
particles are projected as ellipses on the camera sensor, allowing for an unambiguous
determination of their depth position in the flow volume fromthe shape of their elliptical
images. The main reason this technique was developed over the last five years is its ease
of implementation to microfluidics experiments with a single optical access to the flow.

A multi-variable calibration approach was also developed,which makes use of all three
RGB color components to compute an optimally decorrelated variable space that can be
used to find a robust calibration function to extract temperature information from the
particle images’ color, as opposed to the commonly used Hue-Temperature relationship.

Finally, the TLC thermography method was combined with APTVand a proof-of-
concept experiment was performed, where the displacement of TLC particles is tracked in
3D while their temperature is also being measured. More complex applications were not
possible due to current technological hardware limitations but the capability and potential
of the measurement technique is clearly demonstrated.
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2. Fundamentals

2.1. Thermochromic Liquid Crystals (TLCs)

Thermocromic liquid crystals (TLCs) are fluids that reflect different colors as a func-
tion of their temperature. They belong to a more general material class, referred to, by
Brostow (1990) and Mitchell (2004), as liquid crystal (LC) polymers that are neither com-
pletely liquids nor solids. Instead, these polymers exist in an intermediate material phase
in which they can flow but also exhibit long-range order interactions between molecules
as well as crystalline structures. This state provides a convenient combination of physical
properties where the material mechanically behaves like a liquid but exhibits the optical
characteristics of a crystal. LCs consist of cigar-shaped molecules and exist in different
phases, reviewed and explained in detail by Fergason (1964)and Brostow (1990), with
particular molecular arrangements.

Figure 2.1.: Liquid crystals in their nematic phase. The molecules float freely, with their
long axes parallel to each other, with no apparent order or layering scheme.
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b)

a)

Figure 2.2.: Liquid crystals in their smectic phase. a) A case where the molecules in the
layers are randomly distributed. b) A different case where the molecules in
the layers are aligned in rows.
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All phases of LCs have in common that their molecules are almost parallel to each
other. The average orientation of the molecules’ long axes is known as the ’director’,
which is responsible for their anisotropic behavior. By anisotropic it is meant that the
index of refraction of LCs, as well as their dielectric constant, is not constant and varies
as a function of the polarization orientation and propagation direction of the light that
travels through them. The ’nematic’ phase of LCs happens when the only long-range
order exhibited by the material is the alignment of molecules with the director. In other
words, nematic LCs consist of free floating molecules whose long axes are parallel to
each other as shown in Figure 2.1. The ’smectic’ phase exhibits additional degrees of
long-range order. Molecules in smectic LCs, aside from being aligned to a director, have
their centers fixed in equidistant planes, forming planar layers as shown in Figure 2.2a.
Moreover, the smectic phase can have further degrees of long-range order where the
molecules lie in organized two-dimensional lattices (Figure 2.2b) or the layers are not
perpendicular to the director. The third phase, in which TLCs exist, is called ’cholesteric’
or ’chiral nematic’. Its name accounts for the fact that it possesses a molecular structure
commonly found in materials that contain cholesterol. Molecules in cholesteric LCs,
like those in smectic LCs, are arranged in layers with their long axes aligned parallel to
each other. In the cholesteric phase, however, the layers are parallel to the director which
rotates from layer to layer by approximately 15 arc-minutescausing a continuous rotation
of the molecules along a helical path, as schematically shown in Figure 2.3 (Fergason
1964). The meticulously ordered molecular structure of cholesteric LCs grants them
unique optical properties, tabulated and thoroughly discussed by Fergason (1966), Parsley
(1991) and Sage (2011). The relevant characteristics, mainly responsible for their visible
change in color as a function of temperature, are summarizedas follows:

• Cholesteric LCs are birefringent materials, meaning that their index of refraction
changes as a function of polarization orientation and propagation direction. Fur-
thermore, unlike nematic and smectic LCs, they are optically negative; linearly
polarized light that travels through cholesteric LCs experiences an index of refrac-
tion, n, in the range betweennmin andnmax which correspond to the cases when
polarization orientation is perpendicular and parallel tothe director, respectively.

• As explained by Fergason (1964), cholesteric LCs are extremely optically active
materials that rotate the polarization plane of incident linearly polarized light at a
rate as high as 18,000◦ per millimeter.

• Cholesteric LCs are circularly dichroic and selectively reflect circularly polar-
ized light whose polarization chirality matches that of theLCs director’s rotation
(de Vries 1951). The reflected circularly polarized light isa product of constructive
interference between reflected light waves from different molecular layers, analo-
gous to Bragg reflections inside a solid crystal (Cowley 1995, Myers 2009). This
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Figure 2.3.: Liquid crystals in their cholesteric phase. The molecules are arranged in
layers with their long axes aligned parallel to each other. The director of the
layers rotates from one layer to the next causing a continuous rotation of the
molecules along a helical path.
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reflected light exhibits a maximum intensity at a specific wavelength (de Vries
1951),

λmax= p
nmin+nmax

2
(2.1)

that is also the center of the narrow reflection bandwidth (Fergason 1966),

δλ = p(nmin−nmax) (2.2)

wherep, defined by de Vries (1951) as the pitch, is the distance required for the
director of molecular layers to rotate 360◦.

• As explained by de Vries (1951) (note that he uses a stationary coordinate system
when evaluating rotation chirality), type ’dextro’ materials, as are TLCs, do not
invert the chirality of circularly polarized light upon reflection from molecular lay-
ers. This is due to the fact that when polarized light travelsfrom one layer to the
next, the angle between its polarization plane and the director of the layer changes.
This relative rotation causes one orthogonal component of the electric vector to
experience a higher index of refraction while the other orthogonal component nec-
essarily experiences a lower one. Consequently, only one ofthese components will
experience a phase shift, thus inverting the reflected light’s circular polarization
chirality, which is normally opposite to that of the incident wave.

• The pitch,p, of TLCs exhibits an inversely proportional relationship to tempera-
ture. Ergo, as temperature rises the reflected wavelength band,δλ , shifts to shorter
wavelengths and the TLCs appear to gradually change colors across the visible
spectrum from red to blue.

The different material phases of LCs have been a common subject of research over the
last century and there are a myriad of scientific reports on their molecular characteristics
and properties. Several models, outside the scope of this study, have been proposed to
quantify their optical behavior as well as experimental data to validate them. For further
information, the reader is referred to previous reports on this matter (Oseen 1933, de Vries
1951, Fergason 1966, Adams et al. 1969, Berreman & Scheffer 1970c,a,b, Melamed &
Rubin 1971, Dreher & Meier 1971, 1973, Gleeson & Coles 1989, Zink & van Dael 1993,
Abbate et al. 2007, Chen & Yeh 2012).

2.2. Colorimetry in digital photography of TLCs

TLCs reflect selective wavelength ranges as a function of their temperature, which makes
them a potentially useful instrument to measure the temperature of their surrounding
medium, granted that a reliable relationship can be established between their color and
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their temperature. This invites the question of how color ismeasured and/or interpreted,
which is addressed thoroughly in the colorimetry (science of color) literature. Newton
was the first to break white light into its colored componentsusing a prism, which led to
the understanding, years later, that colors correspond to different wavelengths of electro-
magnetic radiation. In 1802, Young stated, in the third hypothesis of his lecture on the
theory of light and colors, that ”the sensation of differentcolours depends on the different
frequency of vibrations, excited by light in the retina”, and proposes that the retina can
separately detect intensities of three principal wavelength bands which, compounded,
produce the human interpretation of color. However, it should be noted that this was
merely a suggestion, without physiological evidence, and was not experimentally shown
until the 1960s, when Brown & Wald (1964) and Wald (1964) presented evidence of the
three types of cone photodetector cells present in human eyes, along with their respec-
tive sensitivities in the red, green and blue spectral ranges (Brown & Wald 1964, Wald
1964). In 1855, Maxwell was the first to report an experimental qualitative method for
creating any variety of visible color by combining colored light of three primary colors.
This procedure was then quantified in the late 1920s (Wright 1929b,a, Guild 1931), and
resulted in the RGB and XYZ mathematical colorimetric standards of the Commission
International de l’́Eclairage (CIE) of 1931 (Smith & Guild 1931, Fairman et al. 1997,
Brill 1998). These international standards define specific parameters of observation, il-
lumination and viewing conditions, evaluation of brightness, and a trichromatic system
to measure the expression of color, such that any light signal (of an arbitrary color) can
be comprehensively interpreted as a function of the superposition of three primary color
intensities. The theoretical derivations of the 1931 CIE colorimetric standards are be-
yond the scope of this study. This three-dimensional interpretation of color, however,
became the platform for the revolution that has taken place in color digital photography
and cinematography during the last decades.

The basis of the trichromatic color matching theory used in digital photography is a
subtractive system where light is filtered with different wavelength bands to reconstruct
a certain recorded color. The imaging process of a color digital camera begins with light
being focused on to a charge-coupled device (CCD) array sensor. Since the CCD sensor
is monochromatic and cannot tell the difference between a green photon and a red one,
the CCD array must be segregated with color filters in order for it to gather the necessary
information to reproduce color. There are two main ways of achieving this task. The first
is the placement of color filter arrays on individual CCD sensors, known as Bayer Mosaic
sensors, so that adjacent pixels are exposed to red, green and blue light, exclusively, and
the trichromatic data required for the color reconstruction is recorded. The second is the
placement of a prism system, such that white light travels through a red, a green and a
blue filter, and is focused on three CCD sensors, carrying theindividual color information
to each, known as 3CCD cameras. The latter has a better resolution, since all the color
information is available for every single pixel of the sensors. For the purposes of this
study, a 3CCD color camera is used to acquire all color digital images. Therefore, each
recorded color image, is composed of three data matrices, containing its red, green, and
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blue (RGB) monochromatic intensities. These data must thenbe interpreted to establish
a reversible relationship with the TLCs’ variations of temperature.

The first sensible approach would be to fit a mathematical function to the RGB data of
TLC images at different temperatures. This would be done with the intention of estab-
lishing a reversible relationship between RGB values and temperature, in order to be able
to extract the latter from the former.

As the temperature of TLCs varies and their color changes from red to blue, the indi-
vidual R, G, and B intensities exhibit trends which have beenused to directly calibrate the
temperature response of TLC thin sheets in surface coatings(Vejrazka & Marty 2007).
However, these values are all directly affected by the light-source’s intensity and orien-
tation, digital camera settings, optical arrangements, etc., and do not necessarily respond
to variations of these experimental factors in the same manner, thus making them very
susceptible to bias errors in the temperature calibration.

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

• H describes the shade of a particular color; conventional color names like yellow,
orange, etc. are examples of hue.

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

• I relates to the chromatic-independent brightness of the color.

There have been several formulations to the transformationfrom RGB to HSI color
space (Russ 2002, Hay & Hollingsworth 1996, 1998, Pratt 2007). For the purposes of
this study, a simplified version of Hay & Hollingsworth (1996)’s formulation will be
used, employed by the ’rgb2hsv’ function of the MATLAB software package where,

I = max(R,G,B)

S = I −min(R,G,B)/I

H = 1
6







(G−B)I/S | R> B,G
2+(B−R)I/S | G> R,B
4+(R−G)I/S | B> R,G







(2.3)

This transformation provides non-dimensonal HSI values, where H is a simplified ap-
proximation of Hay & Hollingsworth’s (1996) formulation, normalized with 2π, and I is
normalized with the maximum pixel count for an individual sensor 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 non-reversible mathematical trans-
formation of the raw images’ RGB data. In the introduction ofthis transformation ap-
proach, Joblove & Greenberg (1978) states that most viewersnotice a color’s hue before
they notice other characteristics so this convention aroseas a convenient system for the
specification of colors based on more humanly intuitive quantities than red, green and
blue levels. Nevertheless, it is not the only way to interpret color and a more precise
transformation may exist that is better suited for temperature estimation from the color
of TLCs. Roesgen & Totaro (2002), for instance, introduced astatistical calibration ap-
proach that uses proper orthogonal decomposition (POD) to transform the raw RGB dig-
ital image data into a fully decorrelated variable space with the potential of providing
a steeper calibration curve that yields a lower uncertainty. They used normalized RGB
values

r = R/(R+G+B)

g = G/(R+G+B)

b = B/(R+G+B)

(2.4)

to calculate the covariance matrix

C = Cov(r,g,b)

=















(r − r)2 (r − r)(g−g) (r − r)(b−b)

(r − r)(g−g) (g−g)2 (g−g)(b−b)

(r − r)(b−b) (g−g)(b−b) (b−b)2















(2.5)

wherex= 1
n

n
∑

i=1
xi . The POD is then a linear transformation expressed as,





x1
x2
x3



= T





(r − r)
(g−g)
(b−b)



 (2.6)

whereT is a rotation matrix such thatT−1 = T t , composed of the eigenvectors, arranged
in rows below each other, of the eigenvalue problem

C−→t = λ−→t . (2.7)

Thex1 andx2 components, associated with the direction of the non-zero eigenvaluesλ1
and λ2 carry all the color information while the third component, associated with the
direction of the lowest eigenvalueλ3 = 0, vanishes due to the raw data normalization
(r +g+b= 1).

16



3. Experimental Setup

3.1. Dispersion of Non-Encapsulated TLC particles

A major factor behind the high uncertainty of temperature measurements in individual
TLC particles, such as those reported by Park et al. (2001) and Basson & Pottebaum
(2012), is the fact that the polymer shell around the TLC material causes aberrations and
distorts the detected color of each particle creating a substantial bias error in the evalu-
ation of color, especially for high magnification images. Additionally, the encapsulation
process may also alter the molecular structure of the TLC material causing each parti-
cle to react differently to temperature changes. Parsley (1991) states, in Hallcrest’s TLC
handbook, that raw TLC materials need to be protected and stabilized in order to be suc-
cessfully used for commercial applications due to their susceptibility to degradation from
UV light and certain organic chemicals. This is why small droplets of TLC material are
surrounded by a polymer coating, or microencapsulated, in order to shield them from
the atmosphere. Section 2.3 of the TLC handbook discusses different types of microen-
capsulation and provides the reader with further information and literature regarding this
matter. Figure 3.1 shows an example of what a particle from a sample of Hallcrest en-
capsulated TLCs (NSL40/R25C5W) looks like over its useful temperature range. Even
though the color variation with temperature is clearly visible, the particle image displays
a very strong outer ring that occurs due to the strong reflection of light from the encap-
sulating material, which produces errors that affect the evaluation process. Furthermore,
complex structures inside the particle are evident, which vary from particle to particle.
This is why the successful temperature tracking of individual TLC particles requires sev-
eral improvements to the current state-of-the-art TLC thermography technique. First of
all, the quality of the particle images must be considerablybetter than that of encapsu-
lated TLC particles. Second, a preprocessing algorithm that works consistently for the
varying color intensity profiles that correspond to different temperatures is necessary to
reliably detect all particles in the temperature range. Andthird, a reliable relationship
between the color of each particle and its temperature must be established.

Since encapsulated TLC particles are clearly not a viable option for individual tempera-
ture tracking, non-encapsulated material was used. Thermography using non-encapsulated
TLC material has been investigated to a limited extent for two-dimensional or point-wise
temperature measurements (Muwanga & Hassan 2006b,a, 2007)but no attempts to fab-
ricate stable TLC droplets for particle tracking have been made so far. The TLC particles
used in this study were produced at the Institute of Pharmaceutical Technology of the

17



Experimental Setup

30 ◦C

24 ◦C

29 ◦C

23 ◦C

28 ◦C

22 ◦C

27 ◦C

21 ◦C

26 ◦C

20 ◦C

25 ◦C

19 ◦C

Figure 3.1.: Color images of encapsulated TLC particles (Hallcrest NSL40/R25C5W)
over their color response temperature range (20x magnification, illuminated
with a HXP 120 W flash lamp).

Braunschweig University of Technology using a direct SPG membrane emulsification
process as described in detail by Nakashima et al. (1992). Four TLC bulk materials were
studied (fabricated by Hallcrest Inc.): R20C1W, R20C5W, R20C10W, R20C20W, with
temperature color response ranges of 1 K, 5 K, 10 K, 20 K, respectively. All four TLC
materials, with a red-start temperature of 20◦C, were briefly heated to 55◦C, beyond
their melting point of 45− 47 ◦C, and placed in a 10 ml custom built, double walled,
temperature controlled, pressurized, stainless steel, external pressure micro kit type ves-
sel manufactured by MCTech Co. The device was equipped with aHaake D1 water bath,
manufactured by Thermo Haake GmbH, used for tempering the lipid phase of the mate-
rial. A pressure of 25−35 kPa was applied to force the lipid phase through a pre-wetted
hydrophilic SPG membrane with a pore size of 5.5 µm, fabricated by SPG technology
Co., into 80 ml of 5% poloxamer 188 emulsifier (aqueous phase)with 0.01% thiomersal
as preservative. The solution was continually stirred witha temperature controlled mag-
netic stirrer (IKA-Werke GmbH) at 300 rpm. Evaporated waterwas replenished every
12 hours during the 48 hours of preparation. After the directemulsification process, the
solution container was dipped into ice-water for at least 20minutes, giving birth to the
TLC particles that would be used for the temperature tracking experiments, which take
form when the emulsion droplets are cooled below the liquid crystal phase transition tem-
perature. All samples were stored at room temperature (18−20 ◦C). A direct comparison
of the resulting non-encapsulated particles’ raw color appearance with their encapsulated
counterpart is displayed in Figures 3.1 and 3.2 (illuminated with a HXP 120 W flash
lamp). The non-encapsulated TLC particles display a much more homogeneous color
profile and, even though the raw images’ contrast is low at higher temperatures. This lack
of contrast occurs due to the inhomogeneous light spectrum generated by the high-power
flash lamp.
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Figure 3.2.: Color images of non-encapsulated TLC particles (Hallcrest R20C5W) over
their color response temperature range (20x magnification,illuminated with
a HXP 120 W flash lamp).

A laser diffractometer with polarization intensity differential technology (model LS 12
320 by Beckman-Coulter) was used to estimate the particle size distribution of the dis-
persion. Three measurements were performed at the Institute of Pharmaceutical Technol-
ogy of the Braunschweig University of Technology to calculate the volume distributions
assuming an index of refraction of 1.46 for the TLC particles, 1.33 for the aqueous dis-
persion medium, and 0.01 for the imaginary part of the refractive index. The estimated
particle size distribution for the non-encapsulated TLC particles is plotted in Figure 3.3
along with that of micro encapsulated TLC particles from Hallcrest (NSL40/R25C5W).
Both sets display multi-modal distributions but the dominant diameter (∼ 16 µm) of the
non-encapsulated particles represents a higher relative volume, with a narrower distribu-
tion than that of their larger encapsulated counterpart (∼ 16 µm). Furthermore, no higher
diameter particles were detected in the non-encapsulated sample and the∼ 1 µm portion
is not discretely discernable with the optical system used for the temperature tracking
experiments.

3.2. Light Source and Circular Polarization Filtering

The majority of the TLC thermography experiments reported in the literature mention
the use of white light flash lamps to illuminate the TLC material, be it sprayed layers or
encapsulated particles. As can be seen in Table 1 of Dabiri’s(2009) review, the illumina-
tion sources range from halogen to high-power Xenon, metal halide, and mercury lamps.
Different flash lamps shine different light spectrums but all of them have deficiencies in
certain wavelength bands of the visible spectrum and peaks in other bands. This causes
a lack of contrast for some colors and an excess of it for others, as can be seen in Fig-
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Figure 3.3.: Size distribution of custom made non-encapsulated TLC particles along with
that of commercially available encapsulated TLC particlesfrom Hallcrest
(NSL40/R25C5W).

ure 3.2. The spectrum generated by the HXP 120 W flash lamp, used to illuminate the
TLC particles in Figures 3.1 and 3.2, is plotted in Figure 3.4(measured with a Laser 2000
BlueWave STE-BW-UVN spectrometer). The spectrum for this particular light displays
two narrow peaks in the green band but the blue and red intensities are very low in com-
parison. Thus, it becomes clear from this plot why the contrast of the TLC particle color
image is so vibrant when the particle reflects green light butso weak in the red and blue
regions. This is why a different illumination source was used.

A Lumencor Spectra X is a so-called light engine that combines the illumination of
six light pipes which shine specific wavelength bands of the visible spectrum. The light
pipes are individually adjusted and can be normalized to produce a more homogeneous
spectrum. The illumination spectrum used for the experiments in this study is also plotted
in Figure 3.4 (measured with a Laser 2000 BlueWave STE-BW-UVN spectrometer) and
the TLC particle color images, illuminated with the SpectraX light engine are shown in
Figure 3.5. It is evident from Figure 3.5, even for the naked eye, how the color signal
of the TLC particles is much better acquired when they are illuminated with a balanced
light source. However, when the particles heat up, a halo appears around the blue particle
images (probably because they are approaching the temperature where they leave their
chiral nematic phase), which makes the color detection of their blue cores less accurate.
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Figure 3.4.: Light spectra of HXP 120 W Mercury flash lamp and Lumencor Spectra X
light engine.
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Figure 3.5.: Color images of non-encapsulated TLC particles (Hallcrest R20C5W) over
their color response temperature range (20x magnification,illuminated with
a Lumencor Spectra X light engine.)
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In order to obtain higher quality particle images across thetemperature response range
of the TLC material, the method proposed by Basson & Pottebaum (2012) was used to re-
move background noise, as well as unwanted reflections and halos that may surround the
TLC particle color-reflecting cores. Since the narrow wavelength bands that TLCs reflect
are always circularly polarized with the same polarizationchirality, a circular polarization
filter can be introduced in the optical system such that only the circularly polarized light
scattered by the TLC color particles is transmitted to the camera sensor. This circular
polarization filter consists of a linear glass polarizer (Edmund Optics NT47-216), with
an extinction ratio of 104 : 1 and a wavelength range of 400−700 nm, used to transmit
a single polarization plane of the white light that shines from the light source, combined
with an achromatic quarter wave plate (CVI Melles Griot ACWP-400-700-06-4), which
is a birefringent crystal through which the speed of light varies as a function of its electric
field’s orientation.

Figure 3.6 shows a schematic illustration of the operating principle of the circular po-
larizer. What happens is that the unpolarized white light from the light source becomes
linearly polarized after passing through the linear polarizer. Next, assuming that the axis
of the linear polarizer is aligned at 45◦ from the fast axis of the quarter wave plate, cir-
cularly polarized white light will be transmitted to the TLCparticle seeded flow. Note
that the circular polarization chirality of the transmitted light can be inverted by adjust-
ing the alignment of the quarter wave plate, with respect to the linear polarizer, by 90◦.
Now, once the circular polarization of the light illuminating the TLC particles matches
the rotation of their molecular layers, the narrow wavelength bands reflected by the parti-
cle cores, will be transmitted back through the circular polarization filter, while all other
light will be blocked by it. This happens because the TLC particles will always reflect
circularly polarized light with the same polarization chirality, regardless of the illumi-
nation’s polarization. On the other hand, other reflectionscaused by index of refraction
gradients or hard boundaries, such as those arising from theglass plate, the surface of the
particles, walls or corners of microchip geometries, etc. will scatter light with an inverted
circular polarization chirality. This light will be transmitted as linearly polarized light by
the quarter wave plate, with a linear polarization perpendicular to the axis of the linear
polarizer, which will not be transmitted further to the camera sensor.

Unfortunately, achromatic quarter wave plates do not transmit perfectly circularly po-
larized light for all wavelengths, hence the background rejection is not perfect. The trans-
mission and retardation of light achieved by the CVI Melles Griot ACWP-400-700-06-4
achromatic quarter wave plate is plotted in Figure 3.7 as a function of incoming wave-
length. Nevertheless, though not optimal, the circular polarization principle does work
and the TLC particle images obtained using the filter are shown in Figure 3.8.

All in all, the final result of the combination of a balanced white light source with the
circular polarization filter is a substantial improvement of the TLC color particle images
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Figure 3.6.: Schematic of circular polarization filter for background reflection removal.
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Figure 3.8.: Color images of non-encapsulated TLC particles (Hallcrest R20C5W) over
their color response temperature range (20x magnification,illuminated with
a Lumencor Spectra X light engine, through the circular polarizer.)
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Figure 3.9.: Direct comparison of the particle images obtained with different illumination schemes for both encapsulated and
non-encapsulated TLC particles with a temperature response range of 5 K.25
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that allows for a more precise estimation of the particles’ temperature to be used as a
flow diagnostic technique. Figure 3.9 shows a direct comparison of the particle images
obtained with the various illumination schemes described so far for both encapsulated
and non-encapsulated TLC particles with a temperature response range of 5 K. Further-
more, it will be shown in Section 6 that these particle imagesexhibit a high enough SNR
for defocusing methods, such as APTV, to be used for the simultaneous time-resolved
estimation of the particles’ displacement and temperaturein slow flows.

3.3. Image Acquisition Equipment

All experiments were performed at the microfluidics laboratory of the Bundeswehr Uni-
versity Munich (UniBw). The imaging system used to capture the flow snapshots is
schematically shown in Figure 3.10 and consists of an Axio Observer Z.1 inverted mi-
croscope manufactured by Carl Zeiss AG, a Lumencor Spectra Xlight engine, a circular
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Figure 3.10.: Schematic of image acquisition system.
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Figure 3.11.: Color response of the red green and blue sensors of a JAI AT-200 GE, 3CCD
Progressive Scan RGB Color, 24-bit compounded dynamic range (8-bit per
sensor), 1624×1236 pixel digital color camera.

polarizer (described in Section 3.2) and a JAI AT-200 GE, 3CCD Progressive Scan RGB
Color, 24-bit compounded dynamic range (8-bit per sensor),1624× 1236 pixel digital
color camera. The sensor alignment of the color camera was evaluated and yielded spa-
tial discrepancies of less than 0.5 pixel. 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 table to avoid the effect of vibra-
tions in the measurements. The light was routed to the back aperture of the microscope
via an optical fiber and redirected towards the flow sample with an brightfield filter cube,
mounted inside the microscope. The circular polarization filter described in Section 3.2
was installed and aligned immediately under the objective lens as shown in Figure B.7,
such that both the light from the Spectra X light engine, as well as the scattered light from
the flow sample, traveled through it. LD Plan-NEOFLUAR, 20× and 10×, infinity cor-
rected objective lenses, with numerical apertures ofNA= 0.4 andNA= 0.3, respectively,
were used to focus the light on the flow sample, as well as to image the flow itself. The
acquisition frame rate for all measurements was the camera’s maximum 15 fps and fields
of view of 353× 269 µm2 and 677× 515 µm2 were obtained for 20× and 10× mag-
nifications, respectively. The nuclei of the in-focus particle images, without astigmatic
aberrations, were approximately 20 pixel and 6 pixel in diameter, on average, for 20×
and 10× magnifications, respectively.
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4. Astigmatism Particle Tracking Velocimetry

As mentioned in Section 1.2.2, since Santiago et al. (1998)’s introduction of a PIV sys-
tem for microfluidics, the method has evolved into a mainstream flow diagnostic tool for
devices used in lab-on-a-chip, micro-chemical, and micro-biological applications, among
others. TheµPIV technique provides a two-dimensional, two-component (2D2C) mea-
surement of the velocity field. However, even though flows with microscopic dimensions
are usually laminar, their velocity distribution can be very complex and fully three dimen-
sional, e.g. in geometries where obstacles are present. Moreover,µPIV measurements
are biased due to the fact that volume illumination is used and the measurement plane is
rather a volume thus introducing an unavoidable error when evaluating steep gradients
(Olsen & Adrian 2000). This is why there have been multiple recent efforts to develop
reliable methods with the capability of evaluating all three components of velocity in
microscopic flows.

The adaptation of multi-camera three-dimension, three-component (3D3C) measure-
ment techniques to microscopic applications is not a trivial task due spacial restrictions
and limited optical access. Therefore, many 3D3C measurement techniques, applicable
to microscopic flows, use a single camera and take advantage of particle defocusing to
encode the depth position of the particles, making it possible to track them in 3D. The
reader is referred to the summary and discussion of Chen et al. (2009) and Cierpka et al.
(2010), for more information of the different defocusing techniques that have been used
for microfluidics measurements (Pereira & Gharib 2002, Yoon& Kim 2006). Kumar
et al. (2011), Cierpka et al. (2011a,b), Muller et al. (2013)reported other applications of
APTV to fully 3D flows in microfluidics.

One of the most important challenges that 3D defocusing techniques face is a reliable
calibration procedure to obtain the depth position of the particles using the nature of their
images. In Astigmatism Particle Tracking Velocimetry (APTV), the optical symmetry of
the imaging system is broken by mounting a cylindrical lens between the imaging optics
and the camera sensor. The cylindrical lens introduces an astigmatic aberration to the
particle images, allowing for the encoding of the particle’s out-of-plane position in the
geometry of their image. One of the many advantages of this technique is the simplicity
of its implementation; the only requirement for the technique to be successfully used
is the proper placement and alignment of the cylindrical lens in front of the camera, as
shown in Figure 3.10. This means that standardµPIV systems can be easily modified to
make APTV measurements.
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4.1. Astigmatism principle

The optical principle of the APTV technique is schematically depicted in Figure 4.1. The
top part of the figure shows how particles are imaged by a conventional system. In this
case, an arrangement of spherical lenses, which varies depending on the microscope or
the optical arrangement, would project spherical particles as circular particle images on
the camera sensor, whose diameter is inversely proportional to the distance from the focal
plane of the imaging optics. The introduction of a cylindrical lens, as the one shown in
the bottom part of Figure 4.1, breaks the symmetry of the imaging system due to the
fact that the cylindrical lens focuses light in they-axis, as does a conventional spherical
lens, but acts as a flat window in thex-axis (assuming, of course, that the axis of the lens
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Figure 4.1.: Schematic of optical astigmatism in particle imaging.
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is properly aligned), hence not changing the trajectory of transmitted light rays in the
X −Z plane. The result are two differentX −Z andY−Z focal planes, labeled asFxz

andFyz in Figure 4.1, respectively. Since the cylindrical lens does not affect the optical
system in theX −Z plane,Fxz lies in the same position as the focal plane of the optical
system without the cylindrical lens. Conversely, since thecylindrical lens does act as an
additional lens in theY−Z plane,Fyz moves closer to the imaging optics by a distance∆z.
Now, since the diameter of the particle images is inversely proportional to their distance
from the focal plane, spherical particles are projected as ellipses in an astigmatic imaging
system, as opposed to the conventional circular images. What is more, thex-axes,ax, of
the elliptical particle images will be the same as their diameter when projected without
astigmatism, while theiry-axes,ay, will change relative to their distance fromFyz. Hence,
a particle that lies closer toFyz, yields an elliptical image with a shorteray than one that
lies further away. This way, horizontal ellipses representparticles that lie close toFyz,
while vertical ellipses represent particles that lie closeto Fxz. This information can then
be used to estimate and track the out-of-plane position of the particles in the measurement
volume (Cierpka et al. 2010).

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

There have been different approaches to the calibration of the out-of-plane position of
particles usingax anday. For instance, the difference,ax−ay, and the ratio,ax/ay, were
used by Chen et al. (2009) and Cierpka et al. (2010), respectively, to make 3D3C velocity
measurements inside a microchannel. Either one of these calibration approaches, how-
ever, requires that the detected particles lie in the volumewithin Fxz andFyz to preserve
unambiguity, limiting the measurement volume to∆z= Fxz−Fyz. This turns out to be
a substantial limitation for experiments that produce particle images with high signal-to-
noise ratios (SNR) since particles can be detected even whenthey lie beyond theFxz, Fyz

boundaries. Cierpka et al. (2011a) used a different calibration approach, using a mathe-
matical model, proposed by Olsen & Adrian (2000), that predicts the particle image di-
ameter as a function of the particle’s distance from the focal plane. The intensity profile
of the color images obtained from the TLC particles investigated in this study are differ-
ent from those of monochromatic particle images, such as those present in conventional
APTV experiments. Hence, the model proposed by Olsen & Adrian (2000) and imple-
mented by Cierpka et al. (2011a) for the calibration of thez-position, was not used for the
calibration of TLC-particle color images. Instead, a look-up table of knownz-positions
for specificax, ay pairs, was used to estimate thez-position of the TLC particles.

The z-position of non-encapsulated Hallcrest R20C1W TLC particles was estimated
using the approach outlined in the following paragraphs. The TLC material has a tem-
perature response range of 1 K, and a red start temperature of20 ◦C. 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 Lumencor Spectra X light
engine was used to illuminate the particles, routing the light through a circular polarizer,
as outlined in Chapter 3. A droplet of TLC-containing emulsion, diluted in water, was
placed between two microscope glass plates and left for someminutes until the TLC par-
ticles had settled on the surface of the bottom plate. The particle distribution was then
observed with the imaging system described in Section 3.3 and a scanning procedure was
carried out, recording images of the TLC particles over a span of 28 µm. Figure 4.2
shows a scatter plot of the horizontal and vertical axes,ax anday, of the elliptical images
generated by a single particle as a function of itsz-position throughout the scan. As stated
above, the axes,ax anday, of the elliptical particle images have an inversely proportional
relationship with the distance from their respective focalplanes,Fxz andFyz, as can be
appreciated in Figure 4.2. Moreover, it is also clear from Figure 4.2 that particles can be
detected far beyond the∆z limits, hence rendering the use of a relationship betweenax

anday, for the calibration of the particles’z-location, a waste of data. This is why a look
up table will be used for the determination of thez-position instead, which allows for the
estimation ofz over a larger measurement volume (∆v). Figure 4.3a shows a scatter plot
of ax vs ay for all the particles detected during the calibration scan,with the z of each
data point given by the color map. The algorithm that detectsthe geometry of the ellipti-
cal color particle images is not perfect and occasionally over- or underestimates the axes
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Figure 4.2.: Horizontal and vertical axes,ax anday, of the particle images generated by a
single non-encapsulated Hallcrest R20C1W TLC particle as afunction of its
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Figure 4.3.: Scatter plot ofax vsay for valid particles detected during the calibration scan.
Gray points indicate outlier(ax,ay) values and line plots are smooth, interpo-
lated mean(ax,ay) values at the temperatures covered in the calibration scan.
a) Colored circles indicate viable particles to be used for calibration function
computation. b) Colored circles indicate valid particles in different(x,y) of
the image and colored lines correspond to the respective colors of the circles.
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lengths. This is why a set of detected particles’ data, plotted as colored circles, is selected
for the calibration of the particles’z-position. Along with the plot of the data points,
actual images of the particles at differentz-positions are displayed in order to provide the
reader a clearer understanding of the underlying pattern that allows for the estimation of
thez-position from the geometry of the particle images. The meanax anday lengths was
then calculated for all detected particles at eachz step and smoothing and interpolation
algorithms were used to obtain the black calibration curve plotted in Figure 4.3a. The
z-position,zi , of a particle image with elliptical axes,(axi,ayi), was then determined by
finding the point,(ax(zi),ay(zi)), along the black curve, that minimizes the Euclidean
distance from(axi,ayi).

However, as reported by Cierpka et al. (2011a), theX−Z andY−Z focal planes,Fxz

andFyz, are not actual flat planes in reality, nor are they parallel.Cierpka et al. (2011a)
performed a calibration scan, recording images of a square grid at increasingz-positions,
and reconstructed the XZ and YZ focal iso-surfaces using a local focus function based on
the variance of the image intensity (Sun et al. 2004). The optical aberrations caused by
the spherical and cylindrical lenses causeFxz andFyz to be ellipsoid surfaces instead of
flat planes. For this reason, the elliptical image’s geometry of a particle would vary for
different(x,y) locations in the image, introducing a systematic error in the determination
of the particle’sz-position. To illustrate this effect, Figure 4.3b shows a scatter plot of the
same data that is plotted in Figure 4.3a. In Figure 4.3b, however, the smooth red and blue
calibration curves were computed using the meanax anday of particle images (plotted as
magenta and cyan colored circles, respectively) located intwo different(x,y) regions of
the image. Hence, it becomes clear from Figure 4.3b why a single calibration curve for
all detected particles introduces a substantial systematic error that can be corrected. In
order to make this correction, two-dimensional (2D) squarepolynomial surface fits were
calculated for bothax anday distributions at eachz-step of the calibration scan. This
procedure provides a specific calibration curve for every(x,y) location in the image, thus
compensating for the optical aberrations that cause the distortions inFxz andFyz.

4.3. Uncertainty analysis

The calibration procedure outlined in Section 4.2 was used to estimate thez-position of
the particles that were detected in calibration scans, recorded with 20× and 10× magni-
fications, and a cylindrical lens with a focal length of 500 mm. 13325 and 72137 particle
images were detected throughout the entire scan data, using20× and 10× magnifica-
tions, respectively. An outlier detection scheme yielded 10401 (78%) and 62498 (87%)
valid particles, for the 20× and 10× magnifications cases, respectively, whoseax anday

were not under- or overestimated beyond a threshold, calculated as follows. Since the
calibration procedure provides a calibration curve for each and every(x,y) location in the
image, outliers were determined by segregating valid particle images as those whose axes
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pairs,(ax,ay), lay within an Euclidean distance of 2 pixel from their respective calibration
curve (determined by their(x,y) location in the image).

The standard deviation of the estimatedz from the true value,σ , given by

σ =

√

√

√

√

1
N

N

∑
i=1

(zi −zreal)2 (4.1)

was calculated for each step of the calibration scan, whereN is the number of parti-
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Figure 4.4.: Scatter red point plot of valid particles’ estimatedz-position. Standard devi-
ation from the true value,σ , as black crosses; left vertical axes in absolute
and relative units for uncertainty evaluation. a) Calibration with 20× magni-
fication. b) Calibration with 10× magnification.
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cles detected at each step andzi are the estimatedz-positions of valid detected particles.
Figure 4.4 shows a red scatter plot of all the valid particles’ estimatedz-position,zmeas,
plotted against their realz-position,zreal. The standard deviation from the true value,σ ,
is also plotted in Figure 4.4, as black crosses, for the full span ofz positions covered
in the calibration scan. The left vertical axis of the plot shows two unit scales, namely
µm and % of 28µm, in order to allow for the calibration approach’s uncertainty eval-
uation in both absolute and relative terms. It is clear from the plots in Figure 4.4 that
the calibration procedure allows for the correct determination of the particles’z-position.
However, a distribution of particles whosez-position is underestimated can be seen for
−9< z< 9 µm in the 20× magnification case. This is a result of a deficiency in the de-
tection algorithm which would be improved either with a better detection scheme or with
higher quality particle images. A substantial increase in the z estimation uncertainty is
also evident forz<−10 µm andz> 10 µm, in the 20× magnification case, which is also
a result of a lack in robustness of the detection algorithm for heavily defocused particle
images. For−12< z< 9 µm, in the 20× magnification case, the standard deviation of
the estimatedz from the true value, remains under 6% of the measurement volume. On
the other hand, using 10× magnification allows for a larger measurement volume but the
defocused particle images, corresponding to particles that lay closer to the camera (the
bottom region of the flow,zreal> 0), display star-like aberrations which make the proper
detection of their elliptical shape very challenging. Thisis the reason why the current
imaging system, using a magnification of 10×, does not meet the quality standards to
provide good enough color elliptical particle images that allow for the 3D tracking of
these non-encapsulated TLC particles. Nevertheless, the data obtained with a magnifica-
tion of 20×, is in fact viable for APTV even though the uncertainty values are higher than
those reported for standard APTV, using fluorescent particles and laser illumination, by
approximately one order of magnitude (Cierpka et al. 2011a,Muller et al. 2013, Fuchs
et al. 2014). It should be noted, in any case, that the imagingconditions for conven-
tional APTV experiments are very different, considering that lasers provide light that is
orders of magnitude brighter than the white light provided by the Spectra X light engine,
and achromatic quarter wave plates do not transmit perfectly circularly polarized light
for all wavelengths, thus making background filtering substantially less efficient than that
obtained with fluorescent arrangements. All in all, although the measurement method
still counts with much room for improvements, the successful 3D tracking of color TLC
particles in a flow volume remain unprecedented to this day, and the uncertainty levels
obtained in this study still allow for their time-resolved tracking 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, converting theraw measured data to the
desired physical quantity, in this case temperature, has been a topic of itself since the
birth of the technique. So far, the hue-temperature dependence has been reported on most
experimental studies as the basis for the calibration of thedigital images even though
a limited amount of research has been performed on directly using the R, G, B color
components of digital images to extract the temperature (Vejrazka & Marty 2007). A
thorough review of the literature pertinent to this particular topic can be found in Section
5.1 of Dabiri (2009)’s review and Section 5.3.1 of Abdullah et al. (2010)’s report. Rao &
Zang (2010), Bednarz et al. (2010), and Cukurel et al. (2012)report the most recent stud-
ies and advances in the hue-temperature calibration of TLCs. Though this approach has
worked for years and sophisticated computational methods such as neural networks have
been used to improve the calibration results, the RGB to hue conversion is not the optimal
mathematical transformation to evaluate the temperature since the units of hue are in ra-
dians, which is a periodic scale and hence presents a challenge at the time of calculating
a calibration curve that allows for the estimation of uniquetemperature values for any
measured hue. Furthermore, the hue-temperature relationship neglects the saturation and
intensity variables of the HSI color space, which also contain valuable information that
can play a role in reducing the uncertainty of the temperature calibration.

The color image data for the temperature calibration was obtained using a droplet of
TLC-containing emulsion (see Section 3.1), which was poured on a microscope glass
plate. A Peltier element was then mounted immediately abovethe droplet such that the
fluid was in direct contact with its heating surface, as schematically shown in Figure 5.1.
The thickness of the fluid layer (TLC droplet) between the glass plate and the surface of
the Peltier element was approximately 1.5 mm. The temperature of the Peltier element
was automatically controlled by a feedback controlled custom module, implemented in
an in-house image acquisition software, written in MATLAB,using a Peltier-Controller
TC2812 manufactured by CoolTronic GmbH and a mini Pt1000 thermocouple. The tem-
perature of the Peltier element was initially set to a temperature below the red starting
temperature of the TLC material and subsequently increasedin discrete steps to a tem-
perature beyond the blue temperature of the material. Colorimages were acquired at
each step and the acquisition software waited until the temperature in the fluid (measured
with the mini Pt1000 thermocouple) was stable, within 0.1 K of the target temperature
for each step, for ten seconds. The fluid was only illuminatedfor the short lapses of time
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∼ 1.5 mm

Objective
Lens

Pt1000
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Figure 5.1.: Schematic of TCL calibration experiment.

required for the camera to acquire an image (the microscope shutter was opened once the
desired temperature was reached and the camera was ready to acquire, and closed after
the images were recorded). The time response of the TLC material was not measured for
this study but the reader can refer to Ireland & Jones (1987) for a study on the response
time of TLC thin sheets, where they report delay times of 3 ms.The TLC-containing
droplet remained in contact with the peltier element for approximately fifteen minutes,
which was the time required for the temperature scanning procedure, and no abrasion or
bleeding was observed in the TLC particles. An experiment, where the TLC material was
exposed to intense light for a longer period of time, is discussed in Section 5.2.

Three different sets of data were used to find the most reliable way to extract the tem-
perature of the individual TLC particles from their color images: 1. The RGB data,
normalized by the maximum dynamic range of the 3CCD camera sensors (255 counts),
2. the HSI color space, calculated as described in Section 2.2, and 3. the proper orthogo-
nally decomposed (POD) RGB data, also calculated as described in Section 2.2. Figur 5.2
shows the color variables all three color spaces, plotted asa function of temperature for
an emulsion containing Hallcrest R20C5W TLC particles, with a temperature response
range of 5 K, and a red start temperature of 20◦C. The color images were recorded with
a magnification of 20× and the fluid was illuminated with a Lumencor Spectra X light
engine, through the circular polarizer described in Section 3.2. As previously mentioned,
the hue (H) variable has been the predominantly used variable to perform the temperature
calibration of TLC images, according to the available research reports. It is clear, how-
ever, from Figure 5.2b, that not only H shows a temperature-dependent pattern but S and
I do as well. Now, if the H values alone can be used to estimate the temperature of the,
it is only natural to expect that two more variables showing clear patterns would provide
valuable information to improve the accuracy of the calibration. This is the reason why a
multi-variable calibration, which makes use of all the color information, as opposed to a
single variable in periodic units, is evaluated in this study.
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Figure 5.2.: Scatter plot of: a) RGB values, b) HSI values, and c) POD components asso-
ciated with the eigenvaluesλ1 = 0.0542 andλ2 = 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 TLC particles.

A thorough calibration analysis was performed to find the ideal method for extract-
ing the temperature from the colored TLC particle images. Even though RGB values are
strongly affected by optical arrangements, and do not necessarily respond to experimental
conditions variations in the same manner, thus making them very susceptible to bias er-
rors in the temperature estimation, a calibration was performed using the raw RGB color
components of the particle images as did Vejrazka & Marty (2007). Figure 5.3 shows a
3D scatter plot of the RGB components of the particles detected with the temperature of
each point given by the color map. This figure illustrates howall three color components
provide valuable information required to precisely extract the temperature of particles
that lie in the flat regions of the individual component profiles from Figure 5.2a, thus
providing a pronounced data pattern to which a 3D polynomialcan be fitted in order to
obtain a precise calibration curve that works throughout the temperature range. Vejrazka
& Marty (2007) used a similar approach to evaluate the average two-dimensional tem-
perature fields of a macroscopic impinging jet flow and reported uncertainty values of
< 0.3 K in a range of 8.5 K (3.5%).

As mentioned in Section 2.2, an alternative to directly using the R, G, and B com-
ponents of color is to use the H, S, and I (HSI) color space. TheHSI color space is a
perspective of color evaluation that uses a non-reversiblemathematical transformation of
the R, G, and B data instead of their raw values (see Section 2.2). Furthermore, the rela-
tionship between temperature and H (hue value), has been thecalibration method used by
the great majority of researchers over the lifetime of the TLC thermography technique.
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Figure 5.4.: 3D scatter plot of HSI values for detected TLC particles.

Analogous to Figure 5.3, Figure 5.4 shows a 3D scatter plot ofthe HSI components of the
particles detected with the temperature of each point givenby the color map. Conversely,
this figure also illustrates how the S and I data provide valuable information required to
precisely extract the temperature of particles that lie in the flat regions of the H profile
from Figure 5.2b, once again providing a pronounced data pattern to which a 3D poly-
nomial can be fitted in order to obtain a precise calibration curve that works throughout
the temperature range. The reader should note, however, thegroup of blue points, corre-
sponding to particles around 20◦C, that lie in a section of the plot, some distance away
from where the temperature trend leads. This is a result of the periodic nature of the hue
value. Hence, two particles with identical temperatures may scatter slightly different in-
tensities of red, green and blue light, which can cause that their respective hue values vary
drastically from 0.01 to 0.99, making the calibration procedure a challenging task. Fuji-
sawa & Hashizume (2001) performed a study with synthetic data and compared results
for the calibration of temperature using its relationship with H, H and S, and H, S and I.
They state that there is a clear advantage to using the S and I image data and reported an
uncertainty of 0.06 K in a range of 2.3 K (2.6%), evaluating the average temperature in
interrogation windows. Fujisawa et al. Fujisawa et al. (2005) later reported uncertainty
values of 0.13 K, using a stereoscopic setup (also 2D interrogation windows), on TLCs
with a temperature response range of 2.3 K (5.7%), also calibrating temperature with all
three variables. Note that all of the research done up to thispoint has been performed us-
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Figure 5.5.: 2D scatter plot of POD components associated with the eigenvaluesλ1 =
0.0542 andλ2 = 0.0075 for detected TLC particles.

ing mean color values, calculated over designated areas of the sensor, and not individually
for each tracer particle. As mentioned in previous sections, this fact is of major relevance
for experiments in microfluidics since the recorded images integrate the light over the
entire illuminated volume, introducing a strong bias in two-dimensional averages which
does not occur with three-dimensional particle tracking. The temperature of individual
TLC micro droplets evaluated in this study was also calibrated using all three H, S and I
color variables evaluated at the core of each particle image.

A third variable space, resulting from the decorrelation ofthe RGB image data via
proper orthogonal decomposition (POD) (Roesgen & Totaro 2002), as outlined in Sec-
tion 2.2, was used to fit a 2D polynomial in order to obtain a calibration curve for the
estimation of the individual particles’ temperature. Figure 5.5 shows a 2D scatter plot of
the x1 andx2 POD components, associated with the non-zero eigenvaluesλ1 = 0.0529
andλ2 = 0.0096, of the detected TLC particles, with the temperature ofeach point given
by the color map.

The algorithm that detects the colored regions of the particle images is not perfect
and occasional outliers appear in the color distributions,which is why a select set of
detected particle images, plotted in Figures 5.2-5.5, was used to calculate the temperature
calibration function. The criteria for the outlier removalprocedure include a requirement
that valid particle images have a maximum R, G, or B intensityabove a defined threshold,
in order to ignore detected spots, such as white particle halos or other bright features, that
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do not correspond to actual TLC particles; in the case of the particular example depicted
in Figures 5.2-5.5, this threshold wasI = 60 counts. A detailed description of the image
processing procedure implemented to detect the color particle images can be found in
Appendix A. The RGB values of each particle image were determined by calculating
the average intensity counts recorded by the pixels that make up the detected particle
image, which are above a threshold of 0.7 times the difference between the maximum
and minimum grayscale values of those same pixels. The HSI and POD values of each
particle image were then calculated using these RGB values,as outlined in Section 2.2.

Calibrations were made by fitting a three-dimensional third-degree polynomial to the
RGB and HSI data, and a two-dimensional third-degree polynomial to the POD data. This
was done using a standard least-squares approach to solve the system of linear equations
given by,
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(5.1)

where f (V1,V2,V3)i are arrays with the terms of the fit polynomial, corresponding to each
particle’s color space data, andck are the corresponding fit coefficients.

This approach was chosen over the look-up table method outlined in Section 4.2 be-
cause it is a more robust calibration method for the three variable spaces considered in
this study, namely the RGB, HSI, and POD discussed above. Theargument behind this
statement is mainly the periodic nature of the H variable, which makes a 3D look-up table
approach a very challenging task for the HSI color space, given that a smooth data trend
is not present for a color series that progresses from red to blue. Therefore, a calibration
function calculated with the system matrix characterized in Equation 5.1 resulted in a
more reliable approach to estimate the temperature of the TLC particles using their color,
and compare the performance of the method using the aforementioned color spaces.

5.2. Hysteresis and Bleaching

A simple experiment was performed to evaluate the hysteresis displayed by the TLC
material when heated and cooled some degrees beyond its blueand red temperatures,
respectively. The temperature scanning procedure, described in Section 5.1, was executed
four consecutive times and the TLC material was heated to 35◦C and subsequently cooled
to 15◦C after each temperature scan. The mean color values for the RGB, HSI and POD
color spaces are plotted in Figure 5.6 as a function of temperature for the four individual
scanning runs; the symbol size of the scatter plot increasesfor subsequent scan runs. Even
though a hysteresis trend of decreasing blue levels for temperatures above 23◦C is clear
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Figure 5.6.: Mean color values of TLC particles detected in four independent calibration
scans. a) RGB values, b) HSI values, and c) POD components associated
with the eigenvaluesλ1 = 0.0542 andλ2 = 0.0075. The symbol size in-
creases for subsequent scan runs.
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Figure 5.7.: RGB intensities of TLC particle images during 60 minutes of continuous
illumination.

in Figure 5.6, from one calibration scan to the next, the red and green intensities do not
show a hysteresis effect. In the HSI color space, the hysteresis effect is not as pronounced
but a slightly less pronounced decrease in the I signal is evident for temperatures above
25 ◦C. Lastly, the proper orthogonal decomposition (POD) of theRGB data seems to
compensate for the hysteresis in the B signal and a consistent hysteresis pattern was not
detected in the POD components associated with the non-zeroeigenvaluesλ1 andλ2.

In order to evaluate the effects that prolonged illumination, using the Lumencor Spectra
X light engine, has on the TLC material a simple bleaching experiment was performed,
keeping a constant temperature of 21◦C in a droplet seeded with TLC particles. The
particles were illuminated for a period of 60 minutes and themean RGB intensities of 50
particles that remain in focus for the duration of the experiment, are plotted as a function
of time in Figure 5.7. The vertical axis units are normalizedwith the respective maximum
value for each data series for visualization purposes. The Rvalue exhibits stronger fluc-
tuations in time, compared to the G and B values. However, thefluctuations do not seem
to suggest a bleaching of the TLC material. On the other hand,the G and B signals do
show a gradual weakening of their scattering intensity of approximately 4−5 %, during
the 60 min exposure, which is not substantial and would minimally affect their temper-
ature calibration. In any case, the bleaching does not affect the results presented in this
study since all the TLC particles used to produce the resultspresented 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 obtained with the calibration approach
described in Section 5.1 was evaluated for several TLC materials, with temperature re-
sponse ranges of 1 K, 5 K, 10 K, 20 K at magnifications,M, of 20× and 10×. Since the
real temperatures of the particles detected during the calibration scans is known, an out-
lier detection procedure was implemented in order to ignorespurious color values beyond
a specific threshold, calculated as follows. Outliers were determined by segregating valid
particle images as those whose color values, respective to the variable space being used
for the calibration, lay within an Euclidean distance of 0.1 color units from a smooth cal-
ibration curve, calculated by interpolating the mean colorvalues of the particles detected
at all temperatures covered in the calibration scan. This method was chosen because the
dynamic ranges of all color variables considered in this analysis are in the same order
of magnitude (see Figure 5.2), hence a constant threshold value for the determination of
outliers seems like a reasonable criteria to segregate valid estimated temperatures in all
cases.

The standard deviation of the estimated temperature from the true value,σ , given by

σ =

√

√

√

√

1
N

N

∑
i=1

(Ti −Treal)2 (5.2)

was calculated for each step of the calibration scan, whereN is the number of particles
detected at each step andTi are the estimated temperatures of valid detected particles.
Figures 5.8-5.17 show red scatter plots of all the valid particles’ estimated temperatures,
Tmeas, plotted against their real temperature,Treal. The standard deviation from the true
value (referred to as the uncertainty in the following discussion),σ , is also plotted in
Figures 5.8-5.17, as black crosses, for the full span of temperatures covered in each cal-
ibration scan. The left vertical axis of the plots shows two unit scales, namely◦C and
% of the respective calibration temperature ranges, in order to allow for each calibration
approach’s uncertainty evaluation in both absolute and relative terms. A text box at the
top of each plot states the nominal temperature response range of the TLC material in
question, the magnification used to make the recordings during the calibration scan, the
focal length of the cylindrical lens mounted in front of the camera (if one was used), and
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Figure 5.8.: Red points: valid particles’ estimated temperature. Black crosses: standard
deviation from the true value in absolute and relative units. Temperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hallcrest R20C20W
TLC particles. Nominal∆T = 20 K, M = 20×.
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Figure 5.9.: Red points: valid particles’ estimated temperature. Black crosses: standard
deviation from the true value in absolute and relative units. Temperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hallcrest R20C20W
TLC particles. Nominal∆T = 20 K, M = 10×.
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Figure 5.10.: Red points: valid particles’ estimated temperature. Black crosses: standard
deviation from the true value in absolute and relative units. Temperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hallcrest R20C10W
TLC particles. Nominal∆T = 10 K, M = 20×.
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Figure 5.11.: Red points: valid particles’ estimated temperature. Black crosses: standard
deviation from the true value in absolute and relative units. Temperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hallcrest R20C10W
TLC particles. Nominal∆T = 10 K, M = 10×.
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∆T: 5 K—M: 20x—Valid: 13344/20790 (64%)
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Figure 5.12.: Red points: valid particles’ estimated temperature. Black crosses: standard
deviation from the true value in absolute and relative units. Temperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hallcrest R20C5W
TLC particles. Nominal∆T = 5 K, M = 20×.
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Figure 5.13.: Red points: valid particles’ estimated temperature. Black crosses: standard
deviation from the true value in absolute and relative units. Temperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hallcrest R20C5W
TLC particles. Nominal∆T = 5 K, M = 10×.
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Figure 5.14.: Red points: valid particles’ estimated temperature. Black crosses: standard
deviation from the true value in absolute and relative units. Temperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hallcrest R20C1W
TLC particles. Nominal∆T = 1 K, M = 20×.
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Figure 5.15.: Red points: valid particles’ estimated temperature. Black crosses: standard
deviation from the true value in absolute and relative units. Temperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hallcrest R20C1W
TLC particles. Nominal∆T = 1 K, M = 10×.
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Figure 5.16.: Red points: valid particles’ estimated temperature. Black crosses: standard
deviation from the true value in absolute and relative units. Temperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hallcrest R20C1W
TLC particles. Nominal∆T = 1 K, M = 20×, fcyl = 500 mm.

55



Thermo-Liquid Crystal (TLC) Thermography

 

 

∆T: 1 K—M: 10x— Cyl: 500mm—Valid: 26773/42884 (62%)

σ for RGB Cal.
[%

]

[◦
C

]
a)

Treal [◦C]

S
td

.
D

ev
.

(σ
)

fr
om

T
re

a
l

Estimated T

T
m

e
a

s[
◦
C

]

20.25 20.5 20.75 21 21.25 21.5
0

3

6

9

12

15

0.00

0.04

0.09

0.14

0.18

0.23

19.5

20

20.5

21

21.5

22

 

 

∆T: 1 K—M: 10x— Cyl: 500mm—Valid: 26915/42884 (63%)

σ for HSI Cal.

[%
]

[◦
C

]

b)

Treal [◦C]

S
td

.
D

ev
.

(σ
)

fr
om

T
re

a
l

Estimated T

T
m

e
a

s[
◦
C

]

20.25 20.5 20.75 21 21.25 21.5
0

3

6

9

12

15

0.00

0.04

0.09

0.14

0.18

0.23

19.5

20

20.5

21

21.5

22

 

 

∆T: 1 K—M: 10x— Cyl: 500mm—Valid: 27518/42884 (64%)
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Figure 5.17.: Red points: valid particles’ estimated temperature. Black crosses: standard
deviation from the true value in absolute and relative units. Temperature cal-
ibration for a) RGB, b) HSI, and c) POD color data for Hallcrest R20C1W
TLC particles. Nominal∆T = 1 K, M = 10×, fcyl = 500 mm.
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5.3. Uncertainty Analysis

the number of particles deemed as valid by the outlier detection scheme outlined above.
It is clear from the plots in Figures 5.8-5.15 that the calibration procedure allows for the
correct determination of the particles’ temperature. However, the uncertainty, normal-
ized with the temperature response range of the TLC material, varies for the different
materials, and is higher for the Hallcrest R20C1W particles, with a nominal response
range of 1 K, than for the TLC materials with broader temperature response ranges. The
signal-to-noise ratio (SNR) of the color images acquired using the polarization filter and
the Lumencor Spectra X light engine was high enough to detectparticle images with a
magnification as low as 10×, over a broader temperature span than the one quoted as the
nominal temperature response range of the TLC materials. However, the error is higher
for the 10× magnification in most cases, probably due to the fact that theparticle images
are smaller, and defocusing effects play a stronger role in the color signals of the detected
particles. Figures 5.8 and 5.9 show some data that strongly deviates from the correct tem-
perature estimation trend. These outliers correspond to a few particles (approximately
1 out of 300) whose color behavior differs from that of the other particles. This can be
due to a damage in the molecular structure of the material andthe author regards such
particles as faulty probes that do not affect the performance of the method due to the
low frequency in which they appear. The detection of these outliers is not a trivial task
given that their temperature is not known in a real experiment and they display valid color
values for a different temperature.

The temperature calibration with the POD variable space appears to be more robust
than the calibrations using the RGB and HSI color variables,considering it uses two
calibration variables, as opposed to three, and yields comparable or lower uncertainty
values than the other two in all cases. The calibration usingthe HSI data consistently
underestimates the temperature of the particles when they reach a blue color at higher
temperatures, and generally yields higher error values at low temperatures as well. Us-
ing the RGB data yields similar error values as the POD calibration in most cases, even
though it uses three, as opposed to two calibration variables. This serves as confirmation
of Roesgen & Totaro (2002)’s statement that the optimal decorrelation of the RGB data,
via POD, yields calibration variables that are better suited to obtain a reversible relation-
ship with temperature. Figures 5.16-5.17 show the calibration performance for the TLC
material with a temperature response of 1 K, with a 500mm cylindrical lens mounted in
front of the 3-CCD color camera. The ability of the measurement technique to evaluate
the color of elliptical particle images in order to estimatetheir temperature does not seem
to be negatively affected by the fact that the images are defocused with an astigmatic
aberration. The uncertainty of the calibration oscillatesaround 6% using the POD color
variables. Even though this uncertainty levels are not low,the measurement technique is
viable to make time-resolved measurements of the 3D position and 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 Thermography, combined with APTV, to real-
life applications, a test case was necessary in which the TLCparticles show a measurable
displacement in the z-direction as well as an evident changein color caused by a temper-
ature gradient in the flow. Since thez-component estimation of the particles’ location in
the flow volume, using the current state-of-the-art imagingsystem, yielded high uncer-
tainty values using a magnification of 10×, 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 in a microscopic geometry that
drives a 3D flow. However, the construction of a device that can drive such flow while
holding a controlled temperature gradient over a distance of 352 µm (corresponding to
the field of view at 20× magnification) is not a trivial task and an alternative test case was
chosen.

Figure 6.1.: Schematic of cooling drop ex-
periment.

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. The
experiment was carried out in a tempera-
ture controlled laboratory, with the tem-
perature of the room set to 19◦C. 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 com-
ing from the ventilation outlets of the
room were perceivable to the people in the
room so the droplet was shielded with a rudimentary cardboard chamber to minimize the
air temperature fluctuations around it. A thermocouple was installed in the vicinity of
the droplet and temperature fluctuations were still detected inside the cardboard cham-
ber, with amplitudes of approximately 0.3 ◦C. The droplet was seeded with Hallcrest
R20C1W TLC particles, with a temperature response range of 1K, and a red start tem-
perature of 20◦C. Warm air was blown at the droplet until the particles images became
blue and the temperature inside the cardboard chamber read 21.5 ◦C. Images of the flow
were then acquired at rate of 2.2 Hz 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 cylindrical lens. A series of im-
ages, at constant time intervals during the cooling of the droplet are shown in Figure 6.2.

88.3 s70.6 s

53 s35.3 s

17.7 s0 s

Figure 6.2.: Sample image series of the flow inside a cooling droplet acquired with 20×
magnification.
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Figure 6.3.: TLC particle 2D motion inside a droplet, as it cools to room temperature.

The warm air blown around the droplet induces some convective flow inside it which the
TLC particles follow while they cool down to room temperature and gradually change
their color from blue to red. The flow is three-dimensional and the particle images be-
come blurry over time as they distance themselves from the focal plane and become
undetectable. In-focus particle images were detected using the image processing scheme
outlined in Appendix A and their temperature was estimated using the system matrix cali-
bration approach discussed in Section 5.1 on the proper orthogonally decomposed (POD)
RGB data, calculated as explained in Section 2.2. Since the seeding density was not high,
a nearest neighbor approach (Malik et al. 1993) was implemented to track the motion of
the particles, using the detected particle images’(x,y) positions over time, and reconstruct
their trajectories. Figure 6.3 shows a plot of particle tracks for particles whose images
were properly detected in more than 5 consecutive frames, such that a trajectory could
be reconstructed, with the temperature of the particles given by the color map. The time
frame of individual trajectories is independent of the others, hence they do not necessar-
ily begin and end simultaneously. All trajectories detected during the time it took for the
droplet to cool down are plotted in the figure but the reader should note that trajectories
with different colors correspond to particles detected during different times of the cooling
process. The temperature calibration function is able to resolve the temperature decrease
of individual particles as the droplet cools down, allowingfor a lagrangian analysis of
the flow’s temperature for the first time using tracer particles. These data only provide
a 2D reconstruction of the particles motion, even though a depth component of velocity
is clearly evident to the naked eye, when watching the image series as a motion picture.
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This is why the APTV method was used to evaluate the third component of the particles’
displacement and reconstruct the 3D trajectories of the particles motion.

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

143.4 s114.7 s

86.1 s57.4 s

28.7 s0 s

Figure 6.4.: Sample image series of the flow inside a cooling droplet acquired with 20×
magnification and a cylindrical lens with a focal length of 500 mm.
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Figure 6.5.: TLC particle 3D motion inside a droplet, as it cools to room temperature.

cooling of the droplet are shown in Figure 6.4. Like the experiment described above,
without a cylindrical lens, particle images were detected with the detection scheme out-
lined in Appendix A, and the temperature of the particles wasestimated using the system
matrix calibration approach discussed in Section 5.1 on theproper orthogonally decom-
posed (POD) RGB data. The geometry of the elliptical particle images, on the other
hand, was used to estimate thez-positions of the particles using thez-calibration method
discussed in Section 4.2 and a nearest neighbor approach (Malik et al. 1993) was im-
plemented to track the 3D motion of the particles, using the detected particle images’
(x,y,z) positions over time, and reconstruct their trajectories. Figure 6.5 shows a 3D plot
of particle tracks for particles whose images were properlydetected in more than 5 con-
secutive frames, such that a trajectory could be reconstructed, with the temperature of the
particles given by the color map. Once again, the time frame of individual trajectories is
independent of the others, hence they do not necessarily begin and end simultaneously.
All trajectories detected during the time it took for the droplet to cool down are plotted
in the figure but the reader should note that trajectories with different colors correspond
to particles detected during different times of the coolingprocess. The temperature cali-
bration function is able to resolve the temperature decrease of individual particles as the
droplet cools down, in this case allowing for a 3D lagrangiananalysis of the flow’s tem-
perature for the first time using tracer particles. Moreover, the particles clearly have a
considerable velocity in thez-direction, as they migrate up and inwards, as if following
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some recirculation pattern. This depth component of displacement was, of course, not
measured without astigmatism, which leaves a substantial bias in the 2D tracking of the
particles’ motion.

6.1. Considerations and technological limitations

The author performed other experiments to illustrate the functionality of the measurement
technique but controlled temperature gradients in slow enough flows are not straightfor-
ward in such small dimensions and no satisfactory results were obtained. The reader
should note that even though the current state of technologydid allow for the successful
3D tracking of TLC particles along with their temperature ina cooling droplet, limitations
remain to be overcome in order to extend the applicability ofthe method to more complex
microfluidics problems where higher velocities and weaker temperature gradients need to
be resolved. Among the many challenges that must be overcome, the most prominent are
the following:

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

• White light sources with a homogeneous spectrum remain far less powerful than
lasers, making the intensity of detected particle images, especially defocused ones,
substantially lower than that of fluorescent particles in conventional APTV ex-
periments. This translates into a limitation of the measurement volume’s depth
to only a few tenths of microns, with 20× magnification, given that not enough
light is scattered at lower magnification to make real-life experiments with a low
enough measurement uncertainty. More light means brighterparticle images. Ergo,
strongly defocused particles that are undetectable using the current illumination
scheme will be detected when more powerful light sources become available. With
an expansion of the measurement volume of 3−4× the current value, experimen-
tal setups using standard microchannels (50− 100µm deep) can be designed to
produce controlled temperature gradients that can be evaluated.

• The design and production of non-encapsulated TLC particles for these applica-
tions is a young research field and there is room for much improvement in the fab-
rication of smaller particles with lower amounts of surfactant that can better follow
complex flows and have brighter color cores. Even though the fabrication proce-
dure of the non-encapsulated TLC particles used in this study yields high quality
color images, the portion of the particles that scatters color is proportionally small
relative to the size of the particles. This can be a product ofthe amount of surfactant
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used to stabilize the emulsion containing the TLC particlesand more optimal pro-
duction parameters are probably possible, which yield smaller non-encapsulated
particles that scatter more colored light. On the other hand, the bigger the parti-
cles the stronger their interactions with each other, whichat higher concentration
and low Reynolds numbers can interfere with their ability tofollow the flow that is
evaluated.

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

6.2. Future outlook

There are several fields where a temperature field characterization is missing to complete
interesting studies of fluid transport in microscopic flows.Kumar et al. (2011), for in-
stance, performed a Lagrangian analysis of an electrothermal microvortex and measured
its toroidal velocity distribution, which led to validation of simplistic models and the fur-
ther understanding of the interaction between the laser beam and the microfluidic device.
As its name says, the fluid phenomenon investigated in this case is a product of an in-
duced temperature gradient which has not been measured. Needless to say, the ability
to reconstruct the temperature field in this flow would shed light on the forces that drive
the vortex and probably fuel improvements to its applications in the rapid transport of
particles via electrokinetic patterning.

On a different note, Marangoni flows play an important part inthe engineering of pho-
tonic materials, thin coatings, deposition in thin fluid films, and crystal growth, among
other fields. Yet, many open questions remain regarding its driving forces and even its
existence in pure water, as well as the impact that environmental conditions and sur-
face contaminants have on its behavior. Marangoni flow is basically a transport of fluid
caused by a gradient in surface tension, generated by a composition or temperature vari-
ation along the free surface of the liquid. Hu & Larson (2005)presented an analytical
study of the Marangoni flow in an evaporating sessile droplet. They developed a finite
element method to resolve the thermal field as the droplet evaporates and calculated the
time-dependent velocity fields within it. Xuefeng & Luo (2007) presented experimental
evidence of what appears to be a redirection pattern at the contact line of an evaporating
water droplet. They seeded the flow with fluorescent nano-particles and followed their
approach towards the contact line followed by their migration away from it. However,
a 3D reconstruction was not presented in their report, giventhat the particles became
defocused as they moved away from the contact line and there was no way to tell their
motion in the depth direction. Xuefeng & Luo (2007) stated that their observations in-
dicated a monotonic temperature variation along the free surface of the droplet but, off
course, they did not have the means to measure it. An experiment in an evaporating water
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droplet was attempted using non-encapsulated TLC particles but the amount of surfactant
in the TLC-containing emulsion seemed to annul the Marangoni effect and no discernable
temperature gradient was detected. This remains a good testcase for a future time when
production solutions are found regarding the fabrication of smaller TLC micro particles
and the temperature estimation uncertainty of the method isfurther decreased to the order
of such temperature gradients.
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7. Conclusion and Outlook

The combination of Thermo-Liquid Crystal (TLC) Thermography and Astigmatism par-
ticle Tracking Velocimetry (APTV), along with other technological advances in experi-
mental measurement techniques, allows for the simultaneous measurement of the three-
dimensional (3D) temperature and velocity fields of microscopic flows. After many years
of research and progress in the fields of TLC thermography andoptical velocimetry, the
technology has become available to record high quality color images of TLC micro parti-
cles, whose position and temperature can be tracked in 3D using defocused color particle
images by means of astigmatic aberrations.

The first step in the process of making this measurement method a reality was the
fabrication of stable non-encapsulated TLC micro spheres,to replace the commonly en-
capsulated TLC particles that are reported in most other reports of TLC thermography in
fluids. A manufacturing process known as Shirasu Porous Glass (SPG) membrane emul-
sification process was used to produce a water based emulsionof stable non-encapsulated
micro spheres with a narrower size distribution than that available in commercial encap-
sulated TLC particle solutions (see Section 3.1). These non-encapsulated particles not
only have a narrow size distribution but also lack a polymer shell which is why their im-
ages have homogeneous intensity profiles without internal color patterns, making their
detection, as well as the evaluation of their color at specific temperatures, possible with
lower uncertainty levels.

In principle, it is possible to detect the color of the particle images generated by
these non-encapsulated using conventional imaging systems. However, the illumination
sources that are usually used for TLC thermography experiments do not shine a homo-
geneous light spectrum and have peaks at certain wavelengths. What happens with these
white light sources is that particles at narrow ranges of temperatures scatter substantially
stronger colors than at others, making the detection of the weak colors a challenging
task, not to mention the temperature calibration. Fortunately, with the accelerating rate of
technology newer illumination systems become available regularly and a ’light engine’
using light pipes that shine different wavelength ranges iscurrently available commer-
cially. This device provides a more homogeneous spectrum with enough power to record
color images of TLC particles of all visible colors with comparable intensities. On top
of that, TLCs exhibit a very convenient physical property. When the liquid crystals enter
their chiral-nematic phase, they begin to scatter circularly polarized light of select wave-
length ranges as a function of their temperature. The chirality of the circular polarization,
however, is independent of the incoming light’s nature. This particular feature of TLCs
allows for background noise filtering in images of flow seededwith TLC particles, fur-

67



Conclusion and Outlook

ther increasing the contrast and color quality of the particle images. A custom circular
polarization filter was then designed and fabricated and, asexpected, the quality of the
color images improved considerably (see Section 3.2).

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

In the past, the relationship between hue and temperature has been the most prominent
approach to estimate the temperature from the color of TLCs.However, a calibration
approach using more than a single variable was evaluated in this study, which yields
a better performance that the traditional temperature-Huerelationship. The approach
was implemented using three color spaces, as calibration variables, namely RGB, HSI
and POD. POD stands for the proper orthogonally decomposed RGB data, which is a
set of optimally uncorrelated variables that provide a morerobust way of temperature
calibration. Four different TLC materials with different temperature response ranges were
calibrated in order to assess their feasibility for real life applications.

The TLC material with a temperature response range of 1 K was then used to track the
motion and temperature of the TLC particles as they followedthe convective flow inside a
cooling droplet. The results prove that the measurement technique is capable of resolving
3D temperature gradients, in both time and space, in microscopic flows.

The uncertainty values vary for different TLC materials, being higher for materials with
narrower temperature response ranges. Fortunately the method has plenty of room for im-
provements in multiple fronts. First of all, there is not much research in the manufacturing
of non-encapsulated particles such as the ones used for thisstudy. The performance of
the method has a wide margin of improvement if solutions withlower amounts of surfac-
tant were developed. The surface properties and wettability of the particles could also be
engineered to provide particles that scatter brighter colors. On the other hand, better cir-
cular polarization filtering can also play a role in the acquisition of higher-quality particle
images. the same can be said for illuminations sources. Today, newer and more powerful
illumination devices are becoming available regularly, which can significantly improve
the results reported in this document. Lastly, the detection algorithms and calibration
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schemes can also be perfected further. A substantial portion of the performance of the
calibration approaches, relies on the particle image detection schemes and the algorithms
that carry them out. Higher-quality images, along with improved methods to detect their
color and their geometry, would go a long way in improving theestimation of both the
depth position and temperature of the particles.
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ROSSI M, CIERPKA C, SEGURA R & K ÄHLER CJ (2011). Volumetric reconstruction
of the 3D boundary of stream tubes with general topology using tracer particles.
Measurement, Science & Technology 22:105,405, DOI: 10.1088/0957-0233/22/10/
105405

RUSSJC (2002). The Image Processing Handbook. CRC, Boca Raton

SABATINO DR, PRAISNER TJ & SMITH CR (2000). A high-accuracy calibration tech-
nique for thermochromic liquid crystal temperature measurements. Experiments in
Fluids 28:497–505

SAGE I (2011). Thermochromic liquid crystals. Liquid Crystals 38:1551–1561, DOI:
10.1080/02678292.2011.631302

SAKAKIBARA J & ADRIAN (1999). Whole field measurement of temperature in water
using two-color laser induced fluorescence. Experiments in Fluids 26:7–15, DOI:
10.1007/s003480050260

SAKAKIBARA J & ADRIAN R (2004). Measurement of temperature field of a Rayleigh-
Bernard convection using two-color laser-induced fluorescence. Experiments in Flu-
ids 37:331–340, DOI: DOI10.1007/s00348-004-0821-3

SANTIAGO JG, WERELEY ST, MEINHART CD, BEEBE DJ & ADRIAN RJ (1998). A
particle image velocimetry system for microfluidics. Experiments in Fluids 25:316–
319

SEGURA R, CIERPKA C, ROSSI M, JOSEPH S, BUNJES H & K ÄHLER CJ (2013).
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A. Image Processing

A series of preprocessing steps were implemented to improvethe contrast of the TLC
particles’ color images. Even though a circular polarization filter was mounted to acquire
the images used for the calibration of thez-position and the temperature of the TLC par-
ticles, as well as to track the flow inside a cooling droplet, the quarter-wave plate does
not transmit perfectly circularly polarized light for all wavelengths and some background
noise is still transmitted. The detection of particle images, especially the heavily defo-
cused ones recorded with APTV, requires a high signal-to-noise ratio (SNR) which can
be considerably improved by using background removal methods. After careful evalua-
tion of several different methods to improve the contrast ofthe color images and remove
their background noise, the following approach yielded thebest particle image detec-
tion performance for a variety of color particle images witha broad range of defocused
geometries.

• A morphological operation was performed on the raw images (see Figure A.1a),
consisting of an erosion- followed by a dilation algorithm,both of which used
a flat, disk-shaped structuring element with a defined radiuswhich was chosen
depending on the size and shape of the particle images (different radii were chosen
for different magnifications and cylindrical lens arrangements). The product of
this morphological operation acts as a smooth dark image, with the topology of the
background noise levels in the raw color image as shown in Figure A.1b.

• This background image was them subtracted from the raw RGB image, nearly
eliminating completely the background noise surrounding the particle images, while
their colors remain bright and vibrant, as shown in Figure A.1c.

• In order to detect the perimeters of the particles, a segmentation algorithm will be
used but the grayscale intensity profiles of the particles images in Figure A.1c re-
main noisy and the determination of a segmentation threshold that works on parti-
cle images of different colors and shapes is difficult to find under these conditions.
Therefore, a smoothing gaussian filter is applied to the color images in order to
reduce the noise in the intensity profiles of the particle images, which yields the
image shown in Figure A.1d.

These high-contrast images with smooth intensity profiles are used to detect the gen-
eral shape of the particle images before a sub-pixel boundary detection algorithm is im-
plemented on the raw images to accurately determine the(x,y) location of the particles,

83



Image Processing

as well as the horizontal and vertical axis of elliptical particle images,(ax,ay), when
APTV is used. Once the general shape of the particle images isdetermined, their RGB
intensity values, which are used later for the temperature calibration procedure, are also
calculated. This process of particle image geometry and color determination is carried
out in the following fashion.

A basic segmentation filter is applied to the smooth high-contrast images generated
with the preprocessing steps outlined above (see Figure A.1d). This filter simply converts

d)c)

b)a)

Figure A.1.: a) Raw RGB image. b) Raw RGB image’s background.c) High-contrast
RGB image after background subtraction. d) Smooth image used for seg-
mentation.
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the color images to grayscale and binarizes them using a count threshold, chosen through
an iterative process, testing images that contain particles of different colors and shapes.
Automatic approaches to determine the optimal segmentation threshold for each image
were attempted but the detection performance yield varied substantially from one image
to the next. For instance, an automatic segmentation threshold was calculated for each
grayscale image, maximizing the separability of its black and white values as proposed by
Otsu (1979). Even though this method works well for particleimages of certain colors,
it failed almost entirely for other color. Hence, a constantsegmentation threshold was

d)c)

b)a)

Figure A.2.: a) Segmented particle image areas. b) Segmented particle image perimeters.
c) Particle images’ elliptical shapes calculated with sub-pixel accuracy. d)
Pixels used to calculate the mean RGB values of particle images.
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used and a consistent detection performance was achieved for particles of all colors and
shapes. Figure A.2a shows the result of the segmentation filter applied to the image in
Figure A.1d and Figure A.2b shows the perimeter of the particle image areas shown in
Figure A.2a, found with the segmentation filter.

These segmented pixel regions are used next to determine the(x,y) locations of the par-
ticles, as as well as the horizontal and vertical axis of elliptical particle images,(ax,ay),
with sub-pixel accuracy. Rectangular windows, with dimensions corresponding to twice
the maximum width and height of the segmented particles regions, were used to calculate
a 2D Gaussian fit of the raw RGB particle images, converted to grayscale. The variance
values of the fit in both dimensions were used as the vertical and horizontal axes,(ax,ay),
of the elliptical particle images and the center of the fit’s mean determined the(x,y) lo-
cation of the particle’s center. Figure A.2c shows the raw RGB image with plots of the
elliptical boundaries of the particle images, calculated with the 2D gaussian fit approach
described above.

Lastly, several schemes were evaluated to determine the RGBvalues of each particle
image. The first was to use the RGB values of the pixel where thecentroid of the seg-
mented area of each particle image lies. Unfortunately, theparticle images are not sym-
metric and occasionally exhibit dark patterns as they become defocused, which caused a
broad scatter of color values for particles that were recorded at the exact same tempera-
ture. The same happened when using the pixel containing the center point of the ellipses
calculated with the sub-pixel algorithm explained above. An alternative method was to
try the mean of a group of pixels contained within a certain radius of either the centroid
of the segmented area or the center point of the ellipse. Thismethod yielded better results
for in-focus circular particle images but not for elliptical ones mainly due to the fact that
some of the pixels in the group would occasionally lie in the dark patterns of the parti-
cle image, throwing off the mean values. Instead, the maximum grayscale intensities of
each particle images were evaluated and a threshold was set at 70% of their difference.
Then, the mean RGB values of all the pixels in the particle image, with a grayscale value
above this threshold, were used as the RGB values of the particle image to be used in the
color spaces and calibration computations. This method yielded consistently narrower
distributions of color values for particles images recorded at the same temperature. Fig-
ure A.2d shows green crosses indicating the pixels used to calculate 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 experimental setup components are
shown in Figures B.1-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.3.: Temperature calibration experimental setup.

Figure B.4.: Temperature calibration experimental setup.
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System Photographs

Figure B.5.: 3CCD color camera mounted behind cylindrical lens.

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