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Chapter 1

Overview of the thesis

The starting point of this research lies in the unique optical properties of Cholesteric Spher-
ical Reflectors (CSRs), particularly their ability to selectively reflect light at specific wave-
lengths, including those beyond the visible light spectrum, such as ultraviolet (UV) and in-
frared (IR) regions. This wavelength selectivity offers exciting opportunities to develop fidu-
cial markersmthat are effectively invisible to the human eye but detectable by machines. The
possibility of creating such invisible tags, for example, on transparent surfaces like glass or

windows—one of the major challenges in robotics—motivated the initiation of this project.

To harness the full potential of CSRs, especially those based on polymerized liquid crystal
shells, it was necessary to first optimize their optical performance in the visible spectrum.
Several technical challenges emerged: how to maximize the reflection intensity from micron-
scale spherical particles while minimizing light scattering, how to arrange them as close-
packed arrays, and how to develop scalable and automated fabrication methods that ensure

robust and stable CSR-based patterns on a variety of surfaces.

Initially, standard strategies such as embedding CSRs in index-matching binders were pur-
sued to enhance reflection. However, this raised new questions about the suitability of such
binders for UV and IR applications and about the availability of compatible illumination and

imaging systems. Central to the detection mechanism is the circular polarization selectivity

'QR-code-like binary rectangular patterns commonly used in robotics .



of CSRs, a property derived from their internal helical structure that enables them to reflect
circularly polarized light with a specific handedness. This unique optical signature allows
for precise, machine-readable detection, but it also demands specialized, cost-effective, and

lightweight imaging tools adaptable to both visible and invisible spectral ranges.

This study, therefore, sits at the intersection of materials science, optics, robotics, and en-
gineering. It addresses not only the fundamental physics of cholesteric reflection but also
the practical considerations of material formulation, patterning, optical readout, and system
integration. By overcoming these multidisciplinary challenges, the work aims to bring CSRs
closer to real-world applications, from creating vivid, tunable structural colors to enabling

robust, covert fiducial markers for advanced robotic sensing.



Chapter 2

Background

2.1 Liquid Crystals

Liquid crystals (LCs) are unique phases that combine some properties of their neighboring
phases: isotropic liquids and crystalline solids. LCs exhibit fluidity like liquids and at the
same time exhibit long-range orientational order, meaning their constituent molecules tend
to align along a preferred direction over macroscopic distances. This unique intermediate
behavior gives rise to anisotropic properties: LCs can respond to external stimuli such as
light, mechanical stress, electric, or magnetic fields, depending on the direction in which the

stimulus is applied [1].

The term "liquid crystal” refers to a phase formed by many molecules collectively, just as a lig-
uid or solid phase composed of many molecules rather than individual ones. The molecules
that generate LC phases are called mesogens, referring to their ability to form mesophases
(intermediate state). Mesogens are typically organic compounds anisotropic in shape, most
commonly rod-like (calamitic) or disc-like (discotic), with a rigid core often connected to
flexible side chains [2]. LCs are classified as thermotropic if the liquid crystalline behavior
occurs within a certain temperature range [3]. Another main class, known as lyofropic LCs,
is formed by aggregate suspension of amphiphilic molecule{] or nanopatrticles in a solvent

(typically aqueous), with concentration determining the range of LC order they exhibit. There

"Molecules having both hydrophobic (water-repelling) and hydrophilic (water-loving) regions.



Figure 2.1: Schematic representation of (a) temperature-dependent phase transitions, ob-
served in thermotropic liquid crystals, from crystalline solid to isotropic liquid with nematic
liquid crystal phase in between. In the solid state, molecules are arranged in a fixed, or-
derly lattice, giving the material an orientational and a positional order. In the liquid state,
molecules move freely with a disordered arrangement, allowing the material to flow and con-
form to the shape of its container. The liquid crystaline phase is shown as an intermediate
state, combining fluidity with long-range molecular order. (b) Chemical structures of two
common mesogens given along with the temperature range within they exhibit LC behavior:
4-pentyl-4’-cyanobiphenyl (5CB) as an example of a non-reactive mesogen, and RM257 as
a representative reactive mesogen.

are many subclasses of liquid crystals with very different properties. In the scope of this the-
sis, | have only studied thermotropic LCs, specifically the chiral nematic (cholesteric) phase,

which | will be describing in detail in the following sections.

In thermotropic LCs, the fact that temperature is the fundamental parameter controlling
phase behavior brings two transition temperatures to define: the temperature determining
the onset of LC order and the one at which this order disappears. As temperature increases,
a crystalline solid melts into an LC phase at the melting point (T,,). Upon further heating,
the system reaches the clearing point (T, or Tn;), where orientational order is lost and the
material becomes a conventional isotropic liquid. Figure provides a simplified illustra-
tion of the temperature-dependent phase transitions observed in thermotropic LCs. While
several LC phases can exist between the crystalline and isotropic states, only the nematic

phase is shown here for simplicity. Figure [2.7p shows two common examples of compounds



that exhibit nematic behavior within specific temperature ranges together with their chem-
ical structures: 4-pentyl-4’-cyanobiphenyl (5CB), a non-reactive mesogen, and RM257, a

reactive mesogen that can be polymerized under UV light.

2.1.1 The Nematic Phase

The simplest and most widely studied thermotropic LC phase is the nematic phase. Among
all LC phases, it is the least ordered where the mesogenic molecules have no long-range
positional order of their center of mass but maintain long-range orientational order, aligning,
on average, along a common direction described by the director, denoted n. Despite, as in
this molecular perspective, the director defines the average orientation, individual molecules
rarely align perfectly along n due to the thermal fluctuations. The director concept itself
belongs to a continuum model. The director represents the principal symmetry axis, which
may vary in space, forming a spatially dependent director field, n(r), where r is the space
coordinate. Importantly, the system is invariant upon rotation of n, meaning n and -n are

physically indistinguishable, thus the director is a signless pseudo-vector [4].

The orientation of the director at an interface is determined by the surface conditions, a
concept known as surface alignment or anchoring. Depending on the surface treatment or
chemical properties, the director can typically adopt two different orientations relative to the
interface. When the director aligns parallel to the substrate surface, this configuration is
called planar (tangential) alignment, whereas when it orients perpendicular to the surface, it
is referred to as homeotropic (normal) alignment. These boundary conditions strongly influ-
ence the optical and electro-optic behavior of LC devices and are essential for understanding
director configurations under applied electric fields, as discussed later in this thesis. In prac-
tice, surface alignment can be controlled by applying specific surface coatings or treatments.
For example, an aqueous solution of poly(vinyl alcohol) (PVA) promotes planar alignment,
resulting in a tangential orientation of the director at the surface. In spherical geometries in
the case of chiral nematics, this type of anchoring leads to a radial helix configuration, which

is particularly relevant for the CSRs discussed later in this thesis.



The Orientational Order Parameter

The long-range orientational order is quantified by the nematic order parameter, S. This
scalar parameter provides a measure of how well the mesogens are aligned along the di-
rector, being zero for complete random orientation, as found in isotropic phase and one for
the perfect alignment along n, as in an idealized crystalline state [5]. S is defined by the
following equation:

Sz%(?jcosQG—l) (2.1)

where the brackets represent an ensemble average in three dimensional space and 4 is the

angle defining the deviation in orientation from n as shown in Figure[2.2]

The value of S varies in the range [—% , 1]. For most nematic liquid crystals at room tem-
perature, S typically falls within the range of 0.4 to 0.6, reflecting a partially ordered but still
highly anisotropic state [6, [7]. The negative lower limit, —1/2, represents the state where
molecules are predominantly aligned orthogonal to the director and it is rare to find materials

with negative order parameter [8, |9].

Figure 2.2: (Left) Schematic illustration of rod-like mesogens in a nematic LC phase, show-
ing the average alignment along the director and (right) a single mesogen representation in
the coordinate system, where its orientation deviates from n with angle 6 in a direction ¢.
While ¢ does not appear in Equation the bracket accounts for it through the ensemble
average over three dimensions.



2.1.2 Cholesteric (Chiral Nematic) Liquid Crystals

Cholesteric liquid crystals (CLCs), also known as chiral nematics, represent a special case
of the nematic phase where chirality is introduced into the system. The name “cholesteric”
originates from early observations of this phase in derivatives of cholesterol [5]. Cholesteric
phases are formed either by adding chiral dopants into an achiral nematic host or through

inherently chiral mesogens.

Chirality is a property that defines an asymmetry of objects that cannot be superimposed
onto their mirror image by any combination of rotations or translations. Geometries like
spheres or cylinders are not chiral because they are identical to their mirror images. In
contrast, a human hand, as a common example, is chiral: a right hand and a left hand are
mirror images of each other but they are not identical. This difference brings the concept of
handedness, a defining feature of chiral objects [7]. Until this section, | introduced non-chiral
nematic phase which has a plane of mirror symmetry, director plane. However, when chirality
is introduced the situation changes. The presence of chirality breaks mirror symmetry in
the system, and the director n begins to rotate continuously in space, forming a twisted

modulation.

This twist develops along an axis m, which is always orthogonal to the local director n.
The resulting structure is periodic along m, and the periodicity is called the pitch length,
denoted p. It is very common to resemble this twisted modulation of the director field to
helical structures such as a spring or a screw winding. In fact, if one follow n in the so-
called helically modulated cholesteric phase, one can never move up or down the helix,
unlike the case for following the thread of the spiral. That said, for the sake of simplicity
and consistency with common usage in the literature, | will use the expressions like the
‘cholesteric helix’ and ’helix axis’ in this thesis. With m defined along 2, the director field of

a CLC can be mathematically described as:

n(z) = (cos (%) ,sin (2”—2> ,0) (2.2)
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Figure 2.3: Schematic illustration of cholesteric liquid crystal phases that summarizes the
structures, from left-handed tight twist on the left, gradually increasing to infinite pitch in
the middle (representing the non-chiral nematic phase), to right-handed tight twist on the
right. Top row represents a continuous director field, n(r), picture and the bottom row is a
molecular-scale representation. For clarity and simplicity, mesogenic molecules are consid-
ered as rigid rods. The z-axis represents the helical axis m around which the director twists.
Figure prepared by Jan Lagerwall: used with permission.

This represents a right-handed twist [11]. For a left-handed twist, the sign of the
second term is negative. At any given point along m, the director lies in the xy-plane and

twists with constant pitch as one moves along z.

It is important to remember that both the director and its twisted modulation are continuum
concepts. Figure [2.3]illustrates the CLC phases from left-handed tight twist on the left to
right-handed tight twist on the right. If p — oo as pictured right in the middle, the cholesteric
phase becomes indistinguishable from a conventional nematic, as the twist disappears. This
continuous transition shows that a cholesteric phase is essentially a twisted version of the

nematic phase. It is also critical to emphasize that the cholesteric phase lacks long-range



positional order, meaning that the molecules are not positioned as layers in space.

Although the full twist of the director occurs over a distance p, the effective periodicity of the
structure is p/2 due to the sign-invariant nature of the director n, meaning that n = —n. As
a result, the director orientation repeats every half-pitch. The pitch in the structure depends
on both the concentration and the twisting ability of the chiral dopant. The relationship is as
follows:

1
p = lim

=0 [c] - HTP 23)

where [c] is the concentration of a chiral dopant and HTP is the helical twisting power which
quantifies the ability of the dopant to twist the achiral host. The value of HTP is different for

different host-dopant pairs.

The periodic modulation in the cholesteric phase gives rise to distinctive optical properties.
Combined with the birefringence, this periodicity allows cholesterics to selectively reflect
circularly polarized light of a specific wavelength range. This optical behavior is a central

focus of this thesis and is further discussed in detail in section 2.4.2.

2.1.3 Capturing Liquid Crystal Order in a Permanent Structure

The ability to freeze the order of liquid crystals into permanent structures is a powerful strat-
egy for designing advanced functional materials that exhibit many of the unique properties
of the LC phase, such as birefringence, selective Bragg reflection, and the ability to reflect
circularly polarized light, etc., while combining with the mechanical stability of a solid. One
effective method to preserve the molecular order of LCs in a solid polymer network is the
photopolymerization of LC monomers. Figure [2.4]illustrates this process schematically. This
process allows the alignment and anisotropic structure of an LC to be “locked” within a poly-
mer network. Photopolymerization also helps to maintain the resulting shape in applications
where LCs are confined in various geometries such as films, droplets, shells, fibers, etc. The
major advantage is that photopolymerization proceeds rapidly (within seconds) such that it

can prevent phase separation or phase transitions from occurring during curing.



Figure 2.4: The photopolymerization of an LC network.

Typically, a mixture of LC monomers is used in the formation of an LC polymer network be-
cause a multi-component system allows tuning of physical properties such as the viscosity
and the temperature window in which the system remains in the liquid crystalline phase.
Reactive mesogens can be both mono- and di-functionalized and the ratio of these groups
in the mixture directly affects the crosslinking density in the polymer network and thus the
mechanical properties like glass transition temperature (7;,) and elasticity. The polymer pre-
cursor mixture also contains a photoinitiator, usually in low concentration (e.g. around 1
wi%) and responsive to the desired curing wavelength (typically UV or visible light), which
generates free radicals to initiate photo-crosslinking. The wavelength and intensity of the
light source should overlap with the absorption profile of the photoinitiator. For example,
a common system containing 1 wt% Irgacure 651, can polymerize in seconds under 365
nm UV light with a light intensity of 5 mW/cm?2 [12]. While higher light intensities can in-
crease the polymerization rate, care must be taken not to overheat the sample. Excessive
temperatures can disrupt the LC order or cause a transition to the isotropic phase. It is
crucial to obtain a homogeneous mixture before polymerization and this is achieved either
by dissolving all components in a proper solvent such as tetrahydrofuran (THF), toluene,
dichloromethane (DCM), etc. or by continuous stirring while heating to isotropic tempera-
ture. Proper alignment of the director is essential for achieving ordered polymer networks.
A common approach to establish the alignment to produce polymerized LC films is using
pre-treated substrates, e.g. glass slides coated with rubbed polyimide or polyvinyl alcohol

(PVA) for planar orientation) [13].
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Once the desired orientation is obtained, the precursor mixture is exposed to light to initiate
photopolymerization. Oxygen inhibition is a common problem in free-radical (chain-growth)
polymerization which is the case with acrylate-based LC mixture [14, 15]. To overcome
this issue and ensure efficient and uniform curing, it is necessary to create an oxygen-free
environment, which can typically be done by curing the material in an aqueous solution
or placing it between pre-treated substrates, or most effectively by curing it under an inert

atmosphere, such as a continuous flow of nitrogen while exposed to UV radiation.

2.2 Whatis Light? (Wave Picture of Light)

Light is one of the most fundamental and fascinating phenomena in nature. It plays a crucial
role in our understanding of the universe and forms the basis of numerous technologies,
from optical imaging to additive manufacturing. Light is a radiant energy that propagates in
the form of waves, commonly defined as electromagnetic radiation [16]. Although the fact
that light exhibits both wavelike and particle-like behavior, | will be focusing on the wave-like
nature of light in the scope of this thesis, as this is most convenient for understanding its
interaction with materials and optical phenomena such as reflection, refraction, polarization,
and scattering, etc. In the following sections, | will give an overview of the nature of light
and its fundamental properties. | will then continue with the interaction of light with different
media, with particular emphasis on the principles that are relevant to the optical behavior of

liquid crystalline materials.

2.2.1 Wavelike properties of light and electromagnetic spectrum

Light is a transverse wave composed of oscillating electric and magnetic fields, meaning that
these oscillations are perpendicular to each other and to the direction of wave propagation.
The fundamental properties that characterize a wave also apply to light. Amplitude can be
defined as the maximum displacement of a transverse wave in the direction perpendicular
to the propagation direction or simply as the height of the peak. The higher the amplitude,

the more energy the wave carries. In the case of light, the amplitude correlates to the light
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Figure 2.5: Transverse waves propagating from left to right and the oscillation directions are
perpendicular and parallel, respectively, to the propagation direction.

intensity. One of the most well-known properties of waves is that they are periodic and the
period in space is known as wavelength (). Wavelength is the length of one cycle of the
wave, which is the distance between two successive peaks (or troughs)(see, Figurg2.5). The
time required for one wave cycle to pass a given point is called period (T). Frequency (f)
describes the number of oscillations in a unit of time and is typically measured in Hertz (Hz),
which is inverse seconds. Frequency and wavelength are inversely related and connected

through the wave’s speed (v) by the equation:

v=f-\ (2.4)

James Clerk Maxwell’s equations provided the theoretical foundation for understanding these
fields and showed that electromagnetic waves can travel through a vacuum at a finite speed,
the speed of light, approximately ¢ = 3 - 10% meters per second (m/s). In vacuum, this rela-
tionship implies that as the wavelength increases, the frequency decreases, and vice versa.
However, when light propagates through a material, the speed changes depending on the
material’'s refractive index. In such cases, the frequency remains constant, while the wave-
length adjusts to account for the change in speed [16,|17]. Electromagnetic radiation comes
in a broad range of wavelengths and frequencies, although in vacuum all travel at the same

speed. The electromagnetic spectrum contains the entire range of electromagnetic radia-
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Figure 2.6: The electromagnetic spectrum. Adapted from Wikimedia Commons under CC-
BY-SA 4.0 [18].

tion, organized by wavelength or frequency. It spans from short-wavelength, high-frequency
gamma rays and X-rays, through ultraviolet (UV), visible light, and infrared (IR), to long-
wavelength, low-frequency microwaves and radio waves. Visible light, which lies in a narrow
band of this spectrum (approximately 400-700 nm), is the portion that our eyes can detect,

with shorter wavelengths perceived as violet and longer ones as red.

2.2.2 The Polarization of Light

One of the fundamental properties of light is polarization, that is the orientation of the electric
field vector as the wave propagates. In unpolarized light, such as sunlight or light from
a typical bulb, the electric field oscillates randomly in all directions perpendicular to the
direction of propagation. In contrast, polarized light has a well-defined orientation of the

electric field.

Any state of polarized light can be described within the framework of elliptical polarization,
where the tip of the electric field vector traces an ellipse in the plane perpendicular to prop-

agation. Two special cases of this general form are linear and circular polarization. In linear
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polarization, the electric field oscillates in a fixed plane perpendicular to the direction of prop-
agation, corresponding to zero ellipticity. In circular polarization, the electric field rotates in
a helical pattern as the wave travels. For right-handed circular polarization, the electric field
rotates clockwise when viewed along the direction of propagation; for left-handed circular
polarization, it rotates counterclockwise [16, |17]. Understanding polarization is essential for
interpreting how light behaves in reflection, transmission, and scattering, especially when

dealing with anisotropic materials such as LCs.

In 1808, the French physicist Etienne Malus made a groundbreaking discovery when he
observed that light reflected from nonmetallic surfaces becomes polarized. While studying
sunlight reflected from windows of the Luxembourg Palace through a calcite crystal, he
noticed that the intensity of the transmitted light changed as he rotated the crystal [16].
Since calcite naturally splits light into two rays that respond differently to polarized light, this
change in intensity revealed that the reflected light was no longer randomly oscillates but
polarized. This observation provided the first clear evidence that reflection can generate
polarized light. Frangois Arago, drawing conclusions from his own experiments, mistakenly
believed that the reflected and refracted light were always equally polarized at any angle of
incidence [16]. However, it was Brewster’s experiments that first revealed the complexity of
light polarization, showing that reflected light is not always fully polarized and that its degree
of polarization depends on the angle at which light hits the surface. He found that light

becomes most polarized at a specific angle, now known as the Brewster angle [17].

In this context, it is useful to define the polarization components relative to the plane of
incidence, which is the plane formed by the incoming light ray and the surface normal. If
the electric field oscillates perpendicular to the plane of incidence, light is called s-polarized
(senkrecht, a German word meaning perpendicular). And, if the electric field oscillates within
the plane of incidence, it is p-polarized (parallel) [17]. These definitions become particularly
important when analyzing reflection and transmission using Fresnel's equations, as the re-
flectance and transmittance differ significantly for s- and p-polarized light, especially near

the Brewster angle (further discussed in Chapter 6).
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2.3 The Propagation of Light in Isotropic Media

When light encounters a boundary between two different media, several interactions may
occur: it may be reflected, refracted, transmitted with or without absorption, and/or scat-
tered. These interactions are governed by a set of physical laws and material properties that
determine how much of the incident light is transmitted or reflected and how its direction and

intensity change.

2.3.1 Reflection and Refraction

When light hits a surface, a portion of it is reflected back, meaning its direction of propagation
undergoes a sudden change, into the original medium. This process is described by the law
of reflection, which states that the angle of incidence is equal to the angle of reflection. These
angles are measured with respect to the surface normal (the imaginary line perpendicular
to the interface). In the case of smooth surfaces, this reflection is specular, meaning that
incident parallel rays remain parallel after reflection. Specular reflection is in contrast to
diffuse reflection, which occurs on rough surfaces where the reflected light is scattered in

many directions.

The portion of light that is transmitted into the second medium undergoes refraction, which
is the change in direction of the light that arises from the difference in the speed of light in

the two media and is governed quantitatively by Snell’s Law:
n; - sinf; = n, - sin 6, (2.5)

where n; is the refractive index of the incident medium (usually air), n,. is the refractive index

of the sample, 6; is the incidence angle, and 6, is the refracted angle.

The resulting deflection depends on the relative values of the refractive indices. The refrac-
tive index n of a medium is a dimensionless quantity that describes how light propagates

through that medium. It is defined as the ratio of the speed of light in vacuum c to the phase
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velocity v of light in the material:
(2.6)

—
[
When light passes from a medium with a lower refractive index into one with a higher refrac-
tive index, its speed decreases, and the propagation direction shifts closer to the normal.
Conversely, when light moves from a higher-index medium to a lower-index one, it speeds
up and the propagation direction shifts away from the normal. An important consequence of
this behavior arises when light attempts to move from a medium of higher refractive index
to one of lower refractive index. In this scenario, there exists a critical angle beyond which
no refracted light can emerge into the second medium. Instead, the incident light is entirely

reflected back into the original medium, a phenomenon known as fotal internal reflection.

2.3.2 Mie scattering

Mie scattering describes the scattering of light by particles whose size is comparable to or
larger than the wavelength of light. This phenomenon is relevant particularly when the par-
ticles are nearly spherical. The theoretical foundation for understanding how light scatters
from spherical particles of comparable size to the wavelength of light was laid by Gustav
Mie in 1908. His work remains foundational in optics, atmospheric science, and materials

research.

Unlike Rayleigh scattering, which dominates when particles are much smaller than the wave-
length of light and strongly scatters shorter (blue) wavelengths, Mie scattering does not have
a wavelength dependence. Instead, it tends to scatter all visible wavelengths more uniformly,
which is why white light remains white after being scattered by large particles. Moreover, Mie
scattering is predominantly directed in the forward direction, especially as the particle size
increases, and its intensity increases with particle size and refractive index contrast between

the particle and the surrounding medium [19].

A well-known and relatable example of Mie scattering is the appearance of clouds and fog.
The water droplets suspended in the atmosphere typically have diameters on the order of a

few microns, similar to the wavelength of visible light, and are approximately spherical. As
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a result, sunlight is scattered in many directions, making clouds and fog appear white. This
scattering behavior is particularly relevant to the CLC shells studied in this thesis. These
structures are spherical in shape and several microns in size, placing them firmly in the Mie

scattering regime.

2.3.3 Transmission with Absorption (Beer-Lambert Law)

Not all transmitted light passes through a medium unaffected. Depending on the material
properties and the wavelength of light, part of the incident light may be absorbed. Absorption
occurs when photons interact with the electronic or vibrational states of the medium, trans-
ferring energy to the material and promoting electrons to higher energy levels. This process
leads to a measurable decrease in the light’s intensity as it travels through the absorbing

medium.

The attenuation of light due to absorption is described quantitatively by the Beer—Lambert
Law, which is widely used in optics and spectroscopy to relate the absorbance of light to the
properties of the medium:

A=¢-c-d (2.7)

where A is the absorbance (a dimensionless quantity), ¢ (L-mol~!-em™!) is the molar
absorption coefficient (which depends on the absorbing species and the wavelength), ¢
(mol/ L) is the concentration of the absorbing species, and d (cm) is the optical path length

through the medium.

This principle is essential for understanding how absorbing substances, such as dyes or pig-
ments, affect the intensity and spectral composition of the incident light. In optical materials

and thin films, absorption plays a key role in determining both color and optical functionality.
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2.4 Light and Liquid Crystals (Light hitting anisotropic media)

2.4.1 Optical Anisotropy of LCs

LC phases are optically anisotropic materials originating from the long-range orientational
order of anisometric mesogens. This means that unlike isotropic media where the optical
properties are identical in all directions, the optical properties of LC depend on the direction
of light propagation and polarization relative to the director n. The director defines the optic
axis of the LC, and the refractive index measured along the optic axis n differs from the one
measured perpendicular to the director. This directional dependence gives rise to birefrin-
gence, a measurable consequence of anisotropy, defined as the difference between the two

principal refractive indices experienced by light striking the LC sample [4, [16, 20]:

An=mn, —n, (2.8)

These two indices define as the uniaxial optical indicatrix, represented as an ellipsoid of
revolution (also called the index ellipsoid), where the long and short axes correspond to n,
and n,, respectively [21]. In typical nematic liquid crystals n; > n,, and such materials
are referred to as optically positive. If ) < n,, the material is considered optically negative.
When light propagates through a uniaxial anisotropic medium, such as an LC, at an arbitrary
angle 6 to the optic axis n, the incident light splits into two components: one polarized per-
pendicular to the optic axis and the other parallel to it. These are referred to as the ordinary
and extraordinary rays, respectively. The ordinary ray (n,) experiences a constant refractive
index equal to n_, regardless of its propagation direction. In contrast, the extraordinary ray
(ne) travels at a direction-dependent speed, experiencing a refractive index that depends on
the angle 6 between the propagation direction and the optic axis [20]. For uniaxial nematics,
this variation is described by:
Ne =N (2.9)
mnL

\/ nﬁ cos2 6 + ni sin? 6

(2.10)

Ne =
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This expression reflects how n. transitions between n and n; depending on ¢. When the
light beam travels exactly along the optic axis (i.e., 8 = 0), both the ordinary and extraordinary
components experience n_, since light is a transverse wave and the electric field oscillates
only in directions perpendicular to the propagation axis. Consequently, birefringence van-

ishes, and the material appears optically isotropic.

As a result of birefringence, the ordinary and extraordinary rays propagate at different ve-
locities, causing a phase shift between them as they exit the LC material. This phase shift is
called optical retardation (4) and is defined as:

_2r-An-d

4]
A

(2.11)

where d is the thickness of the sample, An is the birefringence and X is the wavelength
of light. The magnitude of An determines how strongly a piece of certain thickness of the
material can manipulate the polarization and phase of transmitted light, which is essential

for many optical applications.

This phase shift gives rise to the interference patterns and color changes often observed
when anisotropic samples are viewed under polarized light. Polarized Optical Microscopy
(POM) is a standard technique for observing liquid crystals. It uses two polarizers: a po-
larizer that polarizes the incoming light, and an analyzer, typically oriented at 90° to the
polarizer, to analyze the polarization state. When an anisotropic LC sample is placed be-
tween crossed polarizers, as illustrated in Figure [2.7d, the birefringent nature alters the
polarization state of the transmitted light, allowing part of it to pass through the analyzer. For
instance, when the retardation corresponds to half the wavelength of light (a half-wave plate
condition), the polarization remains linear but is mirrored with respect to the angle between

the incident polarization and the optic axis.

The resulting image depends on the orientation of the director relative to the polarization
direction of the incident light. Regions where the director is aligned parallel or perpendic-

ular to either polarizer appear dark (extinction), because the birefringent sample does not
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Figure 2.7: Schematic illustration showing (a) unpolarized light passing through the first po-
larizer, becoming linearly polarized but is blocked by the second polarizer (analyzer) placed
at 90°, resulting in no light transmission. (b) A representative optical indicatrix with optic axis
n and associated ordinary (n,) and extraordinary (n.) refractive indices. (c) When the optic
axis is aligned parallel or perpendicular to one of the polarizers, the polarized light does not
undergo any phase shift and is completely blocked by the analyzer. (d) When the optic axis
is oriented at an angle different from 0 or 90° between the crossed polarizers, birefringence
induces a phase shift between the ordinary and extraordinary rays. When the optical retar-
dation equals half the wavelength, the birefringent medium acts as a half-wave plate (\/2),
mirroring the plane of polarization and allowing light to pass through the analyzer.

modify the polarization direction in these orientations, thus the analyzer, being crossed with
the polarizer, completely blocks the light. In contrast, regions where the director is aligned
at an angle to the polarizer introduce a phase difference between the ordinary and extraor-
dinary components, changing the polarization state so that some light can pass through the
analyzer, resulting in bright interference colors. These colors are often used qualitatively to

assess LC alignment, defect structures, or sample uniformity.

2.4.2 The Selective Reflection in Cholesteric Liquid Crystals

The focus of everything discussed in this thesis is the remarkable optical feature of CLCs to

selectively reflect light both in polarization and wavelength. But what exactly does it mean
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that CLCs selectively reflect certain wavelengths of light? When the pitch of the cholesteric
helix is on the order of visible wavelengths, the material appears in vivid, iridescent colors
that are visible to the naked eye, especially when observed on a dark background. More-
over, the reflected color depends on both the pitch and the observation angle, often shifting
toward shorter wavelengths (blue-shifting) when observed through tilted angles with respect
to the sample normal, and the color can also vary with temperature and/or chiral dopant
concentration due to changes in the pitch. The origin of these colors is selective reflection,

where only a specific wavelength band of light is reflected.

This phenomenon arises from the periodic structure due to the helical modulation. This

repeating structure enables us to apply a geometric approach similar to that used in X-

Figure 2.8: Schematic illustration of selective Bragg reflection in a cholesteric liquid crys-
tal. The helical modulation of the director (represented by rods) leads to wavelength- and
polarization-selective reflection. Depending on the pitch length p, and the refractive indices
of the material, a cholesteric structure reflects circularly polarized light that matches the
handedness of the helix within the selective reflection wavelength band, while allowing the
opposite handedness to be transmitted. The angle of incidence further tunes the reflected
wavelength, as described by Bragg’s law.
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ray diffraction from crystals, to determine a relationship between the reflected wavelength,
periodicity and the viewing angle [22, 23, 24]. Figure shows the schematic illustration of
a cholesteric structure with its helical axis aligned vertically and the unpolarized light incident
at an angle #. When light hits the CLC, the effective refractive index experienced by it varies
periodically, creating a structure analogous to a 1D photonic crystal, with the periodicity p/2,

due to the 180° symmetry of the director field.

According to the law of reflection, the angle of incidence is equal the angle of reflection. It
is emphasized by red lines in Figure [2.8|that the lower ray travels a longer distance than the
upper one, with the path difference of 2-p/2-cosf. Constructive interference occurs when
this optical path difference equals an integer number of the reflected wavelength, resulting
in the Bragg condition [25, 26]:

A=mn-P-cosb (2.12)

where X is the reflected wavelength, n is the average refractive index of the CLC, and 6 is
the angle of incident light.In contrast to the conventional Bragg equation, derived for discrete
atomic crystals, the cholesteric diffraction equation [2.12/does not contain any higher orders.
This reflects the fact that the twisted structure is perfectly described by a single sine function,

without any higher harmonics, hence no higher order diffraction is generated.

At normal incidence, i.e., light propagating directly along the helix axis), the center of the
reflection band, )\ is given by:
A =n-P (2.13)

The width of the reflection band is governed by the birefringence An of the material:

AN=P.An (2.14)

Observation of selective reflection depends critically on the orientation of the helix relative
to the incident light. If the helix axis m lies entirely within the sample plane, light incident

perpendicular to the plane will not encounter periodic modulation along its path, and no
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reflection is observed. In contrast, when m is aligned with the direction of light propagation,

the periodic structure effectively filters out a specific circular polarization band.

2.5 Color Creation Mechanisms (pigment coloration and struc-

tural coloring)

We humans often define beauty in colors; the azure of the sky, the deep navy blue of the
oceans, the orange-red hues of sunrise and sunset, the colorful flowers that bloom every-
where with the arrival of spring... Colors have also been one of the ways of self-expression
and communication for centuries, in art, fashion, and even politics. Colors play a significant
role not only for humans but also for all living beings in making sense of the world and car-
rying out biologically essential activities, such as protection against predators, camouflage,

mate selection, and social signaling, etc.

Ever since | was a child, | have been haunted by a simple but profound question about
colors: What if the color | see isn’t the same as what someone else sees? What if | have
always called a color “blue” just because that's what | was taught, even though the experi-
ence of that color could be different for someone else? Could my blue be someone else’s
yellow? Although this is a deep topic related to both perception and philosophy, a clearer
understanding begins with the physical principles of how color is created. From a material
science perspective, understanding how color is generated and perceived is also critical for
designing advanced optical systems and functional surfaces. Coloration in nature mostly
arises from the physical interaction between light (absorption, reflection, and scattering) and
micro- and nanosize structures. Here, | will explain the two main mechanisms of color gen-

eration: pigmentary and structural coloration.

Pigmentary colors arise from the selective absorption of specific wavelengths of light by
the electrons of pigments or dyes ﬂ When the incident light strikes a pigment molecule

or particle, electrons are excited to a higher energy state as a result of energy exchange

2Dyes are organic and pigments are inorganic absorbers.
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Figure 2.9: (a) Morpho didius butterfly exhibiting its characteristic blue structural coloration.
(b) Close-up view of the wing scales. (c) Scanning electron microscope (SEM) image show-
ing the top view of the parallel ridges on a single scale. (d) SEM cross-section of these
ridges, revealing their layered 'Christmas tree’-like architecture composed of alternating
lamellae of air and cuticle. Reprinted with permission from [28].

between the light and electrons. Thus, the selective wavelengths of light are absorbed while
others are reflected or transmitted, and coloration is achieved [27]. In contrast, structural
colors originate from the interaction of light with periodic micro- or nanostructures. These
colors result from physical interaction of light such as interference, diffraction, and scattering,
rather than absorption. Because the structural colors do not rely on electronic transitions,
they are typically more efficient without an energy loss in the use of light. Moreover, the
structural colors do not fade over time like pigments as long as the periodic structures exist.

The brightest and most distinctive colors in nature are structural colors.

Over billions of years of evolution, fascinating microstructures were revealed in various
species such as jewel beetles, Morpho butterflies, hummingbirds, and marble berries that
exhibit vivid structural colors. These colors arise from periodic structures with length scales
comparable to the visible light wavelengths [29] 30, 31, [32]. Figure [2.9]displays the striking
blue color of a Morpho didius butterfly, a common example of structural coloration, together
with the scanning electron microscope (SEM) images of its periodic nanostructures. The
wing scales of the Morpho butterfly consist of rows of ridges, each formed by a multilayer
lamella-air structure resembling a "Christmas tree” from the cross-section. The vivid blue
color results from constructive interference of blue wavelengths, while other wavelengths

are either canceled out or transmitted through the wing [28,, |29, 30].
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2.6 Liquid Crystals Confined in Curved Geometry

Owing to their liquid nature, LCs can easily change shape and adapt to a variety of geometric
confinements, including not only standard flat geometries but also curved ones. When LCs
are confined within curved geometries, such as spheres, the director field must adapt to
the curvature, leading to deformations in the orientational order and often the formation of
topological defects. Although these distortions increase complexity, they also give rise to
new and interesting material behaviors that do not appear in flat systems. Two common
examples of LCs in spherical confinement are droplets and shells. A droplet is a spherical
volume enclosed by a single surface, while shells consist of a thin spherical layer confined

between two surfaces, like an orange peel sits between the air and the orange pulp.

There are several advantages to using shells in this study instead of beads that are made by
polymerizing droplets. First, shells can be larger and still have good optical quality. This is
because droplets always have a defect in their center, while shells, with tangential alignment
on both the inner and outer surfaces, support a more uniform radial orientation of the director
field [33]. Curved confinement amplifies the optical features of cholesterics while the ability
to independently tune both surfaces of the shell offers precise control over the final properties
[34]. Second, as will be explained in Chapter 3, the process of polymerization of shells
followed by swelling in acetone can create a small hole in each shell [35]. These holes allow
further processing and give each CSR shell a distinct identity that will be explained in the

next subsection.

Because the shells are hollow, they use less liquid crystal material, which is another advan-
tage. In terms of environmental impact, a recent study in our group has also shown that it is
possible to create more sustainable CSR shells using materials like cellulose nanocrystals
(CNCs) [36]. In contrast, droplets made from CNC suspensions tend to collapse when dried,

ruining their shape and reflective properties [37].

In this section, | will first discuss the unique optical properties of CSRs and then move on to

how we produce and observe them experimentally.
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2.6.1 Optics of Curved Cholesterics

As previously introduced in section 2.4.2, cholesteric liquid crystals are extraordinary self-
assembled photonic materials known for their ability to selectively reflect light in the ultravio-
let, visible, or infrared spectrum. This optical response arises from their helical director field
and enables selective Bragg reflection of circularly polarized light. The reflected wavelength
is determined by the pitch (p) of the cholesteric helix, and the handedness of the helix (right-
or left-handed) dictates the polarization of the reflected light. Even though the shells are
thinner compared to the droplets, they are still thick enough, typically around 10-15 um, to
ensure effective selective Bragg reflection. Given that green retroreflecting CSRs have a
pitch of approximately 0.35 um, this corresponds to more than 25 pitch lengths across the
shell thickness, which is already above the minimum of ten pitches required for selective
reflection in CLCs [25]. In contrast to conventional flat cholesteric films, which exhibit angle-
dependent reflection and behave as retroreflectors only along their normal axis, cholesteric
spherical reflectors (CSRs) exhibit omnidirectional retroreflectivity. This means that CSRs
reflect the same color with equal intensity regardless of the viewing direction [33]. Figure
illustrates three films of CLC showing red, green, and blue retroreflection when illumi-
nated and viewed normal to the sample placed next to a sample with three wells containing
closely packed CSRs, designed for the same respective colors. As we look with an angle,
inclining the light source in the same way, the flat samples darken at oblique angles, while
the CSRs maintain their equally strong retroreflective color at all angles, highlighting their
angular independence. We note, however, that the CSR sample that looks red under ambi-
ent light looks white in retroreflection conditions. In Chapter 5, | will present a new method
that allows CSRs to generate strong and saturated color both under ambient light and in

retroreflection.
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Figure 2.10: Comparison of reflection characteristics of flat cholesteric films and densely
packed CSRs on a black background. Flat films of cholesteric liquid crystal with vertically
aligned helices (in red, green, and blue retroreflection color) were compared with corre-
sponding close-packed CSR samples embedded in NOA160 glue. Two white-light illumina-
tion conditions (a) diffuse ambient light on a cloudy day and (b) collimated light aligned with
the viewing direction, as in the schematics above. For both conditions, five different viewing
angles « are investigated without the use of polarizers. Reproduced from [33] on a CC-BY
license.

A key feature of the cholesteric structure is its selective reflection of circularly polarized light.
Because the helical director modulation of the molecules acts as a polarization-sensitive
photonic mirror, CSRs only reflect circularly polarized light of the same handedness as
their internal helix structure. For instance, a right-handed cholesteric shell reflects only
right-handed circularly polarized light. This property can be directly visualized using circular
polarizers: when observed through a left-handed polarizer, the CSR reflection disappears,
whereas it remains visible through a right-handed one. This behavior is analogous to the
operation of 3D cinema glasses, where each side transmits a different circular polarization to
create stereoscopic depth, the 3D experience. Figure2.11] shows this polarization-selective

reflection in CSRs through right- and left-handed circular polarizers.

Beyond their individual optical properties, CSRs also exhibit fascinating collective behavior
when arranged into dense arrays. Recent studies have shown that the spherical geometry

combined with Bragg reflection, enables photonic cross communication between CSRs. This
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Figure 2.11: The microscope images showing the polarization-selective reflection of CSRs
taken through left- and right-handed circular polarizers. Scale bars: 100um.

phenomenon arises from light reflecting off one CSR and being redirected and hitting other
neighboring CSRs, thus resulting in multicolored inter-shell interactions [38, 139, 40, 41].
Upon illumination with unpolarized white light, CSRs retroreflect light along their radial axis,
producing a characteristic central reflection spot at the wavelength \o = n- P (from Eq.
with 6 = 0) with a bandwidth A\ as in Eq. The off-axis cross communication
interactions generate reflected light that is blue-shifted relative to the central retroreflection,

due to the angular dependence of the Bragg diffraction via Eq.

Figure 2.12:  Polarizing microscopy images in reflection mode of a) randomly arranged
CSRs with different sizes and pitch lengths, showing photonic cross-communication with dif-
ferent reflected wavelengths. (b) Asymmetric CSR shells with a thin top and thicker bottom,
allowing light to enter and reflect internally, creating concentric rings. Thin-topped shells
reflect in red or yellow, and appear alongside some CSR droplets. The shell asymmetry
also causes wavelength-independent total internal reflection between the inner and outer
phases, producing bright white rings. Scale bars: 100 um. Reproduced from (a) [40] and
(b) [42] on CC-BY licence.
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Furthermore, the asymmetric geometry of CSR shells with a hole allows light entering
through the hole and/or thinner part, undergoing multiple internal reflections within the shell[42,
43]. These internal trajectories allow light to interact repeatedly with the helical modulation,
giving rise to concentric colored rings as shown in Figure [2.72b. The colors and spacing
of the rings vary depending on the angle of incidence and the focusing depth during imag-
ing[43]. These ring patterns are distinct from the peripheral dot-like reflections and provide
an additional, dynamic optical signature. As a result of both light interactions between neigh-
boring shells and through internal light guiding within the hole of CSRs, complex multicolored
patterns are generated, which can be modulated dynamically by controlling the illumination
area or direction [41, 42]. This cross communication opens new avenues for photonic sens-

ing [44, 45| |46], encryption and authentication applications [47), 48], |49].

2.6.2 Microfluidic Production of Shells

While | have focused on the remarkable optical properties of CSRs so far, the questions
remain: how they are actually made? How can we confine LCs within a spherical geometry?
The typical method for producing LC droplets is simple emulsification, in which the liquid
crystal is dispersed in an immiscible liquid by mechanical agitation. While this method is
quick and low-cost, it offers little control over droplet size or uniformity, thus resulting in poly-
dispersity. For example, in Humar and Musevic’s study, where they presented CLC micro-
droplets as omnidirectional microlasers, a small amount of CLC was mixed into glycerol and
stirred, generating an emulsion of randomly sized CLC droplets with diameters of 15-50um
[50]. This bulk emulsification method also requires multiple steps to obtain structures other
than droplets. For example, core-shell type double emulsions, which are the precursors of
CSR shells, are typically produced in a two-step process, and each emulsification step re-
sults in a highly polydisperse droplet distribution with poorly controlled structures. Today,
microfluidic technology has become the widely used method for producing highly uniform

and structurally consistent liquid crystal droplets and shells [4].
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Microfluidics in a Nutshell

Microfluidics deals with the control and manipulation of fluids in channels with dimensions on
the micrometers scale. As a more advanced alternative to the conventional bulk emulsifica-
tion, the microfluidic method provides precise control over both size and uniformity, enabling
the production of single, double and even multiple emulsions in a single step [51]. The de-
velopment of soft lithography, pioneered by the Whitesides group as a method for producing
prototype devices in polydimethylsiloxane (PDMS), an optically transparent soft elastomer,
is one of the most significant contributions to the growth of microfluidics technology [52,
53]. Although soft lithography-based microfluidics offer many advantages, such as low cost
and rapid prototyping for a wide range of flow geometries, they have limitations in terms of
chemical and thermal stability [54]. In applications where such stability is critical—for ex-
ample when working with organic solvents or under high-temperature conditions—glass or

silica-based microfluidic systems are preferred.

In this thesis, | produce CSR shell precursors using a glass capillary-based microfluidics
approach, following the design principles first demonstrated by Utada et al. that combines
both coaxial flow and flow focusing [56]. This design consists of cylindrical glass capillaries
with tapered ends, arranged so that the tapered tips face each other. These round capillaries

are nested concentrically within a square glass capillary.

Figure2.13a shows a schematic illustration of a glass capillary device for generating double
emulsions. The coaxial geometry is achieved by matching the outer diameter of the cylin-
drical capillaries with the inner width of the square capillary. In this setup, the inner fluid is
introduced through the innermost tapered capillary (left), while the middle fluid, which is typ-
ically immiscible with the inner and outer phases, flows around it through the outer capillary
in the same direction. This co-flow stream meets at the junction with the counter-flowing
outermost fluid. The geometry of the device enables hydrodynamic focusing: the outer fluid
squeezes the coaxial jet of inner and middle phases, guiding them into a collection capil-
lary (right). Due to surface tension and interfacial instabilities between the immiscible fluids,

the coaxial jet breaks up into droplets. This process is governed by the Plateau—Rayleigh
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Figure 2.13: (a) Schematic drawing of the nested capillary set-up used for producing the
CLC shells. The CLC is the middle fluid; the inner and outer fluids are isotropic aqueous
solutions. Adapted with permission of [John Wiley & Sons], from [55]; permission conveyed
through CCC, Inc. (b) Shell production process captured by highspeed video camera. Scale
bar is 100 um.

instability, where small disturbances grow until the cylindrical flow pinches off into droplets.
It is the same principle seen when a thin stream of water from a tap breaks into drops. In
our work, the CLC mixture serves as the middle phase, confined between two immiscible
aqueous phases as shown in Figurg2.13p. The shell diameter and thickness can be tuned
by adjusting flow rates of the different fluids, as well as by varying the orifice size of the

tapered capillary.
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Chapter 3

Unobtrusive Fiducial Markers based

on Cholesteric Spherical Reflectors

The unique optical properties of CSRs, in particular their selective reflection of circularly
polarized light as mentioned in Section 2.6.1, indicate that there is significant potential for
CSRs to be used to encode information on surfaces. The CSR-based patterns will then be
highly distinguishable to imaging systems capable of detecting polarization contrast, even
when placed in visually complex or textured backgrounds. This chapter introduces “CSR-
Markers,” an innovative version of fiducial markers that are unobtrusive to the human eye
while remaining detectable by robots equipped with specialized sensors and detection algo-

rithms.

3.1 Introduction to Fiducial Markers

Fiducial markers are artificial landmarks with specific geometric patterns, commonly used in
robotics. A well-known example where fiducial markers appear is in QR-codes: each of the
three corners with nested squares is a fiducial markers, that helps the device reading the
QR-code to scale and orient the QR-code in order to properly decode it. A typical marker
consists of a unique identification pattern, usually a black-and-white code that distinguishes

it from other markers, and a border that separates/isolates the pattern from its surroundings.

32



Fiducial markers supports robotics operations as they facilitate the localization and orien-
tation of robots and Augmented Reality (AR) devices. They also enable object recognition
and scene understanding when specific objects are tagged or the environment is mapped
out with these unique identifiers. Detection typically involves capturing video or images of
the marker using a suitable camera, followed by image analysis to estimate the relative pose
(the position and the orientation) between the camera and the marker. Then machine vi-
sion algorithms decode the embedded information. Although such markers offer significant
benefits for robotics applications, the presence of multiple labeled objects in everyday envi-
ronments can be aesthetically obtrusive and cause visual clutter as they are highly visible.
For example, to ensure reliable detection in complex environments, printed markers must be
relatively large, typically at least 10 cm x 10 cm [57]. Another limitation in deploying fiducial
markers in human populated areas is the potential for false positives. As our everyday life is
already visually dense with many tags, labels, posters and advertisements, certain patterns

may unintentionally resemble reference marks.

These issues can be mitigated by designing markers using cholesteric spherical reflectors
(CSRs), which allow for effective background subtraction E]and thereby reduce the likelihood
of false recognition. Furthermore, if the CSR reflections are designed to operate outside
of the visible spectrum, the resulting markers can remain practically invisible to the human
eye, enabling their integration into a wide range of environments with minimal aesthetic

disruption.

3.2 State-of-the-Art of Fiducial Marker Technology Targeting In-
visibility
Most fiducial markers have been developed focusing on technical performance, such as de-

tection speed and accuracy. However, there is a growing interest in developing markers

that are less visible or more aesthetically acceptable in everyday environments. Over the

'In this context, background subtraction refers to the optical isolation of CSRs from their environment by
exploiting their polarization-selective reflectivity.
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past decade, research in this direction has increased, motivated by the increasing presence
of robots in human-populated areas, such as supermarkets and airports. As these tech-
nologies move out of robotics labs into real-world settings, there is also a need for markers
that can be integrated without disturbing the visual appearance of objects or surroundings.
Getschmann et. al conducted a survey study to evaluate how the existing marker designs
are perceived by users and showed that commonly used black-and-white matrix design was
unfavorable and described as "ugly” and "obtrusive” by participants [58]. In a more recent
study [59] investigating the impact of fiducial marker visibility on task performance in a flight
simulator, results showed that visible markers contribute to disruption in pilot’s gaze behav-
iors. Several studies have shown that the unobtrusive markers can perform as effectively as
traditional (printed) fiducial markers, and have been utilized in diverse robotic applications.
Common strategies to develop unobtrusive markers are either to make the marker pattern
more visually appealing by manipulating the shape and colors or to create hidden markers

by targeting the infrared range for detection and/or integrating the marker into a target object.

Dogan et. al presented InfraredTags, 3D-printed markers using two types of flaments made
out of polylactic acid (PLA): one that transmits IR light (IR PLA) and one that is opaque to IR
light (reqular PLA) [60]. This dual material approach provides a contrast upon detection by
an IR camera under IR illumination. Although this approach provides an invisible pattern and
rapid scanning of embedded markers, the fabrication of markers is limited to the IR range.
The color of the filament itself prevents the printing of free standing markers to be labeled on
already existing objects, as they would then be visible, and requires the integration of these
markers within the 3D printed object. Similarly, BrightMarkers are 3D-printed fluorescent
filaments embedded into objects and requires Near Infrared(NIR) cameras for detection [61].
Aircode introduced the concept of embedding markers directly into the fabrication of objects,
enabling seamless integration for use cases such as robotic grasping [62]. Nevertheless,
Aircode’s significant drawback is its slow decoding process, which can take tens of seconds,

depending on the camera’s viewing angle.

In contrast to these existing approaches, CSR-based markers offer a versatile platform that

34



can operate in the near-infrared, visible, or near-ultraviolet spectrum, depending on the appli-
cation. This spectral flexibility allows either shifting the detection outside the visible range for
invisibility or tuning the appearance to blend into the background. Moreover, their freestand-
ing form enables easy attachment to various surfaces, making them adaptable to diverse

application scenarios without altering the object’s appearance.

3.3 Optimization of CSR-Marker Fabrication

Traditional fiducial markers, which are typically produced by printing black toner on white
paper, have a high visual contrast that makes them easy to detect with standard cameras.
In this study, to create unobtrusive markers, we use CSRs as a functional material instead
of toner particles. The CSRs are then embedded into a proper transparent binder and can
be applied to various surfaces, not just paper. This shift in materials and target surfaces

introduces some technical considerations.

3.3.1 Scalable Deposition and Patterning Strategies for Large Particles

Designing fiducial markers using CSRs introduces unique challenges in both deposition and
pattern formation, primarily due to their large size, ranging from 100 to 200m in diameter,
and their light scattering behavior. Unlike conventional inks for printing, which often involve
particles below 5um, the manipulation of particles an order of magnitude larger requires a
fundamental rethinking of established deposition techniques or exploring hew approaches.
The literature is limited on scalable and precise patterning methods for particles in this size
range. While pearlescent pigments used in automotive or cosmetic coatings sometimes
involve particles above 50—-100u:m, these are generally used in randomly dispersed config-

urations with quite low surface coverage rather than close-packed configurations.

Among the candidate techniques, screen printing emerges as a method with high-throughput
potential. This technique has been adapted for use with functional inks containing particles

up to approximately 100um in diameter [63]. However, its implementation with CSRs re-
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quires careful optimization of the ink formulation and mesh geometry to prevent clogging
and to ensure sufficiently dense deposition. Spray coating offers another route, especially
when applied to adhesive or pretreated substrates. This method enables the creation of
densely packed layers. This approach becomes particularly relevant in later sections of my
thesis where dye-infused CSRs (d-CSRs) are introduced. Another approach considered was
dispenser-based deposition, which is promising for automation and integration into high-
precision manufacturing workflows. However, the large size of CSRs poses a significant
challenge, as nozzle clogging is a commonly reported issue in dispenser-based deposition
and represents a major barrier to reliable use. Despite these limitations, this method is
applicable, particularly if nozzle design and fluid dynamics are optimized for large-particle

suspensions.

3.3.2 Current Semi-Automated Approach using Replica Molding

One of the most critical challenges is fully embedding CSR shells in a binder. The binder has
a dual purpose of fixing the positions of the CSRs and providing refractive index matching to
maximize reflection and minimize unwanted scattering. We use NOA160 (Norland Optical
Adhesives), a commercially available optical adhesive, as a binder. NOA160 offers near-
perfect refractive index matching with my CSRs and is user-friendly in terms of processing,
making it suitable for routine fabrication. Although using shells gives us the advantage of
being able to fill the CSRs both inside and outside with an index-matching binder, air pene-
tration into CSRs should be avoided as trapped air bubbles cause strong scattering as shown
in Figure3.] For this purpose, we start by dispersing the CSR shells at high concentration
in a mixture of NOA160 and acetone where the acetone serves to reduce the viscosity of the
NOA glue. Directly mixing the shells with binder results in a relatively viscous fluid, which
can trap air bubbles within the shells during mixing. By incorporating acetone, the reduced
viscosity allows for more effective mechanical agitation to eliminate trapped air bubbles. This
ensures a dense, bubble-free packing of CSRs in the binder, after the solvent is gently evap-
orated. This suspension should then be deposited on a fiducial marker template. If CSRs

are applied to regions corresponding to the traditionally black areas of the marker, the white
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Figure 3.1: The first samples of the same fiducial marker pattern produced using green-
retroreflective CSR shells (G-CSRs) embedded in NOA160. The presence of many beads
in the left marker renders it more scattering than the right one. The right marker, made
almost only with CSR shells and less beads, appears clearer but still exhibits noticeable
scattering from trapped air bubbles both within the binder and inside the hollow CSR shells.
Scale bar: 1 cm

areas are pure binder. Or in the exact opposite case, where the CSRs are white and the
binder is in the black areas, a frame must be created using CSRs to define the boundaries of
the marker. Therefore, we have CSR and non-CSR regions, like the black-and-white pattern,

thus maintaining the visual contrast necessary for detection by machine vision systems.

Figure3.1] shows the first samples of CSR markers produced entirely through a manual pro-
cess. In this method, | first prepared a fully cured square layer of NOA glue, then carefully cut
out the desired marker pattern by removing regions where CSRs were intended to be placed.
These voids were then filled with the CSR-binder mixture and cured once more under UV
light to complete the marker. While these early prototypes demonstrated proof-of-concept
functionality, the fabrication was highly time-consuming and automation was required to in-
crease efficiency and consistency. Additionally, we observed that the long-term stability of
markers made with the UV-cured NOA160 binder is not acceptable. Over time, the cured
binder becomes noticeably rigid and even brittle. POM investigations revealed also the de-

velopment of birefringent regions within the binder, which may be caused by strain-induced
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Figure 3.2: The schematic illustration of the steps of mold-based CSR marker production.

birefringence resulting from gradual material shrinkage. Although later chapters will explore
alternative binder options to address this issue, we continued our preliminary experiments

using NOA160 for consistency and comparison.

My current marker fabrication is based on the replica molding method. As illustrated in Fig-
ure the process begins with the stereolithography (SLA) 3D-printing of a mold of the
desired fiducial marker pattern, which is then used for casting PDMS to make a flexible
and reusable negative replica. This soft template is then used to make the final positive
copy, called the marker background, which identifies the regions where CSRs should not be
present. To produce a marker background, | fill the PDMS mold with the binder (NOA160),
place it upside down on a PVA-coated glass substrate, and press down firmly with a glass
test tube as a rolling pin to eliminate air pockets. | then cure the binder by exposing it to
UV light, and peel off the PDMS mold to obtain a solidified "marker background” adhered
to the glass substrate. The third step in Figure [3.2 shows such a NOA marker background
consisting of cavities designed to be filled with the CSR—-NOA160—acetone suspension. At
this stage, the process becomes partially manual: | carefully deposit the CSR suspension
into the cavities using a fine metal spatula, and remove any visible air bubbles with a nee-
dle to ensure uniform filling. After solvent evaporation, a final UV-curing step solidifies the
CSR-loaded areas and completes the marker fabrication. This combination of automated
mold fabrication and manual cavity filling defines the process as semi-automated. Once the
reusable PDMS mold is available, a complete marker can be produced in around 20 minutes,

with minimal material waste.
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One problem | encountered during this replica molding was PDMS curing inhibition where
the PDMS precursor came into contact with the 3D-printed mold. This resulted either in
strong adhesion of the PDMS to the mold or a sticky, partially uncured surface. Many stud-
ies have shown that most commercially available SLA resins inhibit PDMS curing [64, 65,
66]. During thermal curing of PDMS, 3D-printed molds in contact with the PDMS can re-
lease unreacted monomers and phosphine oxide-based photoinitiators that can interact with
the platinum (Pt) catalyst used in PDMS formulations such as Sylgard 184. The unreacted
monomers can also promote undesired cross-linking at the interface, causing PDMS to ad-
here to the mold. To solve this problem, | implemented a simple post-treatment protocol
consisting of 10-15 min UV exposure followed by heating at 120°C in a vacuum oven [64].
UV curing helps further polymerize residual monomers, while heat treatment helps evapo-
rate the volatile photoinitiator fragments. This combination solved the PDMS curing inhibition

and enabled reliable mold release.

The main challenge in the current fabrication process is filling the marker background with
the CSR—binder suspension. At this stage, a semi-automated method provides a workable
solution: once the reusable mold is ready, a complete marker can be produced in under an
hour without material waste. The filling step has turned out to be more challenging than
initially expected, leading me to try several approaches in parallel. Several factors make
CSR patterning more difficult than conventional printing processes. First, the CSR shells are
significantly larger than standard pigment particles, ranging from 100 to 200 micrometers in
diameter, compared to about 1 micrometer. Second, their hollow structure makes it essential
to disperse them evenly in the liquid binder before deposition. Trapped air bubbles within the
shells can cause strong light scattering, making the markers visible to the naked eye and
reducing their contrast in machine vision applications. While | initially attempted to speed
up the filling step using a bar coater, this approach resulted in uneven deposition caused by
force chain formation among partially jammed CSRs and caused to irregular filling. As an

alternative, a robot dispenser system is currently under consideration.
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3.4 Detection Methods based on Selective Reflection of CSRs

Previous studies in our group have demonstrated CSR-based encoding of information laid
out as text [35] and QR-codes [49] and how the polarization contrast can be used to re-
veal encoded patterns. However, in those works, the authors used a sequential imaging
approach where they captured multiple images of the scene under varying polarization con-
ditions using a single camera and then performed manual image-processing, which is an
effective but time-consuming method and not applicable for real-time detection scenarios.
Therefore, in this study, the most important aspect when building the prototype for detect-
ing CSR-based patterns is a read-out device that works in real-time and provides dynamic

background subtraction.

The ultimate goal of the study is, of course, to create markers and corresponding detection
systems that operate in near-ultraviolet (UV) and infrared (IR) ranges. But first, we focus on
developing and testing a system that works for visible light, where suitable components are
more affordable and easier to access. Most commercially available cameras have built-in
filters that block IR and UV light, and optical elements such as circular polarizers and beam
splitters are optimized typically for visible light; for example, many visible-range polarizers
absorb UV light. Since it is not possible to build a single setup that performs equally well
across all wavelengths, we adopt a modular approach: different setups should be designed

for UV, visible, and IR light, respectively.

3.4.1 Dual-vision setups

The basic idea is to capture the same scene by two cameras simultaneously detecting two
different polarization states; one camera with a right-handed circular polarizer and a second
camera with a left-handed circular polarizer. At the same time, there should be a single
input for the imaging system to avoid the parallax problem caused by the slight spatial shift
between the two cameras or lenses in stereovision imaging setups. Our first generation
(G1) readout system consists of readily available optical components: a beam splitter, two

identical circular polarizers, and two USB cameras. The beam splitter is used to split incident
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Figure 3.3: Schematic illustration of a non-polarizing cube beam splitter. The incident light
is separated into reflected and transmitted components, with both S- (perpendicular to the
plane of incidence) and P- (parallel to the plane of incidence) polarization states.

light into two separate paths at a specific reflection-to-transmission ratio (R/T), i.e. 50/50 in
our case. Beam splitters are often categorized by their construction shape: cube or plate.
Figure shows a cube beam splitter consisting of two right-angle prisms glued together
along their hypotenuse where a surface of one prism has a reflective coating. When light hits
the coated surface, half of it is reflected at a 90-degree angle, while the other half transmits
through straight. In addition to splitting beams, a beam splitter also serves as a mirror

converting right-handed polarization into left-handed, and vice versa.

In the G1 dual-vision setup, pictured in the Figure and, designed and constructed by
Dr. Hakam Agha in the Experimental Soft Matter Physics group, the cameras are perpen-
dicularly positioned on either side of the beam splitter, and polarizers are mounted directly
in front of the lens of each camera. Light from the scene enters through the front aperture of
the beam splitter. This light is divided: half passes straight through to the first camera, while
the other half is reflected at a right angle toward the second camera. Since unpolarized
light is equally transmitted to both cameras, subtracting the images captured by each sen-
sor effectively cancels out the background, isolating the polarized components of the scene,
which are normally only the patterns generated by CSRs. The key to this configuration lies in
the behavior of circularly polarized light upon reflection. A right-handed circularly polarized
signal reaching the first camera is compatible with its polarizer and thus detected. However,

when the same light reflects off the beam splitter and travels toward the second camera,
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Figure 3.4: (a) Dual-vision imaging setup for CSR-Marker detection based on background
subtraction, containing two USB cameras with circular polarizers of the same handedness
attached in front of their lenses and facing a cube beamsplitter. b—e) Screenshots from soft-
ware performing real-time background subtraction for CSR-marker detection produced by
green retroreflective, right-handed CSR shells (with approximately 5-10% bead presence).
The markers are placed on backgrounds and imaged using the dual-vision imaging setup.
The first and second columns display the raw video input for left- and right-handed circular
polarization, respectively; the third column presents the substraction result (the right sub-
tracted from the left channel), converted to monochrome and processed further. In (b), the
marker is placed on green color metallic surface. Frames (c-d) show the marker placed on
a window with natural scenery (c) and an urban environment (d) behind it. In frame (e), the
marker is placed on a mirror reflecting a room with windows. In all cases, the marker is illu-
minated from the imaging direction using a white torch placed next to the imaging set-up. For
improved visibility, screenshots in (b) and (e) have been uniformly brightened post-capture
due to the low original exposure. Reproduced from [33] on a CC-BY license

its polarization is inverted (due to mirror reflection), becoming left-handed. Because both

cameras use identical polarizers (right-handed polarizers in this case), the second camera
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blocks this reflected light. The reverse applies to left-handed signals: they are blocked from
the first camera but become right-handed upon reflection and are detected by the second.
This clever setup enables differential imaging of circularly polarized features, such as those
produced by CSRs, while filtering out ambient, unpolarized light. Importantly, it also filters
out linearly polarized light, which may be present in many scenes due to Brewster angle re-
flections or due to large-angle Rayleigh scattering. Circular polarization, in contrast, is very

unusual in natural scenes.

Once the dual-camera setup captures the scene, the acquired video streams are processed
through custom image analysis software designed by my colleague Ali Tourani to detect
polarization contrast. The software aligns the outputs of the two cameras and performs a
real-time subtraction of two inputs, effectively filtering out the background and highlighting
only the optical signal generated based on the selective polarization of CSR patterns. Given
that the two cameras are mounted on orthogonal sides of a beam splitter, small mechan-
ical misalignments are unavoidable during assembly and thus an initial calibration step is
required. The resulting color image is then converted to monochrome to simplify process-
ing. The entire software is implemented in Python and includes a real-time graphical user
interface (GUI). This interface allows for manual adjustment of brightness, contrast, and
color channel masking. The GUI displays the live video feeds from both cameras and the

subtracted image side by side simultaneously.

Figure [3.4pb-e shows the real-time background subtraction results of the detection system.
The markers in the images are made from right-handed CSRs with green retroreflection
and are placed in four different environments, including challenging scenarios with glasses
and mirrors. In each case, the left and middle images show the raw video feeds from the
two synchronized cameras, while the rightmost image presents the processed output after
background subtraction. A commercial white LED torch, aligned with the cameras’ view-
ing direction, ensures consistent retroreflective illumination. Despite variations in the back-
ground—including colored surfaces, outdoor scenes through a window, and even reflections

in a mirror—the system consistently highlights the CSR pattern with high contrast. While
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some minor alignment artifacts remain due to hardware and calibration limitations, these
do not affect the overall detectability of the marker. Importantly, even in complex scenar-
ios involving specular reflections or transparent surfaces, which are common in real-world
robotics applications, our method proves robust and effective. This confirms the viability
of CSR-based background subtraction for real-time fiducial marker detection, with room for

further optimization in future iterations.

This setup had the advantages of simultaneously observing the same scene with the two
cameras, having a user-friendly approach, where one could simply plug the setup into a
computer and make it immediately functional, and easy processing of the camera outputs
to detect CSR markers. However, it also had some drawbacks. The system is relatively
heavy, making it unsuitable for mounting on drones or mobile robots. Additionally, while syn-
chronization between cameras is essential to capture the scene simultaneously, the specific
cameras used in this setup do not support hardware-level synchronization. Furthermore, to
support high-speed robotic tasks, cameras with global shutters are required to avoid motion-
induced distortions. To address these limitations and make the system more suitable for
robotics applications, we decided to update the setup. Therefore, we designed a custom
3D-printed cube cage providing a larger opening towards the scene and thus a wider field of
view, see Figure [3.5] We also upgraded to two new visible-range cameras that support syn-
chronization and include global shutters, higher resolution, better software support libraries,

etc. We also replaced the original cube beamsplitter with a much lighter plate beamsplitter.

The plate beam splitter offers the same optical function but lacks the optical adhesives that
can absorb light and reduce transmission efficiency. This updated system solves many
of the earlier issues. It is lighter, easier to modify, provides synchronized and distortion-
free imaging, supports improved software tools, and has a wider field of view ( 65 degrees
compared to 40 degrees in the original setup ). While the view is still somewhat limited by

the structure of the cage, it is sufficient for most applications.
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Figure 3.5: (a) The generation-2 dual-vision imaging setup designed for real-time detection
of CSR-based markers, optimized for robotics applications. The system features a 3D-
printed cube cage with a wider front opening to increase the field of view, two synchronized
visible-range global shutter cameras equipped with circular polarizers of the same handed-
ness, and a lightweight plate beam splitter replacing the original cube splitter. (b) Marker
detection results for three different ARUCO marker patterns prepared by G-CSRs. The first
and second columns display the raw video input for right- and left-handed circular polar-
ization, respectively; the third column presents the substraction result (the right subtracted
from the left channel), converted to monochrome and processed further. lllumination was
provided from the imaging direction using a white light source placed adjacent to the setup.

3.4.2 Single-vision setup

Another detection approach is to use a single camera with a polarizer, rather than two cam-
eras, to eliminate the common issue of image misalignment that is often found in dual-
camera setups. To overcome this issue and enable robust detection of CSR-markers, we
designed a compact, single-camera imaging system that uses a switchable circular polar-
izer to alternate between polarization states without changing the camera’s position. The
system combines a fixed circular polarizer with a liquid crystal (LC) half-wave (\/2) plate
mounted in front of the camera lens. A 2 um thick commercial LC cell (from EHC) filled
with the nematic LC mixture ZLI-1132 (birefringence 0.1396 at 589 nm, 20°C) [67], func-
tions as a \/2 plate when no voltage is applied (OFF state), changing the handedness of
circularly polarized light reflected from the CSR marker. The cell features parallelly rubbed
polyimide coatings on both glass substrates, ensuring a uniform planar alignment of the

nematic LC in the absence of an applied field. A set of 1 cm? transparent ITO (indium tin
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Figure 3.6: Photograph of the compact, mobile phone-based dual-polarization imaging
setup developed for the detection of CSR-based patterns. The system integrates a fixed
circular polarizer and a switchable liquid crystal half-wave plate mounted in front of a mo-
bile phone camera. A tactile button connected via a flexible cable controls the polarization
switching without disturbing the camera position. This system was used to capture the de-
tection results presented in Chapter 5.

oxide) electrodes allow for the application of an electric field across the cell. When an AC
voltage is applied via a mini function generator connected through a tactile on/off switch,
the director alignment of the LC phase switches from planar to homeotropic, and thus the
apparent birefringence effectively reduces to zero, so the LC cell no longer functions as a
M2 plate, and only the fixed circular polarizer determines the polarization state reaching the
camera. Switching is controlled by a tactile button, connected to the setup via a flexible ca-
ble in a way that avoids mechanical disturbance of the camera, ensuring consistent image
alignment and avoiding motion blur during operation. The whole setup is mounted using a
custom-designed and 3D-printed holder attached to a mobile phone case as shown in Figure
By switching the LC cell between ON and OFF states, the system captures images of

the same scene alternatingly through left- and right-handed circular polarizers using a single
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camera. Although the OFF-to-ON switching of the LC is nearly instantaneous, the slower
ON-to-OFF relaxation leads to a temporary deviation from the desired function either as a
M4 plate or without function, thus losing polarization control over some frames after switch-
ing off. For this reason, the background subtraction should always be done by comparing
subsequent video frames recorded during the OFF-to-ON sequence when using this setup.
Once optimized, the frame subtraction between these two captures reveals the hidden CSR
pattern. This single-camera, polarization-switching approach offers a practical and compact
alternative to dual-camera systems. It enables reliable CSR-based marker detection with
reduced hardware complexity, improved alignment, and compatibility with mobile devices,
but its reliance on two sequentially obtained images means that rapidly moving objects may
not be subtracted as intended. In general, the frame rate must be high enough that all mo-
tion between two subsequent frames is negligible. This single-camera imaging setup was
developed in parallel with the contrast enhancement efforts described in Chapter 5, where
it is used extensively to demonstrate detection of d-CSR-based patterns under real-world

conditions. An example application of this setup will also be presented in the next section.

3.4.3 lllumination and Imaging Constraints in Applied Scenarios

To evaluate whether our current system supports real-time detection, we conducted initial
tests during a visit to our collaborator, Mathew Schwartz, at the New Jersey Institute of Tech-
nology (NJIT). The idea was to integrate our dual-camera imaging setup and a visible light
torch onto a robotic arm of a KUKA construction robot available in his labs, simulate basic
construction tasks, and observe whether the system could detect CSR markers placed on
walls. During these experiments, we encountered a major limitation: under realistic condi-
tions, the 5emb5em markers were not possible to detect with the current setup. The flashlight
had to be adjusted to its most focused setting where the light beam barely covered the
marker, making the illumination impractical for real-life scenarios that require detecting mul-
tiple markers in a broader scene. Since the robot must detect markers without knowing their
locations in advance, the current combination of marker size, CSR reflectivity, illumination

strength, and camera resolution is insufficient to use for realistic construction experiments.
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The main reason behind the poor detection performance we identified is the relatively low
reflectivity of the CSR markers as we made them up to now. This limits their visibility, par-
ticularly at long distances. To improve the reflectivity, we have some strategies, such as
using smaller CSRs or distribution of mixed-sized CSRs to increase the number of reflectors
per unit area. Additionally, newly developed CSRs with focal conic domain configuration are
promising to offer higher retroreflectivity [34]. However, the most exciting and most striking
improvement is achieved by infusing black dye into the CSRs, as | will describe in detail in
Chapter 5. Another constraint was the low resolution of the imaging system. The cameras
used in these tests lacked the resolution needed to detect the fine details of the markers

over realistic operational distances.

Following the observations made during our tests at NJIT, | started considering natural ex-
amples of highly visible structural coloration as potential references. Jewel beetles, well
known for their vibrant iridescent exoskeletons, are a prominent example of structural color
in nature [68, 69]. To compare the visibility of our CSR-based markers, | conducted a test
using a mobile phone-based dual-polarization imaging setup. In this experiment, | placed
both a CSR-marker,backed with a printed black-and-white version of the same pattern to
enhance contrast, and two jewel beetles in an indoor environment, see Figure | then
captured images through left-handed and right-handed circular polarizers at increasing dis-

tances under ambient lighting.
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Figure 3.7: Comparison of long-range visibility of a green retroreflective CSR-marker and
two jewel beetles in an indoor environment using a mobile phone-based time-sequential
dual-polarization imaging setup. Images were captured through left-handed and right-
handed circular polarizers at increasing distances. The top two rows show the LH, RH,
and subtraction images, at 0.5m and 1 m. The bottom rows display only the subtraction
images from 2m to 10m in 1m increments. A zoomed-in inset is included for the 10m image
to highlight the visibility of the beetles.
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Up to approximately 4 meters, both the marker and the beetles were detectable. However,
beyond this range, the marker became increasingly difficult to distinguish, and eventually
disappeared from the subtraction channel, while the beetles remained visible even at a dis-
tance of 10 meters. This comparison shows the superior reflectivity and optical contrast
of biologically evolved structural coloration while demonstrating the limited visibility of our
CSR-marker and the need to enhance the color and polarization contrast of our CSR-based
system for detection over longer distances. It also emphasizes a common challenge in
the development of artificial structural color materials: their reliance on a dark background
to achieve sufficient visual contrast [70, (71, |72, [73]. In our case, the printed background
provided the necessary contrast between the LH and RH channels, which was otherwise
insufficient for reliable detection through background subtraction. To overcome this depen-
dency on dark backgrounds, | explored a strategy of infusing a black dye into the CSRs. |

present the promising results in Chapter 5.

3.5 Extending Polarization-Based Detection beyond the Visible

Spectrum: in IR and UV Ranges

Achieving invisibility to the human eye requires tuning the retroreflection wavelength of CSRs
out of the visible spectrum into the IR or near-UV range. This can be done by tuning the
cholesteric pitch p in the material, as described in Equation By adjusting the concen-
tration of the chiral dopant in the mixture, we can readily tune p, and thus shift the reflection
wavelength to the desired IR or near-UV region. Even though this spectral tuning is straight-
forward, adapting CSR-marker technology to the invisible range brings some optical and
material challenges. These include limitations in binder transparency at the target wave-
lengths, reduced availability of optical components (e.g., circular polarizers, beam splitters),
and the need for customized imaging setups. The following sections deal with how the imag-
ing and detecting systems for CSR-based patterns can be transferred to the IR and near-Uv

range, and the technical and optical challenges encountered in these ranges.
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One potential optical issue is blue-shifted reflections caused by the photonic cross-communication
and internal shell reflection, which can make a supposedly invisible marker visible. In
the UV range, these blue-shifted reflections are not problematic because they remain in
the deeper UV region and do not affect the visual appearance of CSR-based markers.
In contrast, for near-IR CSRs, blue-shifted reflections from shell-internal reflections and
cross-communication can fall into the visible range unless the central wavelength )\, is long
enough. Additionally, oblique reflections that occur when the illumination is opposite to the
observer, also cause blue-shifted reflections [33]. These visible signals can be effectively
avoided if the central retroreflection wavelength A\ is approximately 1.7 um or greater [395].
However, equipment that operates at such long IR wavelengths is expensive and not com-
monly available. Most commercial IR systems, standard night vision tools, work at 850 or
940 nm. As | mentioned earlier, most commercial cameras are manufactured with filters that
block IR and UV light. Additionally, while optical elements such as circular polarizers are
widely available for visible light (e.g., in 3D glasses), those for UV and IR are more difficult
to find and limited in design flexibility. Therefore, we first started by testing only the retrore-
flection behavior of markers prepared by IR and near-UV CSRs, using NOA160 as a binder.
Figure[3.8|presents IR- and UV-CSR-markers placed in an interior setting, and imaged using
a modified DSLR camera with its built-in UV/IR filter removed. The light sources we used
are standard commercial LEDs: a 940 nm night vision flashlight for the IR marker and a
black light torch ( 380 nm) for the UV marker. We also collected photos of both IR and UV
markers using a regular phone camera (bottom row), to compare the images of the same
scene captured by a modified DSLR camera (top row). The first two columns show the IR
marker under different illumination conditions; the other two columns show the same for the
UV marker. Under ambient white light only (frames a/e and c/g), the markers are barely
visible. One might notice them with prior knowledge of their location and upon close check.
Although both markers appear mostly transparent, the IR marker’s pattern is faintly visible
given that )\ is just outside the visible range. The UV marker pattern, however, remains un-
detectable. When we turn on the wavelength-specific flashlights along with the ambient light,

i.e., 940 nm (frames b/f) for IR and a blacklight (frames d/h) for UV-marker, a clear difference
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Figure 3.8: Macroscopic images of near-IR (columns 1-2) and near-UV (columns 3—4)
CSR-markers placed in indoor environment. Top row: captured using a modified DSLR
camera with the UV/IR blocking filter removed. Bottom row: captured using a standard
mobile phone camera. lllumination conditions are as follows: ambient white ceiling light only
in (a/e) and (c/g); ambient light plus a 940 nm IR torch in (b/f); and ambient light plus a 380
nm UV torch (d/h). Under standard illumination, the patterns are barely visible. However,
when imaged with a UV/IR-sensitive camera and illuminated with the corresponding light
source, the markers become clearly distinguishable. No polarization filters were used, so
the background remains visible. Size of the marker: 5 cm x 5 cm. Reproduced from [33] on
a CC-BY license.

appears between the images captured by the two cameras. The UV/IR-sensitive camera
captures a strong, distinct signal from the CSR-filled regions of the markers, while the NOA-
only regions remain transparent. As expected, nothing changes in the mobile phone images
since the built-in UV/IR blocking filter prevents detection, except in the frame (h), where a
violet signal appears. This is due to the some violet components of the UV flashlight, which

supposedly emits light around 380nm.

These results demonstrate that CSR-based markers can be spectrally tuned to the UV and
IR range for machine readability while remaining unobtrusive to the human eye, provided
suitable lighting and imaging equipment are used. Given the promising initial results, | then
started with designing a setup for detecting CSR markers operating outside of the visible
range. | chose to focus first on the UV range as the IR-CSRs prepared initially by my col-
league Xu Ma, designed to ensure a central wavelength (\g) long enough to avoid blue-

shifted reflections, showed stability issues. During the annealing, the CSR precursor shells
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frequently collapsed/popped. Therefore, | postponed further work on the IR range until the

issues were resolved.

3.5.1 Toward Detection of UV-Markers: Material Considerations and Setup

Design
Target Wavelength and lllumination Constraints

The primary concern when considering any technology that uses UV light in human-populated
areas is the potential harm to human skin and eyes. Although UV radiation can be harmful
in high doses or over prolonged exposure, the wavelength targeted in this study to achieve
invisibility is 380 nm. This lies just beyond the visible spectrum, at the edge of what is still
considered perceptible to the human eye. While the typical lower limit of human vision is
around 400 nm, the sensitivity may extend down to 380 nm. Wavelengths below this fall
into the UV-A region (315-400 nm), which is effectively invisible to the human eye. It is
important to note that such light is also present in sunlight at significant intensities and is
emitted by everyday light sources, such as fluorescent lamps. Therefore, using near-UV
wavelengths for CSR-marker illumination may be feasible without posing safety concerns.
This narrow shift we need to apply here is relatively low-risk, especially when used with low-
power LEDs and controlled illumination setups. Nevertheless, further analysis is required to

confirm long-term exposure limits and safety thresholds.

A more practical challenge related to illumination is that many commercially available UV
sources, such as “blacklight” LEDs, also emit visible violet light. This visible component can
make the marker visible to the human eye, which defeats the purpose of creating unobtru-
sive fiducial markers. Therefore, to achieve invisibility, the illumination source must emit a
narrow-band UV and may require a filter to block the visible light. To understand the spectral
characteristics of our available UV light sources, | decided to measure and analyze the emis-
sion spectra of different UV illuminators we purchased. | tested a few common commercial
UV-LED flashlights, along with a computer-controlled UV-LED unit (AMS Technology), and

compared the results in Figure To compare the emission spectra of all UV sources, an
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Figure 3.9: Emission spectra of different UV sources available in our lab measured at an
equal distance from the detector of an AVANTES AvaSpec spectrophotometer. (a) All UV
sources plotted together on a linear scale. Due to the wide variation in intensities, emissions
from weaker sources are not clearly visible in this view. A red ellipse highlights the low-
intensity region of interest. (b) A zoomed-in view of the highlighted region, showing the
spectra of low-intensity sources that are not visible in the full-scale plot.

initial plot (Figure[3.9p) displays the full dataset on a linear scale. However, due to the large
variation in intensities, the weaker emissions are not visible. To address this, a second plot
(Figure [3.9b) presents a magnified view of the low-intensity region (indicated by red dashed

lines).

Measurements confirmed that most UV flashlights available on the market strongly emit vi-
olet light and are not suitable for applications requiring complete invisibility unless we block
unwanted components with a bandpass filter. On the other hand, two flashlights (Llewellyn
Data Processing-LDP LLC) that were supposedly designed not to emit visible light had very
weak light intensity. Although these two light sources successfully blocked unwanted short
wavelengths in the UVA region and were eye-safe, the weak intensity rendered them un-
suitable for use. The computer-controlled LED system appeared more promising because,

despite emitting visible light and short wavelengths of UV light, the light intensity can be
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precisely adjusted via software. To examine in more detail how the visibility of the marker
varies depending on the light source, | mounted a UV-CSR marker on a black wall and used
different UV light sources while taking images both with a UV-sensitive modified DSLR cam-
era and a standard mobile phone camera. Each light source was tested at a fixed distance
to maintain consistent comparison. Figure shows the marker under ambient indoor
lighting only. As expected, neither camera reveals the encoded marker pattern, although
the square shape of the marker is visible due to scattering at the edges. In the following
rows (Figures[3.10pb—f), each image pair shows the marker illuminated by a different UV light
source. As seen in the DSLR images, most sources reveal the encoded pattern clearly,
except for the 365 nm and 375 nm LEDs from LDP (row b-c), which are too weak to gen-
erate visible retroreflection. These results match the earlier emission spectra analysis. In
the mobile phone images, several sources also have a noticeable cyan glow due to the

fluorescence of the NOA glue.

Figure 3.10: Comparison of CSR marker visibility under different UV light sources, captured
using a UV-sensitive modified DSLR camera (left column) and a mobile phone camera (right
column) under various illumination: (a) Ambient room lighting only, (b) 365 nm LED (LDP),
(c) 375 nm LED (LDP), (d) 365 nm “3-in-1” LED, (e) 365 nm mini LED flashlight, (f) 385 nm
computer-controlled LED (AMS).
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Binder Transparency Issue/ Alternative Binders

As | started adapting our imaging setup to operate in the UV range, | encountered a major
problem related to our standard binder material, NOA160. Once | switched from the mod-
ified DSLR camera to dedicated UV-only USB cameras, | immediately observed that the
CSR markers appeared pitch black under UV ilumination (Figure [3.11g). This observation
is a clear indication that NOA160 glue strongly absorbs light in UV wavelengths. This visi-
bility issue had not arised in earlier tests (see Figure [3.8), most likely because the modified
DSLR camera can also detect visible light. It probably masked the absorption behavior of
the binder as we capture a mix of visible and UV signals. To better understand what was
happening, | measured absorption spectra of several polymerized films: CLC films prepared
using the CLC mixtures with varying chiral dopant concentrations (2.0%, 2.4%, and 2.6%
wt.), an isotropic film made by heating the mixture above its clearing temperature prior to
polymerization, and a NOA160 film. | plotted the results on the same graph as in Figure
[B.11p. The results confirmed that NOA160 exhibits strong absorbance extending from 300
nm to approximately 420 nm in the visible range. In contrast, both the isotropic and CLC
films showed absorbance only in the deep UV region (300 and 350 nm), which lies out-
side our target range. Since the CSR marker visibility relies on retroreflection at the design
wavelength, it is essential that the binder material is transparent in that range. If the binder
absorbs light at the illumination wavelengths, it prevents light from reaching the CSRs and
effectively eliminates the optical signal from CSR markers. These findings confirmed that

NOA160 is not a suitable binder for UV-range operations.

56



Figure 3.11: (a) Macroscopic image comparing the appearance of a green CSR marker
(left), a UV CSR marker (middle), and a NOA160 glue sample (right) cured on a glass
slide, all illuminated under UV light and imaged using a UV-only USB camera.(b) UV—visible
absorption spectra of polymerized samples: NOA160 film, isotropic film, and several CLC
films fabricated with mixtures varying in chiral dopant concentrations (2.0%, 2.4%, and 2.6%
wt.).

The limitations of NOA160 in UV-range applications prompted a search for alternative binder
materials that are transparent, optically isotropic, and also compatible with our marker fabri-
cation process. During a short research visit to the group of Prof. Danging Liu at Eindhoven
University of Technology (TU/e), | investigated several acrylate-based monomers with high
refractive indices as potential binder candidates. One of the first promising materials was a
commercially available acrylate monomer, AgiSyn™ 2871 (Covestro) (Figure [3.12p), previ-
ously used by Belmonte et al. in the preparation of CLC particle-based reflective coatings

[74]. Building on this, | expanded the search to include other monoacrylates with similarly
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Figure 3.12: Chemical structures of (a)monoacrylate monomers, (b) diacrylate monomers,
(c) other high refractive index component, (d) photo initiator, Irgacure 2959. The refractive
index information is added under the chemical names.

high refractive indices. However, initial polymerization attempts using only monoacrylates
and a photoinitiator resulted in soft, gel-like films without having sufficient mechanical sta-
bility. To improve this, | introduced diacrylate monomers into the formulation. Diacrylates,
which contain two reactive acrylate groups, are cross-linkers that facilitate the formation of a
three-dimensional polymer network during curing. This cross-linked structure provides rigid-
ity and robustness to the final polymer film. Initially, | maintained a weight ratio of monoacry-
late to diacrylate at 9:1. This ratio, of course, must be adjusted to optimize the desired
working viscosity, while ensuring a high refractive index and transparency under UV light
when viewed with a UV-only camera. The photoinitiator was added at 1 wt%, and chosen
carefully based on its spectral characteristics. Since transparency in the target wavelength is

essential, | screened several options and ultimately selected Irgacure 2959, a photoinitiator
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Table 3.1: Summary of the liquid precursor formulations to be used as a binder alternative
to NOA160. The measured refractive indices (n) of each mixture, determined using an Abbe
refractometer.

with absorbance in the deep UV that exhibits non-yellowing behavior upon polymerization.
To evaluate the optical suitability of these new formulations, | first measured the refractive
index of each liquid precursor mixture using an Abbe refractometer. Table summarizes

the chemicals components with ratios, and measured refractive indices.

Following refractive index measurements, | polymerized the mixtures into thin films and com-
pared their appearance and transparency under UV illumination to that of a cured NOA160
film of the same thickness (0.7 mm). Using a UV-only USB camera, | qualitatively evaluated
their optical transparency. From the images in Figure it is evident that while NOA ap-
pears pitch black to UV-only camera under UV illumination, the other binder formulations are
transparent to the camera. This indicates that these alternatives are promising candidates
for UV-range applications. Additionally, unlike NOA, these formulations are significantly more

fluid and therefore do not require dilution with solvents to adjust their viscosity.

59



Figure 3.13: Macroscopic images of polymerized binder formulations that prepared as cir-
cular patches (each 0.7 mm thick) under UV illumination using a UV-only USB camera. For
comparison, a cured NOA160 film of the same thickness was included.

Limitations of the UV-Compatible Optical Components

Due to the limited commercial availability of optical components tailored for the UV range
(such as circular polarizers and beam splitters), | explored an alternative route to prepare
my UV circular polarizers using polymerized UV reflective CLC films. The key idea is to use
the same CLC mixtures used for preparing the UV-retroreflective CSRs, thereby ensuring
the spectral overlap within the UV range. Figure [3.74a shows the UV-visible absorption
spectra of polymerized CLC films produced with mixtures varying in chiral dopant concen-
trations, 2.5%, 2.6%, and 2.7 wt%, respectively. | used these measurements to identify the

polymerized CLC film to be used as circular polarizers.
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Figure 3.14: a) UV-visible absorption spectra of polymerized CLC films prepared with mix-
tures varying in chiral dopant concentrations (2.5%, 2.6%, and 2.7% wt). The mixture with
2.6% chiral dopant was selected to be used as circular polarizers in UV range due to its
reflection band centered around 380 nm, matching our target UV illumination and imaging
range. (b) Transmission spectra of LH- and RH- polymerized CLC films made with the mix-
ture containing 2.6% wt. chiral dopant, along with a measurement of both films stacked
together to confirm minimal transmission due to their complementary handednesses. (c)
Custom-designed, 3D-printed holder for mounting UV-CLC films in front of a UV-only cam-
era. The design allows rotation between LH and RH filters without shifting the camera; inset
shows a side view highlighting how the polarizer sits flush against the camera lens. (d) As-
sembled imaging setup with the UV-only camera, film holder, and mounted UV-CLC films.
(e—f) UV-CSRs in air imaged using this setup through (e) the RH circular polarizer and (f)
the LH one. 61



| decided to use the films produced by a 2.6 wt% chiral dopant mixture as those films exhibit a
retroreflection band centered around 380 nm, matching our target illumination and detection
wavelength range. To validate the optical functionality for both LH- and RH-polymerized CLC
films prepared from the 2.6 wt% mixture. As shown in Figure [3.74p, when LH and RH films
are stacked on top of each other, the overall transmission drops to nearly zero, confirming the
successful fabrication of polarization-selective films. This is due to the selective reflection
of CLC: LH-CLC films reflect LH circularly polarized light while transmitting RH light, and
vice versa. As a result, LH-CSRs are visible when viewed through an RH-CLC film, while
RH-CSRs are visible through an LH-CLC film. To avoid confusion, | labeled the LH and RH
channels on the setup. To enable imaging through these "nomemade” UV circular polarizers,
we designed a custom 3D-printed mount together with an undergraduate intern, Rebecca
Warga. This mount consists of three circular frames that allow sequential imaging of the
same scene through LH and RH circular polarizers, as well as without any polarizer, using
a single camera without misalignment or image shift. The mechanical design ensures that
the films are fixed firmly in place directly in front of a camera lens (see panels c-d in Figure
[3.14), while still allowing for smooth manual rotation between frames when needed. Figure
[3.14[e—f) shows the images of UV-CSRs in the air captured using the UV-imaging system in

panel (d) when viewed through LH and RH circular polarizers.

As a further step in this study, | aim to demonstrate the functionality of the UV imaging setup
using a newly prepared batch of UV-retroreflective CSRs embedded in the alternative binder
formulations introduced in the previous subsection. This integration enables the evalua-
tion of refractive index matching and optical clarity in practical conditions, directly observed
through the homemade UV circular polarizers. Notably, while NOA glue is unsuitable for UV
transparency due to strong absorption at the target wavelengths, | propose repurposing this
limitation as an opportunity. By using NOA to make a mold template with UV-CSRs embed-
ded in UV-transparent alternative binders, the NOA functions as an absorbing background
that enhances contrast between LH and RH polarization channels during detection. This

design is expected to facilitate clear visualization of encoded patterns in the UV range.
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Although we initially envisioned a fully automated, continuously rotating polarizer mecha-
nism, the current design offers sufficient flexibility for the optimization of individual compo-
nents within the UV imaging setup. This implementation demonstrates a practical, low-cost
solution for UV circular polarizers, leveraging the same materials already used in CSR fabri-

cation and paving the way for further development of a detection setup for the UV range.
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Chapter 4

Enhancing the Color Saturation and

Detection Contrast of CSR Markers

4.1 Integrating Nature-Inspired Absorption to Enhance Struc-

tural Color Saturation

Artificial structural colors offer a way to create vibrant colors without using traditional dyes or
pigments. However, many systems still face important limitations. They often appear pale
unless the material is surrounded by an index matching binder [75, 74} 33, 33] and is placed
on a black background [76) [77, |73, 78], and color changes with viewing angles. These
challenges limit their use in real-world applications, especially where lighting or background
conditions can’t be easily controlled. However, in nature, we often see examples where
these issues are resolved. For example, in jewel scarab beetles, a cholesteric arrangement
of chitin reflects circularly polarized light to create color. Thanks to the continuous curving
arrangement of the helix orientation in these beetles, the reflected color stays independent of
viewing angle [79] 69]. We can already mimic the angle-independent color reflection found
in beetles by shaping CLCs into spherical shells. However, as | demonstrated in Chapter
4, when we compared the visibility of CSR markers with jewel beetles over increasing dis-

tances, nature was far ahead of us in terms of contrast. The reason for this is that most

64



species with very bright colors, which are mainly generated from periodic nanostructures,
also contain pigments in their structures that act as broadband absorbers |32, 80, 81]. Stud-
ies showed that these pigments, such as melanin, help enhance the visibility and richness
of the structural color by absorbing scattered light. For instance, the vivid metallic blue of the
Morpho butterfly is due to interference effects created by nanostructures on its wing scales,
which also contain melanin [30]. The absorption of melanin increases contrast and makes
the reflected color appear more intense. In the velvet satin bowerbird, a thick melanin layer
underneath a keratin-based surface results in a deep violet-blue appearance [31]. Likewise,
in scarabaeid beetles, an underlying melanin layer enhances color vibrancy [82]. Because
melanin absorbs light across the entire visible spectrum, it serves as a natural black back-

ground, amplifying the brightness of structural coloration.

Several previous studies have demonstrated that integrating strong broadband absorbers
into photonic structures can significantly suppress unwanted optical artifacts, enhance the
visibility and saturation of artificial structural colors. Cong et al. reported the enhance-
ment of structural color in artificial opals by incorporating carbon black nanoparticles into
the voids of monodisperse polystyrene (PS) colloids. The resulting coatings exhibited sig-
nificantly improved color saturation and more vivid structural colors compared to the original
white PS opals. Carbon black helped suppress background scattering, improving contrast
and enhancing color visibility. Furthermore, they presented the tunability across the visible
spectrum via changes in particle size. However, this study only discusses flat films, so irides-
cence is strong, meaning the structural colors are varied with the angle of observation [83].
A similar bioinspired approach was adopted by Kohri et al., where they developed films of
biomimetic core—shell particles with a polydopamine (PDA) shell layer on polystyrene (PS)
core particles. The PDA layer mimics the function of melanin in nature, effectively absorb-
ing the scattering light. Their films exhibited intense, saturated colors that remained visible
even against white backgrounds, offering promising potential toward structural color-based

ink materials with enhanced colors [70].

In the context of CLC systems, Belmonte et al. presented a method to fabricate angular-
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independent multicolor reflective coatings using CLC beads by incorporating a reactive dye
with an absorption peak between 450 and 600 nm. In this study, the authors aimed to
suppress the undesired blue and green cross-communication signals that compromise color
purity. By incorporating the dye directly into the droplet network, they were able to effectively
minimize the blue-green wavelengths in the reflection band. While their results demonstrated
that the coatings have saturated structural colors, particularly for green and red-reflecting
ones, the enhancement was characterized primarily on black backgrounds and the beads
were always embedded in an index matching binder. The study did not address whether
this saturation effect is background-independent. Nevertheless, the work is highly promising
as it clearly shows the potential of dye absorption to boost color saturation in CLC-based

coatings [74].

Inspired by nature and guided by the designs in literature, this chapter explores how dye-
doped CSRs (d-CSRs) can integrate high-saturation structural color to CSR-based patterns
without compromising the polarization-selective reflection. The approach involves absorb-
ing unwanted scattering using a black dye, similar to how melanin functions in beetles,
and thereby enhancing the retroreflective signal from the CSRs. Additionally, by tuning the
cholesteric pitch and using different dye concentrations, a wide color palette that is indepen-

dent of the background and observation angle can be designed.

4.2 Preparation of dye infused CSRs (d-CSRs)

Previous studies in our research group demonstrated that adding Sudan Black dye to cholesteric
liquid crystal elastomer (CLCE) sheets [84] and fibers [85] significantly enhances the colors
and contrast, particularly on bright backgrounds. The question was how could | integrate the
dye absorption into my CSR system and increase the color saturation of CSRs? | consid-
ered two possible approaches. The first was to add the black dye directly during the mixture
preparation and use this dye-doped CLC mixture to produce shells. Before the shell produc-
tion, | prepared a series of polymerized films using a dye-doped mixture and compared the

effect of dye concentration on color contrast and intensity with films prepared using a regular
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CLC mixture. Although these films had intense colors, | could not succeed in my attempts
to produce stable shells by using the dye-doped CLC mixture. | encountered the problem
of shells being unstable and popping immediately after the collection in the bottle. Then,
| followed a much simpler method as in the work of Geng et al.[85]. In this method CLCE
fibers are infused with black dye by simply soaking the fibres in a solution of Sudan Black.
This approach offers a quick and easy-to-apply method that will not interfere with the shell

production.

Before conducting the controlled dye infusion of CSRs, we first produced spherical shells
of reactive CLC mixture that varied in the ratio of chiral dopants, solidified the shells by
photopolymerization, and followed the washing steps described as Geng et al.[35] up to ob-
taining punctured solid CSR shells with high optical quality in different retroreflection wave-
length. It is important to note that each solidified shell has a hole that will be useful for future
processes, including the dye infusion and embedding with a binder to create patterns with
CSRs. On the other hand, we should carefully carry out the washing, the solvent exchange,
and the mixing steps to avoid introducing air into the shells so as not to cause random scat-
tering later. That is why, the strategy for the rest of the study is never to let the shells dry.
After the washing steps are complete, the shells are in the water. Before starting the dye
infusion, we need to do a solvent exchange as the Sudan Black dye is insoluble in water and
water will cause the dye to coagulate as big chunks. Here in dye infusion experiments, my
purpose was to develop a protocol that the dye goes into the shells by the swelling of the
polymer with the solvent of the dye mixture. Then only the excess amount of the dye that
is precipitated on the outside of the shells is washed away. That is why the proper solvent
choice at each step is of great importance for the successful infusion of the Sudan Black into
the CSRs. In this study, | used acetone as a solvent for the dye infusion as it both dissolves
the Sudan Black dye and swells the polymer, allowing the dye to go into the shells along with

the swelling.

Figure shows the reflection spectra and the reflection mode POM images of polymer-

ized CLC films. | followed the same washing steps as in the CSR production: | polymerized
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Figure 4.1: Swelling behavior of polymerized CLC films in acetone. (a) Reflection spectra
of three identically prepared polymerized CLC films during immersion in acetone, showing
the red-shift of the reflection peak over time due to solvent-induced swelling. All films were
fabricated from the same CLC mixture prepared in separate LC cells (2 cm x 1 cm, planar
aligned and 20 um thick), polymerized for 10 minutes under UV, and subjected to identical
washing steps (water, acetone, water). At t=0, the films had already been dried after wash-
ing. Upon immersion in acetone, the reflection peak gradually red-shifts, stabilizing after 20
minutes, indicating equilibrium swelling. (b) Reflection-mode POM images corresponding to
the spectra in (a), highlighting visible color changes during swelling. Images were captured
at regular intervals for three films to confirm reproducibility. The most pronounced color
changes occur in the first 20 minutes. Scale bars: 200 pm. All films were immersed in 5 mL
of acetone in identical petri dishes.

the films for 10 minutes, then washed them with water, acetone and water respectively. |
then immersed the washed and dried films in acetone to monitor the swelling behavior and
collected microscope images and reflectance spectra at regular intervals during immersion.
Initially, the central reflection peak of the polymerized films was at 600 nm. In Figure
at t=0, films are already washed and dried. The reflection peak is shifted to 480-490 nm

as a result of the removal of the unreacted monomers and nonreactive chiral dopant. The
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Figure 4.2: (a) Macroscopic images of blue retroreflecting CLC films infused with varying
concentrations of solution of Sudan Black dye in acetone (0.5, 1, 2.5, 5, 10 mg/ml), along-
side a control sample that was only washed and dried after polymerization. Samples are
photographed on both black and white backgrounds under ambient light at a slight angle to
avoid specular reflection. (b) Corresponding absorption spectra of the same films.

moment the dried films immersed into acetone, the reflection peak is starting to red-shift due
to polymer swelling by acetone. The POM images prove that the most significant change
in color and the optical response occurs in the first 20 minutes of swelling. After that, the
reflection color did not change much, indicating that the swelling process has reached a
near-equilibrium. Following this observation, | prepared a blue reflected CLC film, cut it
in half and immersed one half in a saturated solution of Sudan Black dye in acetone (20
mg/mL) [86] for 30 minutes. | then rinsed the films with ethanol to remove excess dye from
the film surface. However, using the dye at such a high concentration caused the dye ab-
sorption to dominate over the Bragg reflection of the films, resulting in black films instead
of color-enhanced ones. Figure presents the optimization of the dye concentration by
showing the blue-reflecting CLC films after infusion with various concentrations of dye solu-
tion in a controlled manner, alongside a film that was only washed and dried after production.
The results confirmed that the dye-infused films retained their color, and ethanol effectively
removed only the dye accumulated on the surface while preserving the dye infused in the

polymer network.
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Figure 4.3: The schematic illustration of the steps of dye infusion process.

| started the controlled dye infusion process of CSRs by first exchanging the water medium
with ethanol. There are several reasons for this. Firstly ethanol is known as a deswelling
agent preventing the polymer from swelling before we add the dye solution. Ethanol also
dissolves the Sudan Black dye, so it does not cause the dye to coagulate during the process.
Figure schematically illustrates the infusion process. The first step is to add the dye-in-
acetone solution to the CSR suspension in ethanol and then to leave the batch overnight on
a roller mixer to carry out the infusion. The shells swell with acetone, and the dye is infused
into the polymer network through this swelling. The final step is rinsing CSRs with ethanol to

remove excess dye from the surface of CSRs, and obtain our dye-infused CSRs (d-CSRs).

4.3 Optical characterization of d-CSRs

4.3.1 Macroscopic Optical Appearance of d-CSRs

To investigate the effect of dye infusion on the optical properties of the shells, | prepared
circular 2D patches (or sheets) of closely packed CSRs surrounded by air. | also prepared

two control samples of regular CSRs without dye infusion: one surrounded by air and the
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other embedded in NOA160. The latter was then UV-cured into a solid state. To prepare the
2D patches, | used a plastic pipette to drop a small volume of the CSR-in-ethanol suspen-
sion onto a glass slide, keeping the pipette tip in contact with the glass surface to ensure
central deposition of CSRs. As the ethanol evaporated, | gently guided the CSRs toward the
center using a metal spatula, resulting in a closely packed circular arrangement. Figure 4.4]
presents the set of images showing a glass slide with patches of CSRs with four different
retroreflection colors: blue (B), green (G), yellow (Y), and red(R). | took six photos for each
color using a DSLR camera (Canon EOS 77D), three on white paper and three on black
fabric as two extreme conditions to observe the background influence on contrast and color
intensity of CSRs. Within each set, the first column shows the samples under ambient illumi-
nation viewed at a normal incidence of 0°, the middle column is under ambient illumination
viewed at 45° with respect to the sample normal, and the third column under retroreflection
illumination only from a ring-shaped light source around the camera (i.e. the ambient light
is turned off), ensuring identical illumination and observation directions, both at 45°. This

layout repeats for each color group.

The second circular patch in each row, representing the 0 mg/mL dye concentration, appears
white, regardless of the retroreflection color of the CSRs, lighting condition, viewing angle,
or background on which the samples are placed. This whiteness results from strong random
light scattering by the air-surrounded CSRs without index matching binder. On the other
hand, the index-matched CSRs corresponding to the first circular patch of each sample ap-
pear nearly invisible on a white background, under all viewing and illumination conditions. In
this case, only the circular boundary of the 2D patch is perceived due to the specular reflec-
tion and diffraction at the edges of the NOA glue. However, when the same index-matched
sample is viewed on a black background, we see that the 2D patches of B-CSRs are clearly
colored, but the color saturation is rather poor for G-, Y-, and R-CSRs. The noticeable dif-
ference in the NOA-surrounded samples on the black background is observed under the
retroreflection illumination: the samples show saturated colors, but surprisingly only in blue
and green tones. In contrast to the regular shells, and remarkably, even at the lowest dye in-

fusion concentration, the d-CSRs exhibit a highly saturated color that remains independent
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Figure 4.4: Macroscopic images of B-, G-, Y- and R-CSRs as densely packed 2D patches
placed on a white paper and a black cloth captured with a) diffused light at 0°, b) diffused
light at 45°, and c) collimated light at 45°. The leftmost patch is regular CSRs in NOA160 and
the subsequent patches to the right show CSRs in air infused with dye-in-acetone solutions
with concentrations of 0, 0.5, 1, 2.5, and 5 mg/mL, respectively.

of both viewing angle and background color. We attribute this effect to the black dye ab-
sorbing all the randomly scattered light, resulting in an intense, saturated color, surprisingly
achieved even without the need for an index-matching binder. In fact, NOA glue also sup-
presses scattering through refractive index-matching but alone does not provide sufficient
color visibility. To improve color perception, we are required to place the index-matched
samples on a black background. This is precisely why many studies on CLC-based pho-
tonic structures and bio-inspired structural colors in the literature are demonstrated on black
backgrounds so that a black substrate provides contrast by absorbing light, minimizes back-

ground reflections, and enhances the reflected light originating from the reflector sample.
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4.3.2 POM Characterization of d-CSRs

Following the analysis at the macroscopic level, | studied the samples of 2D circular CSR
patches on a glass slide using polarized optical microscopy (POM) to better understand the
origins of the colors observed macroscopically. | placed the glass slides flat on the micro-
scope stage and the samples were illuminated by white light from above so the light hit the

shells with maximum intensity at zero angle of incidence. Figure [4.5] shows the collected

Figure 4.5: Microscopic images of of B-, G-, Y- and R-CSRs taken in reflection mode with
crossed polarizer and with a \/4 plate inserted. Regular CSRs a) in NOA160, and b) in air; d-
CSRs in air ¢) infused by 1mg/mL , and d) 5mg/mL dye mixture. Exposure settings were kept
constant within each medium group (air vs. NOA160) to allow reliable visual comparison.
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micrographs of samples in the reflected light microscope with crossed polarizers. The opti-
cal appearance of CSRs confirms the radial helix orientation as each shell exhibits a central
reflection spot with a color corresponding to the selective retroreflection wavelength at nor-
mal incidence. As the chiral dopant concentration decreases, the retroreflection peak shifts
toward longer wavelengths, resulting in colors of CSRs ranging from blue to green, yellow-
orange, and red. We also observe smaller cross-communication spots with blue-shifted
reflections along the perimeter of the shells[38, 40]. The comparison between the central
retroflection color observed under the microscope in Figure[4.5]and colors perceived macro-
scopically in Figure reveals that the retroreflection colors in B- and G-d-CSRs match
their macroscopic appearance. However, the situation is slightly different for yellow and red
retroreflective shells: Y-d-CSRs appear orange microscopically, while R-d-CSRs appear red
under the microscope but have macroscopic appearance pink or brown/brick-red depending
on the dye concentration. This difference between microscopic and macroscopic color ap-
pearance is not trivial to explain, but it is worthwhile to examine the absorption spectrum of
Sudan Black dye. Its absorption spectrum in Figure [4.6a reveals that the absorption is lower
for blue wavelengths than for red wavelengths, with a minimum absorption of around 500 nm
(cyan-green region), and a peak absorption at around 600 nm (orange-red region). This in-
dicates that Sudan Black does not absorb equally across the visible spectrum, and therefore
doesn’t behave like an ideal black dye. To observe the absorption characteristics clearly,
| prepared dye solutions in acetone at relatively low concentrations (0.05, 0.025, and 0.01
mg/ml), as higher concentrations exceeded the detection limits of the spectrophotometer
and resulted in saturated measurements. Notably, even the 0.05 mg/ml solution approached
the upper limit for accurate absorbance readings. These lower concentrations were used
only for spectroscopic clarity and are much lower than the actual concentrations used during

the dye infusion of the shells.

Figure [4.6pb shows a photo of the patches prepared by drying dye-in-acetone solutions used
in the dye infusion process, with concentrations of 0.5, 1, 2.5, and 5 mg/mL, respectively.
To provide a visual comparison of their macroscopic appearance prior to infusion, | placed a

few drops of each solution onto a glass slide positioned on a white paper background. After
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Figure 4.6: a) UV-visible absorption spectra of Sudan Black dye dissolved in acetone at
low concentrations (0.01, 0.025, and 0.05 mg/mL). (b) Photographs of dried patches of dye-
in-acetone solutions at higher concentrations (0.5, 1, 2.5, and 5 mg/mL, respectively) used
in the dye infusion process. Drops of each solution were placed on a glass slide and left to
dry so that the remaining dye stains could be visually compared.

the acetone evaporated readily, the remaining circular dye stains illustrate how the visual
opacity increases with concentration, giving an indication of how ’black’ the Sudan Black
dye appears at each concentration. Consequently, the dye contributes to the overall color
by selectively absorbing certain wavelengths, particularly in the red-orange wavelengths,
and making it challenging to predict the precise color we see macroscopically. Therefore,
the colors observed macroscopically are not only determined by Bragg reflection arising
from the cholesteric helix but are the result of an additive color system combining structural

coloration and dye absorption.
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Figure 4.7: Microscopic images of blue-retroreflective CSR samples (a) in air, (b) embedded
in NOA160 diluted with ethanol, and (c) embedded in NOA160 diluted with acetone. The air-
dried CSRs retain their original blue reflection, while ethanol-diluted samples shift to cyan
and acetone-diluted samples shift further to green.

Unlike CSRs and d-CSRs in the air, their NOA160-embedded counterparts consistently ex-
hibit a redshift in POM images, even though all samples with the same color are prepared
from the same batch of shells. This redshift is attributed to polymer swelling that occurs dur-
ing sample preparation. To reduce the high viscosity of NOA160 glue, | dilute it with acetone,
a solvent known to swell the polymer. Although acetone evaporates after sample prepara-
tion, it facilitates the NOA160 to infiltrate and remain in the network as a swelling agent. As

a result, the polymer structure remains swollen, resulting in a red shift in the retroreflection.

This swelling effect is further demonstrated in Figure which compares the microscopic
images of CSRs from the same blue-retroreflecting batch: (a) in air, (b) embedded in NOA160
diluted with ethanol, and (c) embedded in NOA160 diluted with acetone. The CSRs in air
display their original blue retroreflection, while the ethanol-diluted sample shifts to cyan color,
and the acetone-diluted sample shows a more pronounced redshift, appearing green. These
observations confirm that both ethanol and acetone facilitate the penetration of the binder
into the polymer network during sample preparation, but to different extents. Acetone is a
stronger solvent that causes significant swelling, allowing more binder to enter and result-
ing in @ more pronounced redshift. Ethanol, on the other hand, is a weaker solvent—often
considered an anti-solvent for many hydrophobic polymers. Although NOA is partially sol-
uble in ethanol and some binder still diffuses into the polymer, the resulting swelling and

redshift are notably less pronounced than with acetone. We also observed a significant
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blue shift in the macroscopic appearance of the CSR sample embedded in NOA160 when
comparing retroreflection and ambient light illumination conditions. As | collected the macro-
scopic images in Figure at a 45° angle of incidence under retroreflection illumination,
it is necessary to reproduce microscopic images in same conditions, i.e., at a 45° angle of
incidence obtained by tilting the sample on a black-painted glass substrate, to better un-
derstand the observed color shift. Figure [4.8| shows that the NOA-embedded CSRs viewed
with the microscope at a 45-degree angle of incidence are dominated by blue-shifted cross-
communication reflections, consistent with the macroscopic images. This blue-shift is not
present in d-CSRs or in regular CSRs in the air. Tilting the sample with respect to the
light changes the reflection pathways, especially since the samples consist of multilayered
CSRs. At obligue incidence, light may pass through multiple shells before reaching our eye

or a camera, and the cross-communication patterns becomes more complex.
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Figure 4.8: Microscopic images showing the viewing angle-independence of the retroreflec-
tion color for (a)B-, (b)G-, (c)Y-, and (d)R-CSRs taken in reflection mode without polarizers.
Each panel contains six images: the left column shows retroreflection under normal inci-
dence, the right column shows retroreflection with the sample tilted at a 45°angle. The three
rows in each panel represent different samples: (top) CSRs in NOA160, (middle) CSRs in
the air, (bottom) d-CSRs in the air infused with a 1 mg/mL dye-in-acetone solution. All im-
ages were captured in reflection mode without polarizers. Red-framed insets display the
corresponding macroscopic appearance of the sample under the same tilted (45°) retrore-
flection illumination condition. Scale bars: 50 um.

78



The hypothesis is that the reflection pathways for the transparent samples (CSRs in NOA160)
involve transmission and refraction, and those pathways are blocked by the absorption of
black dye for d-CSRs. As a result, we see a color shift for NOA-embedded CSRs, but the
same color for d-CSRs in the air. Another hypothesis is that the orientation of the shells with
respect to the light source contributes to the color shift in NOA-embedded CSRs. During
sample preparation, NOA160 glue is diluted with acetone to reduce its viscosity, allowing
easier dispersion of CSRs. As the acetone evaporates, the medium gradually becomes
more viscous. In this transition, CSR shells, being asymmetric in geometry with a thinner
top, thicker bottom, and an opening at the top, likely orient themselves in response to the
impact of gravity. This typically results in the opening settling to the side or upward. Due to
this preferred orientation, when the sample is tilted, the chance of light entering the shell in-
creases, altering the reflection pathways and contributing to the observed blue-shifted color

under angled retroreflection.

4.3.3 Spectrophotometry Analysis

Up to this point, we have characterized the shells based on their microscopic and macro-
scopic appearance. However, to quantify these observations, we also performed spec-
trophotometry analysis. As shown in the Figure [4.9] while the dye concentration does not
cause a noticeable shift in the reflection wavelength, a clear red-shift is observed in the
reflection spectra of samples embedded in the binder. The data represent the reflection

spectra of a single shell from each dye concentration.

Although these initial results were sufficient to obtain reflection wavelength data, statistically
meaningful analysis was required to investigate whether there is a correlation between dye
concentration and reflection intensity and/or the central reflection peak wavelength. There-
fore, | repeated the measurements collecting reflection spectra from 10 blue (B-CSR) and
10 green (G-CSR) shells for each concentration. | expected the peak intensity to decrease
slightly with increasing dye concentration, as higher dye content would absorb more of the

incoming light. Interestingly, most spectra, except those from NOA-embedded CSRs, ex-
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Figure 4.9: POM and spectrophotometry characterization of (a) B-, (b) G-, (c) Y-, and (d)
R-CSRs in air with increasing dye concentration (0 mg/mL to 5 mg/mL). Insets show corre-
sponding reflection mode POM images in crossed polarizers.

hibited double-headed peaks, while NOA samples have smoother, more symmetric peaks.
To better understand this behavior and to determine the effect of dye concentration on the
reflectance, | performed data fitting using Lorentzian functions, analyzing how the peak pa-
rameters such as the amplitude and the central wavelength varied with dye concentration.
However, | could not establish a consistent or meaningful correlation between the peak char-
acteristics and dye concentration. As shown in the Figure [4.70p, the amplitude of the fitted

Lorentzian peaks remained relatively constant across different dye concentrations.

Additionally, | observed that even slight changes in the alignment of the shell’s central re-
flection spot or adjustments in the focus could significantly affect the recorded spectrum.
This observation motivated a follow-up experiment in which my colleague Dr. Vijaykumar
Varma and | designed a setup to rotate individual CSRs under the microscope while collect-

ing reflection spectra and corresponding microscope images from multiple perspectives of
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Figure 4.10: (a) Spectrophotometry characterization of B-, and G-CSRs in air with increas-
ing dye concentrations (0 to 5 mg/mL). The 0 mg/mL samples (no dye) were treated with
acetone during the post-polymerization washing process, but unlike the d-CSRs, they were
not soaked overnight in dye-in-acetone solutions. All samples were subsequently rinsed
with ethanol for the same duration before being drop-cast onto glass slides using a plastic
pipette. Ethanol was allowed to evaporate prior to measurement. The CSRs in NOA160
were measured as well to highlight differences in optical response due to both dye infusion
and binder embedding. (b) The comparison of the amplitude of the fitted Lorentzian peaks
as a function of the concentration of dye solution.

the same shell. The aim of this experiment was to better understand the sources of spectral

variability and systematically investigate whether orientation-dependent changes occur.

For this purpose, | used a round borosilicate glass capillary with an inner diameter of 0.2
mm, just wide enough to fit a single shell. The refractive index of borosilicate glass is ap-
proximately 1.46, which | matched using glycerol (n = 1.47), filling both the inside and outside

of the capillary, as well as the inside of the shell CSR. This minimizes refraction and reflec-
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Figure 4.11: The experimental setup designed to rotate the glass capillary tube containing
the shells.

tion artifacts due to refractive index mismatch, approximates normal incidence, and allows
us to get cleaner images and spectra. The shells were initially suspended in ethanol and
then mixed with glycerol, the ethanol was evaporated afterwards. Because of glycerol’'s high
viscosity (1.412 Pa-s @20 °C), loading the CSRs-glycerol mixture into such a narrow cap-
illary was challenging. To overcome this, | heated the glycerol to reduce its viscosity [87],
then used the capillary as a pipette, and filled the mixture into the capillary by applying a
squeeze-release motion with an attached rubber bulb. After filling, | sealed both ends of the
capillary with glue to prevent leakage. The high viscosity of glycerol became an advantage
during the experiment because it prevented the shells from moving during capillary rotation,

providing a suitable medium for the experiment.

The setup includes a custom-designed 3D-printed basin that allows the glass capillary to
be immersed in glycerol and rotate freely. As shown in Figure two soft stoppers close
openings of the basin at the inlet and outlet points of the capillaries to prevent leakage, along
with several connectors to keep the capillary straight yet allow controlled rotation. Using this
setup, | successfully collected both reflection spectra and microscope images of the same

shell at different orientations relative to the camera and the microscope’s illumination.
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Figure 4.12: Microscope images of an R-CSR placed inside a borosilicate capillary with
0.2 mm inner diameter (ID) taken under four rotational orientations and five different focal
positions (columns a, b-i, b-ii, c-i, c-ii). The glass capillary is rotated 90° between each
orientation. In orientations 1 and 3, the shell opening is lateral. Orientation 2 corresponds
to the CSR opening facing downward, while orientation 4 has the opening facing upward.
In each orientation, the top row shows transmission mode images, and the bottom row is in
reflection mode. Focus positions are as follows: (a) shell equator, (b-i and b-ii) above the
equator, (c-i and c-ii) below the equator. Scale bars: 50 ym

Figure [4.12]shows microscope images of a red retroreflective CSR taken at four distinct ori-
entations (labeled as 1—4) and five different focal planes (columns a to c-ii). As previously
discussed, when collecting reflection spectra of the shells, the spectrophotometer captures
only a small portion of the central reflection spot. The CSR shown here has a diameter of
approximately 150 um. For all orientations, the incidence angle is at 0° (normal incidence),
as the capillary was placed horizontally and flat on the microscope stage. During the imag-
ing, | rotated the capillary in 90-degree increments and collected images at each orientation.
In orientations 1 and 3, the side of the CSR faces both the camera and the light source, with
the shell opening directed laterally. In orientation 2, the CSR opening faces downward, while
in orientation 4, the opening faces upward, directly toward the camera. For each orientation,
the top row shows the transmission mode images, and the bottom row shows the reflection

mode images. The five columns correspond to different focal planes: (a) focused at the
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equator of the shell, (b-i) and (b-ii) focused above the equator, and (c-i) and (c-ii) below it.
These images illustrate how subtle changes in focus and orientation significantly affect the
perceived appearance (size, brightness and color) of the central reflection spot. To demon-
strate how these visual differences appear in the spectrum, | collected reflection spectra of
the same CSR measured at three focal planes—the equator, the upper surface, and the

lower surface—for each of the four orientations.

Figure shows, at first glance, that even for the same shell and in the same binder
environment, varying only the orientation or the focus leads to a significant difference in the
intensity of the reflection band. Notably, the observed spectral variations are not random
but correlate with the underlying unique geometry of the CSR and the optical pathways

involved in Bragg reflection. Looking first at the first three orientations, the reflection spectra

Figure 4.13: Reflection spectra of a single R-CSR measured at three focal planes (equator,
upper surface, and lower surface of the CSR) across four distinct orientations. Insets in each
graph show the corresponding microscope images at the related spectral acquisition. Scale
bars: 50 pm.
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consistently show the highest peak intensity at the equatorial focus of the CSR, despite the
absence of liquid crystal material at this geometrical center of the shell (this region is filled
with glycerol in this experiment). The equatorial focal plane collects reflected light through a
maximal optical path through radially arranged helical twist, leading to stronger constructive
interference and thus reflectance. Additionally, a lensing effect may contribute: due to the
spherical symmetry, refracted and reflected light rays converge near the equatorial focus,

amplifying the measured reflection signal.

Interestingly, despite this spectral trend, the microscope images show that central reflec-
tion spot appears the sharpest when focusing on the top surface. Light coincides with the
material interface in this upper focal plane. There is a true reflection from the material, but
fewer pitches dominate the reflection, resulting in lower intensity, although the image is the
sharpest. However, at the equatorial and lower surface focus, the images appear blurry and
diffused.

In orientation 4, the spectral behavior deviates significantly from the other orientations. Here,
the shell opening is oriented toward the light source. Focusing on the top surface means fo-
cusing on the hole in the shell; the incident light partially transmits through the opening with-
out interacting efficiently with the helical structure. As a result, the top-focus measurement
yields the lowest reflectance among all conditions. This is consistent with the corresponding
microscope image, which appears out of focus, suggesting that the focal plane does not
intersect a meaningful part of the shell. In this specific orientation, highest reflectance oc-
curs only when the focus is on the bottom surface, where the incoming light hits the actual
material for the first time. Thus, for orientation 4, the “bottom focus” effectively corresponds

to the same type of material interaction as the “top focus” in other orientations.
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Figure 4.14: Reflection spectra of a single R-CSR measured at equatorial focus over two full
turns. Fully drawn lines represents the first round and dashed lines are for second round.

In a separate angular rotation experiment, | rotated the same shell continuously over two
full turns while keeping it at equatorial focus, and collected the reflection spectra at each
90° to check the consistency for the same orientation. Figure shows these reflection
spectra of a single R-CSR during two full 360° rotations. The fully drawn lines correspond
to the first rotation cycle, while the dashed lines represent the second. The nearly identical
spectral profiles across both cycles confirm the reproducibility of the reflection behavior and

the rotational symmetry of the shell’s response when viewed at equatorial focus.

4.4 Camouflaging and revealing graphical information based on

selective polarization of d-CSRs

The optical characterization of d-CSRs demonstrated their ability to produce highly saturated
retroreflective colors across the visible spectrum, from blue to red, even without requiring a

refractive index matching binder. Leveraging this enhanced and tunable optical response, |
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explored the potential use of d-CSRs for information encoding through optical camouflage.
| created patterns on backgrounds that closely matched the reflection color of the d-CSRs,
making them appear visually unobtrusive under ambient lighting conditions. Figure [4.15]
demonstrates an example: a pattern spelling "CSR” letters on a green plastic file binder
prepared using G-d-CSRs. | designed a 3D-printed stencil to define the letters, and lo-
cally deposited G-d-CSRs using a plastic pipette. | captured photos in Figurg4.15| using a
DSLR camera (Canon EOS 77D), (a) under ambient light without any polarizer, as well as
through (b) a left-handed (LH) and (c) a right-handed (RH) circular polarizers by manually
placing them in front of a DSLR camera lens. | opted for a DSLR camera rather than our
custom-built imaging setups to demonsrate how the pattern appears to the naked eye. Our
dedicated imaging systems are designed to separate left- and right-handed channels for
applying the background subtraction, but they do not show the unprocessed scene as an
observer would experience it. Under ambient lighting without any polarizers (Figure [4.15p),
the pattern visually blends into the background and is nearly invisible to the naked eye. How-

ever, when viewed through circular polarizers, the pattern becomes clearly distinguishable
(Figure |4.15p-c).

The d-CSRs used in this demonstration have a left-handed cholesteric helix, which selec-
tively reflects LH circularly polarized (LHCP) light. When the sample viewed through a RH
circular polarizer, opposite to the helix’s handedness, the Bragg reflection is effectively sup-
pressed and the "CSR” letters appears dark due to the strong absorption from the infused
Sudan Black dye, enhancing contrast between the two polarization states. In contrast, when
the same sample is viewed through an LH circular polarizer, the Bragg-reflected LHCP light
from the cholesteric structure is transmitted through the polarizer and reaches the detec-
tor or eye. The perceived brightness enhancement through LH polarizer is not due to the
increased reflection of d-CSRs, but only to the effective filtering of reflected LHCP light.
Since the background does not exhibit the same selective reflection, it appears dimmer. As
a result, the "CSR” letters appear brighter than the background, even though their absolute
reflectance has not increased. This is a contrast illusion caused by polarization filtering: only

the reflected light with the matching handedness is transmitted, enhancing visibility [88].
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Figure 4.15: CSR letters patterned by using d-CSRs (\y=560 nm CSRs) infused by 2mg/mL
dye-in-acetone solution on the surface of a green color file binder. Photographs taken under
the office lighting, through (a) without any polarizer, (b) with left-handed circular polarizer,
and (c) with right-handed circular polarizer. The background is removed by subtracting (b)
from (c), as shown in (d). In (e) the green channel has been turned a binary image for
maximum possible contrast. The subtraction of images and thresholding performed using
Fiji ImagedJ, an open source image analysis software.

The combination of the selective reflection of circularly polarized light from the cholesteric
helix and the strong absorption of black dye provides a powerful contrast mechanism for
detection based on selective polarization. Subtracting the RH channel image (Figure [4.15b)
from the LH channel image (Figure [4.15c) effectively removes the background and isolates
the reflection from the three letters (Figure [4.15d). Converting this subtracted image to a
binary image, i.e. black and white, further enhances the contrast of the encoded information
(Figure [4.15g). While this demonstration highlights the potential of d-CSRs for polarization-
based information encoding and camouflage, one significant limitation of the system re-
mains: the d-CSRs are dispersed in air and not embedded in any binder, making the marker
they define mechanically fragile. Without a fixing medium, the particles are prone to dis-
placement or damage through even mild handling or surface contact, which compromises

the durability and reliability of the patterned information.

To address this issue and improve the mechanical durability of the d-CSR patterns without

compromising their optical properties, | applied a protective matte clear coat using a com-
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mercially available spray varnish (TRISTARcolor Professional Clear Varnish Spray, Matte
Finish). This product is weatherproof, UV-resistant, and non-fading, making it suitable for
outdoor or long-term applications. | sprayed the coating over the d-CSR pattern following
the manufacturer’s instructions. First, | cleaned the substrate (surface) with ethanol and left
to dry completely. | then prepared two-dimensional circular patches using B-, G-, and R-
d-CSRs on a black plastic substrate, as in two horizontal identical rows (Figure [4.16). To
test the effectiveness of a protective coating, | masked the lower row. Once ethanol from
the CSR deposition had fully evaporated, | sprayed the clear coat only to the upper row of
the sample from a distance of approximately 30 cm in a well-ventilated area. | applied an
initial coat and let it dry for at least 30 min before | applied three more layers, waiting 60
min between each layer to dry before subsequent application. | collected photos of the pat-
terned surface under three different lighting conditions to evaluate any changes in optical
response due to the coating. A key question was whether the circular polarization of the
retroreflection would be affected by the transparent layer. Figure confirms that the
coated samples maintained the same polarization-selective reflection behavior as the un-
coated ones, indicating that the clearcoat did not interfere with the optical properties of the
d-CSRs. Equally important was assessing the mechanical stability of the pattern after coat-
ing. To test this, | applied pressure and lateral rubbing motions using a gloved finger over
the coated patches. The particles remained firmly in place, demonstrating successful im-
mobilization without the need for an additional binder. This result is highly promising, as the
clearcoat not only provides mechanical stability but also successfully preserves the retrore-
flective and polarization-selective properties of the d-CSRs while significantly reducing un-
wanted specular (mirror-like) reflection. This simple post-processing step offers a scalable
and practical route toward durable, real-world implementations of d-CSR-based information

encoding.
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Figure 4.16: Macroscopic images of B-, G-, and R-d-CSR patches prepared in two identical
horizontal rows on a black plastic substrate to evaluate the effect of a protective spray coat-
ing. All d-CSRs used here were prepared by infusing shells with a 2 mg/mL Sudan Black dye
in acetone solutions. The lower row was masked, while the upper row was spray coated with
a transparent matte coat (TRISTARcolor Professional Clear Varnish Spray). (a) Photographs
were taken using a DSLR camera (Canon EOS 77D) under three lighting conditions: (left)
diffused illumination at normal incidence (0°), (middle) diffused illumination at 45°, and (right)
collimated illumination at 45°. (b) Corresponding images of the same sample captured using
a mobile phone-based time-sequential dual-polarization imaging setup (previously described
in Section 3.4.2): (left) through left-handed and (right) through right-handed circular polariz-
ers to demonstrate polarization-selective visibility of clear-coated patches.

Encouraged by the promising results, Jan and | conducted an outdoor experiment to explore
the potential of d-CSR patterns for real-world deployment. | prepared an ArUco fiducial
marker (ID 0) using G-d-CSRs deposited onto a green plastic folder. | created the pattern
using a 3D-printed stencil, following the masking technique | applied for the sample in Figure
then fixed the marker pattern in place with the transparent clearcoat layer. To assess
the marker’s visibility and robustness in a natural setting, we placed it outdoors on cam-
pus, among green plants, along with two other samples: jewel beetles and the NOA-based

CSR marker. Using the phone-based time-sequential dual-polarization imaging setup, we
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Figure 4.17: Comparison of long-range visibility of a G-d-CSR-marker, G-CSR-marker and
two jewel beetles in an outdoor scene using a mobile phone-based time-sequential dual-
polarization imaging setup. Images were captured through left-handed and right-handed
circular polarizers at increasing distances. The top two rows show the LH, RH, and subtrac-
tion images, at 1m and 3m. The bottom rows display only the subtraction images (zoomed-in
versions) at 4m, 6m, and 8m distances.
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collected videos and still images over increasing distances. Figure [4.17|shows screenshots
extracted from a video, in that we stopped every 1 meter and captured images through both
LH and RH circular polarizers while continuously switching the voltage on and off to change
the polarization state. The corresponding binary left-right subtraction images demonstrates
how the selective retroreflection of the d-CSR marker allows it to be clearly distinguished

from the complex background.

These preliminary results are highly encouraging: the optical response of the d-CSR marker
outperforms that of the beetles, and exceeds the visibility of the standard CSR marker.
While the current stencil-based method is effective, future improvements could be to apply
an adhesive layer in the desired pattern on a target substrate, spray d-CSRs over the glue,
and finally fix the pattern with a protective transparent coating. This would pave the way for

more refined and scalable fiducial marker production.

By combining d-CSRs of different retroreflection wavelengths, it is possible to generate not
only vivid spectral hues but also custom, non-spectral colors [78]. The fact that they can
be easily arranged into arbitrary patterns, enabling flexible optical encoding on a variety of
surfaces. Looking ahead, we envision expanding this strategy by developing cellulose-based
d-CSRs [36, 37], incorporating carbon black as a robust and non-toxic broadband absorber.
Such an approach would offer an environmentally friendly and long-term stable alternative

to conventional colorants that goes beyond today’s unsustainable dyes and pigments.
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Chapter 5

Measuring the Anisotropic Refractive
Indices of Polymerized Liquid Crystal

Films

In this chapter, | present a simple and accurate experimental procedure for determining
the anisotropic refractive indices of polymerized liquid crystal (LC) films by utilizing the

polarization-dependent behavior of light reflected at Brewster’'s angle.

The motivation for designing and building this setup stems from the importance of refractive
index matching between the CSRs and the surrounding medium when a fully transparent
marker is desired. To minimize unwanted random scattering and to enhance the selective
retroreflection signal, it is standard practice to embed CSRs in a binder with a refractive index
as closely matched as possible to the average refractive index of the CLC phase [89, |75, 35,
/8]. The reliable and easy method for measuring both the ordinary (n,) and extraordinary
(ne) refractive indices of the polymer network becomes essential, especially when testing

new binders or modifying the composition of the CSR formulation.

Traditionally, the Abbe refractometer is used to measure the refractive index of isotropic lig-
uids. However, this technique relies on perfect optical contact between the sample and the

prism of the refractometer. For polymerized films, air gaps can form between the prism
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and the sample surface, resulting in inaccurate or misleading values. While, in principle,
an Abbe refractometer could be modified to measure the ordinary and extraordinary refrac-
tive indices of anisotropic materials such as LCs by controlling the sample alignment and
the polarization of the incident light, in practice, this is challenging. Standard instruments
are not equipped for such control, and the confined geometry for the measurement makes
uniform LC alignment difficult to achieve. Therefore, in most cases, the Abbe refractometer
effectively provides only an average refractive index [90]. Ellipsometry is another established
method for characterizing the optical properties of thin films. It involves analyzing the change
in polarization state of light upon reflection to extract information such as the refractive in-
dices and film thickness. While powerful and precise, ellipsometry requires complex data
fitting based on detailed multilayer optical models which makes the analysis even harder
for thicker or non-uniform samples. Indeed, ellipsometry is most effective for thin films in
the nanometer range, whereas the LC polymer films studied in this work are typically much

thicker, i.e. =~ 10-20 um.

Given these constraints, | sought a simpler and more accessible method to characterize
LC polymers with different shapes and thicknesses. Brewster’'s angle-based measurement
offers a suitable alternative. It is based on the well-known Fresnel equations and involves
measuring the reflected intensity of p-polarized light as a function of the angle of incidence.
By fitting experimental reflectance data with the Fresnel model, one can extract the refrac-
tive index of the material. The method shares theoretical roots with ellipsometry but is far
simpler in practice. Brewster Angle Microscopy (BAM) is one example where this principle is
applied to image thin films at the Brewster angle, allowing the study of thickness and surface
topography. In contrast to full ellipsometry, the Brewster angle approach does not require
complex modeling or precise control over film thickness and can be implemented with basic

optical components [91].

In the following sections, | describe the theoretical background of the Brewster angle method,
the design of the experimental setup, and the calibration procedure. | then demonstrate the

measurements performed using a polymerized nematic LC film.
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5.1 The principle of using Brewster’s angle for the refractive in-

dex measurements

Sample normal
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Figure 5.1: Schematic illustration of the polarization of light that is incident on an surface at
Brewster’s angle.

Brewster’s angle is a fundamental optical phenomenon that provides a simple and effective
way for estimating the refractive index of transparent isotropic materials. When unpolar-
ized light strikes the interface between two media, such as air and glass, at a specific an-
gle—known as Brewster’s angle—the reflected light is perfectly s-polarized (perpendicular
to the plane of incidence) while the reflectance of the p-polarized component (parallel to the
plane of incidence) is zero, and that light is fully refracted. Figureb.1|schematically illustrates

the polarization of light that hits a sample surface at Brewster’s angle, 6.

Moreover, at this angle of incidence, the reflected and the refracted beams are perpendicular
to each other (6;= 90 — 6,.). As we know from the law of reflection that the angle of incidence
(6;) is equal to the angle of reflection (6,), we can rearrange Snell’s law (equation at

Brewster’s angle as follows:

n; -sinfp = n, - (90 — sinfp) (5.1)
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where n; is the refractive index of the incident medium (typically air, n;~1), n, is the refractive
index of the sample, 65 is the Brewster’'s angle. This condition allows for the determination

of the refractive index of a material using the following expression known as Brewster’s law:

tanfp = n,/n; (5.2)

To determine Brewster’s angle experimentally, one can monitor the intensity of reflected light
as a function of the angle of incidence. This can be achieved either by directing p-polarized
light onto the sample or by isolating the p-polarized component of the light reflected from
the sample using a polarizer. As the angle of incidence is gradually adjusted, the intensity
of the reflected beam reaches a minimum (ideally zero) at Brewster’s angle [92, 93]. For
angles near normal incidence and at very high incidence angles, the reflected intensities
of both p- and s-polarization components become nearly equal. However, their behavior
differs at intermediate angles. The angular dependence of reflectance for each polarization
component is described by Fresnel’s equations. The equation for the p-polarized component

is as follows:

2

2
2 nl\/l— (%sin&i) — ng cos b;

— (5.3)
2
nl\/l — <Z—; sin9i> + 1y cos b;

where R, is the reflectance of p-polarized light, 6; and 6, are the angles of incidence and

n1 cos 0y — ny cos 6;

R, =

ny cos 6y + no cos b;

refraction, and n; and ny are the refractive indices of the incident and transmission media.

In the scope of this thesis, the same principle is applied to anisotropic materials, such as
liquid crystal films. Due to their directional optical properties, the reflectance minimum, i.e.
the apparent Brewster angle, depends on the orientation of the optic axis relative to the
incoming light. By systematically aligning the LC film in different orientations with respect
to the polarization direction of the incident beam, we can obtain the anisotropic refractive

indices, n, and n..
When the optic axis is perpendicular to the plane of incidence, the light experiences the
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ordinary refractive index, n,, and Snell's law can be used to derive the Brewster angle as
described above. However, when the optic axis lies in the plane of incidence (i.e., the film
is rotated so the director (optic axis) is parallel to the incidence plane), the light interacts
with the extraordinary refractive index, n.. In this case, the standard Snell’s law approach no
longer applies, and the so-called “pseudo-Brewster angle” technique must be used [94, 95].
At the pseudo-Brewster angle, the reflectance of p-polarized light again reaches a minimum,
and from this, n. can be derived using more advanced expressions from anisotropic optics

theory as follows:

Ryp = (nn cos(0) = v/n — sin*(0) ) 2 (5.4)

none cos(6) + y/n2 — sin?()

Together, measuring both Brewster and pseudo-Brewster angles enables us to determine

both n, and n. of polymerized LC films.

5.2 Design, construction and testing of the automated set-up

for measuring refractive index using the Brewster angle

Many people contributed to the development of this experimental setup in different ways,
and | am deeply grateful for their support. First of all, | would like to thank Dr. Ricardo Rojas-
Aedo for his assistance in designing the non-automatic initial version of the experimental
setup. | am also thankful to Claudia Kieffer, a B.Sc. student in the ESMP group under
my supervision from September to June 2023, for collecting the initial measurements using
polymerized nematic liquid crystal (LC) films. | am particularly grateful to Rebecca Warga
for her dedicated efforts in automating the setup during her internship in the ESMP group
and to our technician Robert Himelrick for his assistance in improving the design for 3D
printing. Finally, | extend my sincere thanks to Dr. Alejandro Ibarra for further enhancing
the automation and performance of Brewster’s Angle setup, ultimately helping to realize the

final, fully functional version.
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Figure 5.2: CAD design of the automated setup for measuring the Brewster angle.

Description of the set-up

Figure shows the CAD model of our experimental setup built for measuring Brewster’s
angle. The system comprises optical components for light manipulation and mechanical
elements for precise rotational motion control. The main optical elements are a diode laser
of 530 nm wavelength as the light source, a polarizing beam splitter (PBS) cube, and a
photodiode power sensor. An iris diaphragm is positioned before the PBS cube to reduce
the beam size, ensuring that a well-defined, focused spot eventually hits the sample surface.
The PBS cube then separates the incident beam into two orthogonally polarized beams.
The transmitted beam is directed toward the sample, and its reflected intensity is measured
at various angles of incidence using the photodiode sensor. All optical components (the
light source, iris, and PBS) are mounted on two parallel horizontal metal rods that serve as
a modular base, allowing flexible placement and rearrangement of components along the

beam path as needed. While the distances between components are not critical for our
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Figure 5.3: The angular diagram in the plane of incidence for our setup. If the sample
rotates clockwise by an angle of « relative to the incident light, the light detector must rotate
clockwise by an angle of 2« according to the law of reflection in order to detect the reflected
light.

application, careful alignment is essential: each element is positioned to ensure that the
laser beam travels in a straight line, without angular deviation, hitting all optical elements
cleanly and ultimately striking the middle of the sample. The sample is fixed in a custom-
designed holder mounted on a rotating axle. This holder consists of two frame pieces, each
embedded with magnets that securely sandwich the sample between them, keeping it flat
and aligned perpendicular to the propagation direction of laser beam. At the base of the
axle, an angle sensor is attached to track the sample’s rotational position throughout the
experiment. The stepper motors drive the mechanical rotation: one rotates the sample,
while the other rotates the light detector. To continuously capture the reflected beam, the

detector must rotate twice the angle of the sample, as illustrated in Figure

This continuous synchronized motion is achieved by a custom Python-based control pro-
gram that communicates with an Arduino microcontroller. The Python interface handles
user interaction and real-time motor coordination via a graphical user interface (GUI), while
the Arduino runs a C++ program that executes the motor movements. Together, the two
systems ensure synchronized and smooth operation during measurements. After each run,
both motors can be reset to their initial "zero” positions. In this default state, the sample’s
angle of incidence is zero; however, due to mechanical constraints in the setup, the detector

is positioned at approximately 20° relative to the sample normal. This offset is not a problem
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because the rotation of the sample can be tracked by the angle sensor mounted under the
axle. The angle sensor accurately determines the true angle at which the reflected beam is
first captured. This point is taken as the effective starting position for the experiment. Thus,
we first move the sample to the starting angle and then run the experiment for synchronized
rotation with the light detector. During measurements, the software continuously records
and logs the time, the angle of incidence, and the intensity of reflected light. This data is
used to determine the Brewster angle, from which the refractive index of the sample can be

calculated.

Testing the accuracy of the setup by using an isotropic sample with a known refractive

index

Before applying the setup to nematic LC films, it was necessary to validate its accuracy by
measuring the refractive index of a well-characterized, isotropic material. | thus first cali-
brated the reflected light measurements by using a piece of borosilicate glass. | performed
measurements by rotating the sample and collecting reflectance data over an incident angle
range of 30°to 70°, repeating the procedure three times for the same sample to assess
repeatability. At each recorded angle, the detector recorded the reflected intensity of the

p-polarized light.

To determine the reflectance R, as a function of incidence angle, the measured power was
normalized to the laser beam spot size hitting the sample to obtain irradiance values. To
calculate R,, the irradiance of the reflected beam was divided by the reference beam irradi-
ance. The reference measurement was taken by removing the sample and positioning the
detector perpendicular (90°) to the plane of incidence, to capture the incoming light. Using
the measured R, versus angle of incidence data, | plotted the reflectance curve to identify
the Brewster angle, the angle at which R, reached its minimum as shown in Figure I
then fit the experimental data to the Fresnel equation for p-polarized light using the software
Pro Fit 7 (see the code in the Appendix). Initially, the fitting was carried out by assuming

that the angular offset parameter was zero. Under this assumption, the fitted refractive index
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Figure 5.4: Calibration measurement using a borosilicate glass. Experimental data (blue
circles) represent the measured p-polarized reflectance as a function of incidence angle.
The red line corresponds to a Fresnel function for p-polarized light (equation fitted to
the data to determine the angular offset in the setup using the known value n = 1.5266 for
the borosilicate glass [96].

value shifted from the known literature value of n = 1.5266 to n = 1.6603 for borosilicate

glass [96].

This discrepancy was attributed to the first manual calibration of the angle sensor aligned
with the sample’s rotation axis. To determine the deviation of angle values, | fixed the re-
fractive index at the literature value and reintroduced the angular offset as a free fitting
parameter within the Python code implemented in Pro Fit 7 (see the code in the Appendix).
The fitting then revealed an angular offset of approximately —1.8°, as shown in Figure
This correction was subsequently applied to all further measurements to ensure accurate

angle calibration.

It is worth emphasizing that it is essential to perform such a reference measurement using
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a sample of known refractive index (such as borosilicate glass) before every new measure-
ment session. This ensures that any mechanical or alignment-related offset in angle de-
termination can be corrected for, thereby improving the accuracy and reliability of refractive

index measurements for unknown samples.

5.3 Measurement of n, and n,. of polymerized nematic liquid crys-

tal films

To determine the anisotropic refractive indices of polymerized nematic LC films, measure-
ments were performed in two orthogonal sample orientations to separately calculate the or-
dinary (n,) and the extreme extraordinary (n*** = n|) refractive indices. These orientations

correspond to different alignments of the optic axis with respect to the plane of incidence.

In the first configuration, the optic axis of the film was aligned perpendicular to the plane
of incidence. In this orientation, incident p-polarized light interacts solely with the ordinary
refractive index of the film because the optical axis lies entirely out of the incidence plane.
Since the ordinary ray obeys Snell’'s law, the Brewster angle method can be applied directly

to extract n,, analogous to the approach used for isotropic materials.

Using the previously determined angular offset obtained from the borosilicate glass cali-
bration, the measured reflectance data was fit to the Fresnel equation for p-polarized light.
Figure shows the experimental data and corresponding fit based on equation The
Brewster angle, corresponding to the reflectance minimum, was extracted from this fit (see

the code in the Appendix), yielding an ordinary refractive index of n, = 1.439 4+ 0.003.

To determine the maximum extraordinary refractive index n| the same film was rotated by
90°, such that the optic axis now lay within the plane of incidence. In this configuration,
the incident p-polarized light interacts with the extraordinary refractive index of the material.
However, due to the anisotropic nature of the material, the extraordinary ray does not follow
Snell’s law in the usual form, because the angle between the light polarization and optic

axis varies as we are rotating the sample during the experiment, the value of n. changes,
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Figure 5.5: Experimental measurements and fitting for determining the ordinary refractive
index n, of a polymerized nematic LC film. The plot shows two independent measurement
runs (data points represented by black and orange colored circles) of p-polarized reflectance
as a function of incidence angle, with the optic axis oriented perpendicular to the plane of
incidence. The inset displays the data fitting (red line) based on the Fresnel equation
for p-polarized light, applied to the average of the two runs (blue circles). A schematic
illustration on the right shows the measurement geometry of the LC film, with the optic axis
aligned perpendicular relative to the incident light’s polarization and the plane of incidence.

between the maximum n, = n| if the light beam hits the film along the film normal, and
the minimum n. = n, = n_ for the (hypothetical) extreme case that light would enter along
the film plane, thus along the optic axis. For all intermediate angles, which are the practical
measuring angles, we get an intermediate value for n., continuously varying with measuring
angle. Consequently, the simple way of establishing a refractive index via the Brewster angle

cannot be applied.

Instead, the pseudo-Brewster angle method was used, which involves analyzing the re-
flectance minimum under p-polarized illumination and fitting the data using expressions de-
rived from anisotropic optics and ellipsometry theory [95]. Specifically, the reflectance be-
havior was modeled using equation [5.4, which is valid for planar-uniaxial media where the
optic axis lies in the plane of incidence. The same angular offset determined from the glass

calibration was again applied to correct the incidence angle readings. During the fitting pro-
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cess, the previously determined value of n, = 1.439 £+ 0.003 was held constant, as the same
film was used in both measurements. From the reflectance minimum in this new orientation
and fitting with the anisotropic model (see the code in the Appendix), the extraordinary re-
fractive index was obtained as n. = 1.64+0.02. Figure[5.6|shows the experimental data and

corresponding fit based on equation (5.4

While this chapter represents an early step toward establishing a practical and accessible
method for determining the anisotropic refractive indices of polymerized LC films, the pre-
liminary results are already promising. The measured birefringence value is approximately
0.20 via Eq. falling well within the expected range for nematic LC systems [67]. These
findings are in good agreement with the birefringence value of 0.225+0.004 previously ob-
tained using the Michel-Lévy chart method, as reported in the thesis of bachelor student

Claudia | worked with, from films prepared with the same LC mixture. However, to establish

Figure 5.6: Experimental measurements and fitting for determining the extraordinary refrac-
tive index n. of the polymerized nematic LC film. The plot presents two repeated measure-
ment runs (black and orange circles) of reflected p-polarized light as a function of incidence
angle, with the optic axis aligned parallel to the plane of incidence. The inset shows the data
fitting (red line) based on the pseudo-Brewster angle expression in equation applied
to the average of two runs (blue circles). A schematic illustration on the right shows the
measurement geometry of the LC film, with the optic axis aligned parallel with respect to the
incident light’s polarization and the plane of incidence.
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statistical confidence and robustness of the method, further measurements with additional

samples and repeated trials are necessary.

Both Figure [5.5/and Figure [5.6/ show some fluctuations or “noise” in the data, which appear
as zigzag patterns. These zigzags were also present when measuring the same sample
in a second round, and the patterns from both measurements were in phase, supporting
the idea that they may arise from thin-film interference. One possible explanation for these
variations is interference caused by the free-standing nature of the polymerized LC film dur-
ing the measurements. Since the film is relatively thin (typically around 10-20 pm) and
suspended in air within a frame holder, reflections from the film surfaces can interfere, pro-
ducing oscillations in the measured intensity. Although this interference introduces noise, it
does not significantly affect the determination of the minimum reflectance corresponding to

Brewster’s angle, as the overall trend remains clear.

At the same time, several practical improvements to the experimental setup are anticipated.
Although the current sample holder uses a magnetic frame, placing the films without any
wrinkles remains a challenge. The current solution is to place the film while it is still slightly
wet and let it dry within the holder. While the initial design concept included the possibility of
a rotatable frame, this feature was not implemented in the final version. In practice, incorpo-
rating additional side supports obstructed the optical path and limited the accessible angular
range. Consequently, the measurement of n, and n. still requires manual removal and re-
orientation of the film between measurements, which introduces potential misalignment and

variation in the illuminated region.

A significant improvement would be to redesign the sample holder to include a rotatable
mechanism, enabling the sample to remain fixed in place while the entire holder is rotated.
Importantly, the new design must also ensure that the light path remains unobstructed by
any part of the holder’s structure. Such a modification would ensure that the same region
of the film is probed in both orientations, and enhancing reproducibility. Photographs of the
current experimental setup and sample holder are shown in Figure [5.7] These illustrate the

overall geometry of the setup, the placement of the magnetic frame relative to the detector,
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Figure 5.7: Photographs of the optical setup and magnetic film holder. (a) Close-up view
of the measurement region showing the magnetic holder assembly with a reference glass
sample between the two magnetic frames, positioned in front of the light detector. (b) Front
view of the magnetic frames. (c) Side view of the magnetic frames. (d) Disassembled view
showing the two magnetic frames separated.

and the detailed assembly of the two magnetic plates that clamp the film securely in place.

Despite current limitations, the results demonstrate that this method provides a reliable,
accessible, and geometry-independent approach to characterizing birefringent materials.
With continued improvements in alignment and automation, it can become a robust routine

tool for characterizing LC-based solid films.
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Chapter 6

Conclusion and Outlook

This thesis presented a comprehensive investigation into the optical properties, functional
behavior, and practical applications of CSRs based on their polarization- and wavelength-
selective optical properties. While the core of the work centers on fundamental optical phe-
nomena in CLC systems, the broader motivation is to create functional, unobtrusive geo-
metrical patterns that remain hidden under normal conditions but become detectable when

proper imaging and illumination tools are used.

Throughout this work, we developed and improved various imaging and detection approaches
to read out the CSR patterns. A major outcome was the creation of a compact, mo-
bile phone—based dual-polarization imaging setup capable of capturing both left- and right-
handed circularly polarized images with a single camera. This enabled fast, low-cost testing
and detection of CSR-based tags and offered an accessible route to real-world deployment,

especially outside laboratory conditions.

In parallel, a large portion of the study focused on understanding and improving the opti-
cal response of CSR particles themselves. Challenges in this domain included reducing
random scattering from shell interfaces and maximizing the color intensity in order to in-
crease the contrast for background subtraction based detection of CSR patterns. A central
achievement of this thesis was the development of dye-infused CSRs (d-CSRs), created by

incorporating a broadband-absorbing black dye into CSRs. These particles produce nearly
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angle-independent, circularly polarized structural color across the visible range and offer
significant contrast enhancements, without the need for an index-matching binder. A key
technical milestone was the successful immobilization of d-CSR patterns using a transpar-
ent spray coat without sacrificing optical performance. This approach eliminated the need for
index-matching binders and enabled mechanical durability without complicating the fabrica-
tion process. Field tests demonstrated the strong retroreflection and angular independence
of these markers, which outperform biomimetic reflectors such as jewel beetles in side-by-

side comparisons.

Looking forward, there are several directions in which the insights from d-CSRs can be fur-
ther developed. One promising path is the shift toward more sustainable and biocompatible
materials, particularly by replacing synthetic LCs with cellulose-based cholesteric systems.
Similarly, replacing organic dyes with more stable pigments such as carbon black could fur-
ther improve durability, particularly for outdoor use or long-term installations. Importantly, the
d-CSR approach has significant potential for transferability into the near UV range. With suit-
able dyes (or perhaps combinations of dyes) which would allow high-intensity UV reflection
without binder while also having high transparency, UV reflective CSR-based markers could
be mounted on transparent surfaces like windows or glasses. These changes would bring
the technology closer to practical deployment, especially in consumer products or outdoor

conditions where durability and ecological impact are critical.

Speaking of the transferability of CSR-based patterns in the UV range, while NOA glue pro-
vides a near-perfect index-matching to CSRs, it has high absorption in the UV range, making
UV-CSR markers appear pitch black when observed with a UV-only camera under UV illumi-
nation. This study also identified alternative formulations with required spectral transparency
and good optical performance for polarization-sensitive detection. These findings pave the

way for the incorporation of CSRs into durable optical coatings for UV range applications.

On the fabrication side, while replica printing for binder-based CSR-markers and stencil-
based patterning for d-CSR patterns were successful, scalable deposition methods such as

robot dispensing, spray coating, adhesive-assisted d-CSR deposition, followed by protective
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coating, could significantly broaden the range of practical applications.

The final part of this thesis introduced a simple, low-cost, and effective method to determine
the anisotropic refractive indices (n, and n)) of polymerized LC films. By building a custom
optical setup capable of detecting reflected intensity as a function of incidence angle, we
enabled direct determination of n; and n for arbitrarily thick polymerized LC films. Cal-
ibration with an isotropic glass sample validated the method’s accuracy. This tool is also
useful to support binder development for index-matching studies. Even though initial results
were promising, further improvements are needed, such as improved stability and precise

calibration for angle control.

The methods and tools introduced in this thesis, especially clear-coated patterns made of
d-CSRs and dual-polarization imaging, form a solid foundation for further exploration. Con-
tinued work in this area can push CSR technologies from lab-scale experiments toward
scalable, functional optical devices with real-world relevance in optics, materials science,

robotics, and beyond.
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Chapter 7

Materials and Methods

7.1 Microfluidic production of CSRs

Microfluidics device assembly and shell production

We produced CLC shells using a microfluidic device based on the concentric alignment of
the tapered cylindrical glass capillaries nested into a square glass capillary, as first intro-
duced by the Weitz group [56]. In the regular CSR production, we used a 5 wt.% isotropic
aqueous solution of polyvinyl alcohol (PVA, M, = 13-23 kg/mol, 87-89 % hydrolyzed,
Sigma-Aldrich) as both the inner and outer phases. The middle CLC phase and the in-
ner phase co-flow in the same direction, and the two phases meet a counter flow of the

outer phase from the opposite side (See Figure [2.13).

The collected shells were kept in an incubator for annealing overnight at the production
temperature. Solid shells were obtained by polymerizing the CLC phase under UV light for
about 10 mins in a UV-curing chamber (Opsytec Dr. Grobel Irradiation Chamber BSL-01),
with the wavelengths 330-450 nm and light intensity of 66 mW/cm?, followed by a series of
washing steps: removing away the PVA outside the polymerized shells by washing with pure
water, removing the unreacted components by washing with acetone and a final water wash
to clean the inner PVA residues, as described by Geng et al. [35]. During the polymeriza-

tion process, shells are bulging out at their thinnest part due to the polymerization-induced
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shrinkage, which causes pressure on the incompressible inner liquid (See Figure[7.1). The
polymerized shells cannot preserve their deformed shape and rupture during the acetone

washing step upon swelling.

Materials and preparation of CLC mixtures

The CLC mixtures used in this study were composed of reactive mesogens, a chiral dopant,
a diacrylate monomer, and a photoinitiator, as shown in Figure [7.2] along with their chem-
ical structures and the mass ratios in the mixture. The reactive monomers included 4'-
hex-5-enyloxy-biphenyl-4-carbonitrile (60CB-1-ene, Synthon Chemicals) and 1,4-bis-[4-(3-
acryloyloxypropyloxy)benzoyloxy]-2-methyloenzene (RM257, Wilshire Technologies). A chi-
ral dopant (S/R 5011, HCCH, China) was used to obtain the cholesteric phase, and 2,2-
dimethoxy-2-phenylacetophenone (Irg651, Sigma-Aldrich) served as the photoinitiator. To
reduce the melting and clearing points as well as the viscosity of the base mixture, 1,6-

hexanediol diacrylate (HDDA, Sigma-Aldrich) was added as a non-mesogenic reactive monomer.

Figure 7.1: Schematic illustration of the process of making polymerized, punctured, and
clean shells.
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Figure 7.2: a) Chemical structures of the materials used to prepare CLC mixture. b) Table
of compositions of CLC mixtures. All numbers are wt.-%.

The retroreflection colors indicated in the table refer to the observed reflection colors af-
ter polymerization and post-washing steps were completed. For example, a representative
shell precursor mixture (1 g total) consisted of 40 wt% RM257, 50 wt% 60CB-1-ene, 6 wt%
HDDA, 2 wt% S5011 (chiral dopant), and 2 wt% Irg651. This formulation was prepared by
placing the components in a sealed glass vial and stirring magnetically at 400 rpm in a water
bath at 60°C for approximately 5-6 hours to achieve a homogeneous mixture. The concen-
tration of the chiral dopant was adjusted depending on the target reflection wavelength, as
detailed in Figure [7.2b.

Thermal characterization by differential scanning calorimetry (DSC, Mettler Toledo DSC823e,
USA) and the viscosity measurements using a viscometer (RheoSensemicroVISC-m, USA)

can be found in my colleague Xu Ma’s paper [34].
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7.2 Dye infusion process of CSRs and CLC films

Preparation of the CLC films

| first cut glass slides (Marienfeld GmbH) into pieces of approximately 1cm x 2cm using a
glass cutter and pliers. | then cleaned the glass substrates with acetone and dried them
using a compressed air gun to remove any dust particles. To prepare the planar-aligned
sample cells, | coated the slides with 4 wt.% aqueous polyvinyl alcohol (PVA) solution using
a spin coater (Laurell Technologies, WS-650-23). After the coating step, | gently rubbed
the glass surface in the longitudinal direction using a clean velvet cloth to maintain uniform
planar alignment. This rubbing direction defines the orientation of the director in the nematic
phase. To assemble the cells, | sandwiched two PVA-coated glass slides such that the
coated sides faced inward, with an offset of a few micrometers to create a gap for LC filling.
| added either a small amount of UV-curable glue mixed with 10-20 um polymer spacer
beads or thin strips of kitchen stretch film as spacers at the corners. After aligning the
slides, | cured the glue under UV light for a few seconds or used a paper clamp to make the

cell structure stable.

| preheated the cell and the CLC mixture on a hotplate set to 45°C for several minutes.
Using a micropipette, | introduced approximately 10 L of the mixture into the cell. The
sample remained on the hotplate until the CLC filled the cell gap completely. To improve
alignment, | placed the filled cell in an incubator set at 40°C overnight. Following alignment,
| polymerized the CLC in the above-mentioned UV-curing chamber (Opsytec Dr. Grobel
Irradiation Chamber BSL-01). As a final step, | gently detached the glass slides using a thin
razor blade, similar to opening an oyster shell. To ease film removal, | occasionally immersed
the cell in warm water to dissolve the PVA alignment layer. Once separated, | transferred the
freestanding film onto a clean glass substrate and allowed it to dry fully. Finally, | measured
the thickness of each film using a stylus profilometer (Bruker). The instrument employs
a high-precision probe that senses vertical displacement as the tip moves and scans the

surface.
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Details of dye-infusion procedure

Dye solutions were prepared at five different concentrations: 0.5, 1, 2.5, 5, and 10 mg/ml
Sudan Black B dye (Merck) dissolved in acetone. The mixtures were stirred on a hot plate
at 45°C and 400 rpm, followed by filtration through a 0.2 um filter to remove any undissolved
dye particles. Five separate batches of CSRs were prepared in ethanol. For the dye in-
fusion, | prepared five different vials by adding 5 mL of the dye solution (the Sudan Black
concentration varies, as described in detail below) to 0.5 mL of ethanol containing approxi-
mately 20,000 CSRs. | left the CSRs overnight in the dye solution on a roller mixer to carry
out the infusion. The dye and acetone solution was removed using a pipette, ensuring that
the CSRs, which settled at the bottom, were undisturbed. The shells were subsequently
rinsed 3—4 times with ethanol (EtOH) to remove any dye precipitated to the outer surface.
The washing process was continued until the ethanol appeared clear, indicating complete
removal of excess dye. The dye-infused and ethanol-rinsed CSRs were deposited onto a

glass slide using a pipette.

A similar procedure was applied to the polymerized CLC films. After polymerization and
the standard washing steps to remove unreacted monomers, polymerized CLC films were
immersed in the same dye solutions used for the CSRs and left overnight at room tem-
perature. Following infusion, the films were carefully removed from the solution and rinsed
several times with ethanol (3—4 times) to eliminate any dye adsorbed on the film surface.
The rinsing was continued until the solvent remained clear, ensuring that only the dye incor-
porated within the polymer network remained. The infused films were then left to dry under

ambient conditions before further optical characterization.

7.3 Optical Characterization and Measurements

Polarized Optical Microscopy (POM)

We performed optical characterizations by using a POM (Olympus BX51, Japan) equipped
with an Olympus DP73 camera (Japan) and with 4x, 10x, 20x, and 50x objectives and
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crossed polarizers. The bright field (BF) and polarized (PL) microscope images were col-

lected in transmission and reflection modes.

UV-Vis Spectroscopy

The Ultrospec 2100 Pro UV-Visible spectrophotometer was used to collect absorption spec-

tra of polymerized CLC films and solutions of Sudan Black and Tinuvin 328 dye in acetone.

The reflection spectra of CSR and d-CSR samples were measured using unpolarized white
light and an Avantes AvaSpec-2048 spectrophotometer, which was connected directly to the

microscope’s eyepiece.

7.4 3D Printing and CAD Software

All 3D-printed components used in this thesis were designed using Autodesk Fusion 360, a

computer-aided design (CAD) software.

| converted CAD files exported in .st1 format into a sliced format (. pm3 or .s11s) using slic-
ing software specific to the 3D printer in use. For the Anycubic Photon M3 printer (Anycubic,
China), slicing and print preparation were performed using Photon Workshop. For the Prusa
SL1S SPEED printer (Prusa Research, Czech Republic), slicing was done with PrusaSlicer
software. For both printers, | followed the standard exposure settings recommended by the

manufacturer.

| used commercial photopolymer resins, specifically Prusa’s Prusament Resin Model series
in Grass Green, Orange, and Transparent Clear colors. | followed the respective manu-
facturer’s guidelines for post-processing steps, including isopropanol rinsing and UV post-
curing, to ensure proper mechanical integrity and surface quality of the prints. In cases
where | do polydimethylsiloxane (PDMS, Sylgard 184) casting in 3D-printed parts as molds,
| applied a different post-processing protocol to prevent PDMS inhibition or adhesion. This
specific post-treatment steps used for PDMS applications are described in detail in Chap-

ter 4, Section 4.3.2.
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Appendix

The Python code shown below is implemented in Pro Fit 7 for fitting the angle versus re-
flectance data using the Fresnel equation for p-polarized light This code was used to
determine the ordinary refractive index, n,, from the Brewster angle measurement, assum-

ing the optic axis of the film is aligned perpendicular to the plane of incidence.

## function FresnelRp "Fresnel Rp (with offset)"
import numpy as np # Required for math operations (sin, cos, sqrt).
def FresnelRp(x, n2, A=1.0, y0=0.0):

# Inputs:
# x: Angle of incidence in degrees (from Pro Fit data column).
# n2: Refractive index of the material (fitted parameter).
# A: Amplitude scaling factor (default=1.0, accounts for beam size/light intensity).
# y0: Vertical offset (default=0.0, adjusts for non-zero minimum reflectance).

theta_i = np.radians(x) # Convert angle to radians
sin_theta_i = np.sin(theta_1i)
cos_theta_i = np.cos(theta_i)

# Snell's law and Fresnel calculation for p-polarized reflectance (Rp)
sin_theta_t = sin_theta_i / n2
if np.abs(sin_theta_t) > 1:
return A x 1.0 + y0
# Total internal reflection (unlikely for n2 > 1). Return max reflectance (100%) if light cannot
transmit.

cos_theta_t = np.sqrt(1 - sin_theta_t*x2)
numerator = n2 x cos_theta_i - cos_theta_t
denominator = n2 x cos_theta_i + cos_theta_t
Rp = (numerator / denominator)sx2

# Scale Rp by A and shift by y@® to match experimental data:
return A x Rp + y@
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The following Python code, also implemented in Pro Fit 7, to fit the angle versus reflectance
data using the pseudo-Brewster angle method. This implementation follows the equation
as reported in and was used to determine the extraordinary refractive index, n.,

when the optic axis of the film is aligned parallel to the plane of incidence.

## function FresnelAnisoRp "Fresnel Rp for anisotropic sample"
import numpy as np # Required for sin, cos, sqrt, radians

def FresnelAnisoRp(x, offset, ne, no=1.52, A=1.0, y0=0.0):
# Inputs:
# x: Angle of incidence in degrees (from Pro Fit data column)
# offset: Angle offset (in degrees)
# ne: Extraordinary refractive index (fitted)
# no: Ordinary refractive index (optional)
# A: Amplitude scale factor (optional)
# y0: Vertical offset (optional)

phi = np.radians(x + offset) # Convert to radians

sin_phi
cos_phi

np.sin(phi)
np.cos(phi)

# Calculate sqrt(no™2 - sin”2(phi)) term
inside_sqrt = nox*2 — sin_phix*2

# Handle total internal reflection safely
inside_sqrt = np.clip(inside_sqrt, @, None)
sqrt_term = np.sqrt(inside_sqrt)

numerator = no * ne * cos_phi - sqrt_term
denominator = no * ne *x cos_phi + sqrt_term
Rpp = (numerator / denominator)sxx2

return A x Rpp + y@
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