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Abstract
Natural hierarchical materials such as wood and bone exhibit multifunctional
properties due to their precise orientation and alignment across multiple length
and time scales. The study of material’building blocks’ capable of forming
such hierarchies, usually from the point of view of ’self-assembly’ is inspired
by such natural materials. Among the many examples, one-dimensional (1D)
rod-like cellulose nanocrystals (CNCs) and two-dimensional (2D) Graphene
oxide (GO) platelets can self-assemble in water into hierarchical structures
spanning from atomic, molecular, primary nanoparticles, mesoscale structures
thereof to macroscale structures. These mesoscopic domains can take the
form of liquid crystalline phases (E.g., nematic, chiral nematic etc. phases),
which govern their positional and directional ordering. Such ordering can be
utilized to achieve high throughput. However, the inherent structural com-
plexity across scales necessitates simultaneous multiscale characterization to
understand and control their behavior during processing. This PhD project
focuses on developing and applying advanced hyphenated rheological tech-
niques, i.e. combining rheology with microscopy and scattering to elucidate
how these materials reorganize under deformation and flow. A novel integra-
tion of rheology, polarized light imaging (PLI), and small-angle X-ray scat-
tering (SAXS) enabled real-time observation of orientation propagation un-
der simple shear. Furthermore, a Taylor–Couette (TC) geometry, combined
with SAXS, revealed the interplay between particle morphology and/or size
and vortex structures during transitional flow. To explore the evolution of
mesoscopic structures, we are also developing a new technique that couples
rheology with nonlinear optics. Overall, this research establishes comprehen-
sive techniques for probing structure-property relationships across length and
time scales, and lays the groundwork for hierarchical control in processing
applications such as 3D printing.

Keywords: Hierarchical systems, cellulose nanocrystals (CNCs),
Graphene oxide (GO), advanced rheological techniques, polarized
light imaging (PLI), small-angle X-ray scattering (SAXS), Taylor-
Couette (TC) instabilities, nonlinear optics
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CHAPTER 1

Introduction

1.1 Hierarchical systems

Hierarchical systems comprise various ordered and dissordered domains across
length scales ranging from Ångstrom to meter length scales. A prime exam-
ple of such is wood. Wood primarily consists of three biopolymers: cellu-
lose, hemicellulose and lignin. Hierarchy originates from cellulose molecular
chains to elementary fibrils to microfibril bundles, which contain amorphous
and crystalline regions embedded in a lignin and hemicellulose matrix within
the cell walls, which then organize into macroscale structures. This unprece-
dented level of cellulose orientation across multiple length scales significantly
contributes to the excellent mechanical properties [1]. One strategy to mimic
natural hierarchical systems, and thus avoid the long time scales associated
with e.g. the growth of a tree, is by using primary building blocks - whether
naturally occurring or not - that possess the potential for building up hierar-
chies. Such building blocks include cellulose nanocrystals (CNCs), which are
one-dimensional (1D) rod-like nanoparticles, and Graphene oxide (GO), which
are two-dimensional platelets. These materials, when dispersed in water, can
self-assemble into hierarchical liquid crystalline phases such as nematic and
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Chapter 1 Introduction

chiral nematic phases [2], [3]. Apart from these phases, multiple structures
coexist depending on sample preparation and surface charges, leading to ag-
glomerates and aggregates in a suspension[4]. This creates an unprecedented
level of complexity while characterizing such systems by rheology. Rheology
helps us understand how materials flow and deform in response to stress and
shear[5]. However, rheology outputs the average or bulk measure of the mate-
rial characteristics. The coupling of different characterization techniques with
rheology is necessary to localize the multiscale mechanisms of the material
response, in order to control their assembly into formed materials and the
ensuing material properties [6]–[8].

1.2 Multiscale dynamics
Suspension dynamics include multiple structures (Nematic, chiral nematic,
agglomerates, aggregates) across different length scales, that must be under-
stood to tailor the final product properties. Achieving hierarchical orientation
using hydrodynamic flow fields is essential to increase throughput. How does
the hydrodynamic flow field interact with matter and restructure the differ-
ent phases inside the suspension? This can be understood through various
rheological and flow stability tests such as Taylor-Couette (TC) flow i.e flow
between rotating cylinders. TC experiments have been widely used to study
the onset and development of instabilities and the factors that influence flow
stability [9], such as the interplay between inertia, elasticity, particle mor-
phologies, flow domain parameters, etc. In the TC flow for a Newtonian fluid,
the transition starts with Laminar Couette flow (LCF). where the fluid fol-
lows a circular trajectory. Then, with an increase in Re, the flow destabilizes
towards its primary instability where Taylor vortices start to appear as Taylor
vortex flow (TVF) identified upon its one spatial frequency. Later, upon fur-
ther increase in Re, secondary flows appear as Wavy vortex flow (WVF) with
one temporal and spatial frequency, modulated wavy vortices (MWV) with
two spatial and one temporal frequency, Chaotic wavy vortices (CWV) with
a background noise present in the space-time diagrams originating from the
merging and splitting of vortices[10]–[16]. Hydrodynamic shear impacts the
structuring during its transition from laminar to turbulent through secondary
flow transitions originating from the propagation of vortices across multiple
length scales and its relation to stabilize or destabilization of the flow lead-
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1.3 Motivation and research question

ing to various inertial, elastic instabilities can be seen in Taylor-Couette flow
stability experiments [17]. The above methods provide a macroscopic or flow
scale understanding of the suspension.

In addition, non-linear optical microscopy (NLO), especially second-harmonic
generation (SHG) microscopy, offers several advantages over conventional op-
tical microscopy techniques. Owing to its coherent, structure-specific interac-
tion with materials and the use of near-infrared excitation, SHG microscopy
provides reduced scattering and deeper penetration in biological and soft
matter systems[18]. Recent experiments have shown that cellulose nanocrys-
tals (CNCs), due to their noncentrosymmetric crystal structure, generate de-
tectable SHG signals, enabling label-free visualization and orientation map-
ping[19]. Furthermore, by incorporating appropriate spectral filters, it is pos-
sible to simultaneously image two-photon excited fluorescence (TPEF) along-
side SHG, allowing for multimodal contrast in a single imaging system. By
combining rheology with different techniques such as scattering, microscopy,
and spectroscopy, material response originating from molecular to micro to
meso to macroscopic level can be better understood simultaneously rather
than being complemented later through separate experiments.

Hyphenated techniques include rheology coupled to small-angle scattering
(Rheo-SAXS)and wide-angle scattering (Rheo-WAXS) for nano-macro under-
standing as well as polarized light imaging (Rheo-PLI) for meso-macro un-
derstanding of the dynamics[6], [8], [20], [21]. In this thesis, we focus on
three new techniques we have developed and are working to achieve a multi-
scale understanding of fluid flows. Here, a new double-hyphenated technique
(Rheo-PLI-SAXS), Taylor-Couette flow coupled to SAXS (TC-SAXS) and a
new nonlinear optics coupled to rheology (Rheo-NLO) will be discussed.

1.3 Motivation and research question
Multiple lengths and time scales contribute to the structuring or restructuring
of the material, resulting in various properties. Multiple techniques combined
with rheology are needed to further expand our understanding of these hi-
erarchical systems. However, the material complexity and characterization
methods without coupling limit our proper understanding of these systems
simultaneously. This PhD project aims to develop relevant hyphenated tech-
niques coupled with rheology to understand better how flow-induced struc-
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Chapter 1 Introduction

turing happens during processing.
For that, we are exploring

• A new double hyphenated technique (Rheo-PLI-SAXS) taking advan-
tage of rheology, scattering and polarized light imaging [nano-micro-
macro] - Paper I

• Influence of 1D and 2D nanoparticles in TC flows - Paper II

• Coupling Taylor-Couette flow to SAXS and polarized light imaging to
probe the destructuring of the hierarchical systems in transitional flows
[nano-macro] - Paper III

• New nonlinear optical train coupled to rheology to have more local un-
derstanding up to nanosecond timescales [meso-macro]

6



CHAPTER 2

Materials and methods

2.1 Materials
Multiple hierarchical systems have been explored, mainly cellulose nanocrys-
tals (CNC) and Graphene oxide (GO). These particles can self-assemble into
hierarchical structures when dispersed in water and also vary based on con-
centration, surface charges, dimensions, etc. Here, the 1D CNCs can self-
assemble into chiral nematic liquid crystalline domains, whereas 2D GO can
self-assemble into nematic liquid crystalline phases. In addition to the above,
surface-modified [P]-CNC-OH-2-Prop-C2-N-C2 CNCs and rigid thin wall nan-
otube suspension have also been studied in Paper-I. Hybrid systems of CNC
and GO have also been explored in Paper-II.

Rheology
Rheological properties of all the suspensions has been carried out in Anton
Paar 702 Multidrive rheometer in single and twin drive transducer configura-
tion. Mainly two types of geometries were used: a) glass parallel-plate with
43mm diameter, b) double gap geometry with inner bob 27 mm diameter.
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Chapter 2 Materials and methods

Steady shear measurements were done using custom procedure where tran-
sient data measured at each point for a certain amount of time. Shear rate
was varied between 0.001 and 100 s−1 In the case of CNCs, based on sample
preparation protocol, rheological characteristics varied where probe sonication
reduced the amount of agglomerates present in the sample leading to reduced
viscosities and shear thinning nature depending upon concentration. Three
region viscosity curves were seen: i) due to the presence of agglomerates with
mesoscopic domains in region-I, ii) breakup of those structures revealing shear
thinning region, iii) the above structures further broken down into flow aligned
domains/clusters of nanoparticles. GOs exhibited a shear-thinning behaviour
in steady shear measurements. Moreover, GO had a crossover seen in terminal
region of the dynamic frequency sweep tests between 0.001 and 100 rad/s−1

at constant strain amplitude of 1%.

Taylor-Couette flow
A custom Taylor-Couette (TC) geometry with independently rotating cylin-
ders, mounted on an Anton Paar 702e Space rheometer, has been used for
the flow stability experiments. An inner polycarbonate cylinder with a 41
mm diameter and an outer glass cylinder with a 45 mm diameter were used
to allow the transmission of polarized light. Two linear polarizers were ori-
ented at 900 relative to each other to create a cross-polarized setup, allowing
for the visualization of instabilities through the inherent birefringence of the
nanoparticle suspensions without the need for additional visualization aids,
which affects the material’s microstructure. The Canon 90D DSLR camera
captured the instabilities at a 100 fps frame rate in Full HD format (1920x1080
px). From these videos, 1 pixel from each frame along the rotation axis of the
cylinders was extracted and stacked to form a space-time plot. Furthermore,
a 2D Fourier Transform (2D-FFT) was performed on these space-time plots to
identify the onset of the instabilities by obtaining the characteristic temporal
frequency, f , and spatial wavenumber, κ.

Reynolds number is used to account for the ratio of inertial and viscous
forces,

Re(i,o) = ρ · Ri,o · |Ωi,o| · dβ

η(γ̇) (2.1)

• i,o - inner and outer cylinder

8



2.1 Materials

• ρ - density of the suspensions

• |Ω| = Ωi + |Ωo| - Total angular velocity

• η(γ̇) - Shear-rate dependant viscosity

• dβ denotes relative gap between two cylinders

dβ =
{

d · (1 − |β|) if Re(i,o) = Re(i),

d · |β| if Re(i,o) = Re(o),
(2.2)

where
β = Ωo

Ωi + |Ωo|
(2.3)

• β = 0 - Inner cylinder (rotating) and outer cylinder (rest)

• β = −1 - Outer cylinder (rotating) and inner cylinder (rest)

• β = −0.25, −0.5, −0.75 - Counter-rotating cylinder configurations

To account for the characteristic relaxation time of the suspension λ, Wiessen-
berg number Wi is defined as follows,

Wi(i,o) = λ · Ri,o

|Ωi,o · dβ |
(2.4)

In addition, elasticity number El is used to quantify the importance between
elastic and inertial effects as,

El = Wi

Re
= λη

ρd2 (2.5)

9



Chapter 2 Materials and methods

2.2 Morphological analysis

Figure 2.1: Polarized optical microscopy [POM] (Top) and Transmission electron
microscopy [TEM] (bottom) images of a) 2.5 %[B]-CNC b) 2.5 %[P]
CNC [Paper-I] [8]

The custom polarized light microscopy images in Fig 2.1 show the different
structures, i.e. chiral nematic domains and agglomerates present in the CNC
samples when prepared by different sample preparation methods at the mi-
croscopic length scale. Here, we can see that the amount of energy given to
the sample in [B]-CNC is not enough to break those agglomerates present in
the sample, whereas in [P] CNC, agglomerates were reduced, leading to the
presence of more liquid crystalline tactoids (chiral nematic domains) in the
sample[4]. Transmission electron microscopy (TEM) shows the differences in
the number of aggregates and agglomerates present in the sample resulting
from sample preparation methods at the nanoscale.

10



2.2 Morphological analysis

Small-angle X-ray scattering (SAXS)
SAXS experiments were performed mainly in CoSAXS and FORMAX beam-
lines at MAX IV Laboratory, Lund. Nanoscale orientation was obtained from
the azimuthal integration of the scattering patterns using Hermans orientation
parameter,

⟨P2⟩SAXS =
∫ π

0
1
2

(
3 cos2 φ − 1

)
I(φ)q sin φdφ∫ π

0 I(φ)q sin φdφ
(2.6)

where φ is the azimuthal angle of the scattering pattern, I(φ)q is the scat-
tering intensity in the integrated q-range. Within the [0, π] integration lim-
its used in Eq. (2.6), ⟨P2⟩SAXS ∈ [−0.5, 1], where ⟨P2⟩SAXS = 0 indicates
randomly oriented nanoparticles, ⟨P2⟩SAXS = 1 denotes fully oriented and
⟨P2⟩SAXS = −0.5 with nanoparticles oriented in flow direction. We have
used radial configuration of incident X-rays for Rheo-PLI-SAXS experiments
whereas for TC-SAXS, tangential configuration was used. However for the
paper-III, TC-SAXS experiments carried out at FORMAX with temporal res-
olution upto 100Hz to capture the nanoscopic dynamics inside the vortices [8],
[22].

11





CHAPTER 3

Multiscale experiments

3.1 Hyphenated techniques
Hyphenated techniques uniquely characterize a material simultaneously at dif-
ferent lengths and time scales, which was not possible previously. Some of the
methods presented here include Rheo-PLI-SAXS and TC-SAXS. This section
summarizes the results obtained from multiscale experiments, revealing the
nano-meso-macro scale propagation of orientation under shear and testing
the influence of particle morphologies on Taylor vortices across nano-macro
length scales with different sample preparation protocols.
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Chapter 3 Multiscale experiments

Figure 3.1: a) Overview of the multiscale analysis: Rheological data η vs γ̇ [Top],
Onset of the Maltese-cross pattern in the PLI Space-time diagram
quantified based on Herman’s orientation algorithm P2P LI vs γ̇ [Mid-
dle], Azimuthal integration of the scattering intensities from SAXS
plotted as Hermans orientation parameter < P2 >SAXS vs γ̇ ; b) 2.5%
[B] CNC, c) 2.5% [P]-CNC-OH-2-Prop-C2-N-C2, d) 2.5% [P] CNC
[Paper-I] [8]

14



3.2 Rheo-PLI-SAXS [Paper-I]

3.2 Rheo-PLI-SAXS [Paper-I]

For the first time, multiscale experiments have been performed on CNC sus-
pensions ranging from magnetic stirred and bath sonicated sample [B], probe
sonicated surface grafted CNC sample [[P ] − CNC − OH − 2 − Prop − C2 −
N − C2] to probe sonicated commercial sulfated Celluforce CNCs with Na+

as counter ion. An overview of the simultaneous rheological, polarized light
imaging [PLI] and small-angle scattering experiments have been plotted in fig
3.1. Intriguing details of the orientation dynamics and propagation of the ori-
entation happening at nano-micro length scales can be seen. The presence of
agglomerates due to the addition of azetidinium salts onto the sulfate groups
and non-probe sonicated Celluforce CNC sample exhibited different orienta-
tion responses to the applied shear rates. Experiments indicated the onset of
mesoscale orientation, which could be identified by the Maltese-cross pattern,
which precedes the nanoscale onset identified through SAXS. However, if the
CNC sample includes primarily liquid crystalline domains with less number
of agglomerates prepared through probe sonication for Celluforce CNCs, the
nanoscale and mesoscale orientation onset occurs simultaneously. This pro-
vides insight into the orientation dynamics across different length scales.

3.3 Interplay between flow transitions and particle
morphologies [Paper-II]

We have seen information on the multiscale assemblies responding to simple
shear (parallel-plate flows) and its orientation onset in Paper-I. Now, we are
exploring how the mesoscale assemblies stabilize/destabilize the flow or flow
unwinds the same into primary nanoparticles in Taylor-Couette (TC) flow. We
have taken two nanoparticles with different particle morphologies, including
1D CNCs (3wt%) with isotropic and chiral nematic domains and 2D GO (0.7
wt%) with mostly nematic domains. Here, the instabilities are seen through
the custom polarized imaging TC setup where videos were recorded. Then the
pixel from each video frame is extracted to form a space-time plot as shown
in the top of fig 3.3. Later 2D FFT was performed to extract the spatial
and temporal frequencies which varies with increase in rotation rates of the
cylinder.
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Chapter 3 Multiscale experiments

Figure 3.2: TVF onset for water, 1D CNC, 2D GO suspensions in β = 0 configu-
ration [Paper-II]

.

With CNCs, shear-thinning modified the TVF onset identified through the
stretching of vortices, leading to an increase in its axial size compared to water;
∆z = 2.732d. GO sparks an interesting case showing an early sign of elasticity
through its vortex size: ∆z = 1.49d. Initially, the Taylor vortices emerge from
both ends of the column and merge in the middle, as seen in CNCs at Reβ=0

T V F =
223. However, the GO’s elasticity led to the emergence of Taylor vortices in
the middle at Reβ=0

T V F = 102 and propagated to both ends. CNCs transition
bifurcates from TVF into WV F → MWV → CWV → WTV , corresponding
to our setup’s maximum Re and instability. GOs transitions were dominated
mainly by shear thinning: TV F → WV F → CS/W → TWV → TI. Chaotic
spiral waves (CS/W) are new kind of instability mode encountered in GO,
where the vortices undergo chaotic behaviour in a spiral manner due to the
interplay between elasticity and shear thinning disrupting the vortex size.
This disruption is caused by their stretching and splitting which modify the
transitions.

We have also tested the counter-rotating configurations [β = -0.5, -0.25,
0.75] and monitored their transition sequences. In the case of CNCs in
β = −0.25, the transitions appear as LCF → TVF → WVF → MWV →

16



3.3 Interplay between flow transitions and particle morphologies [Paper-II]

CWV shown in Fig 3.3. For GO, apart from [β = 0, −0.25], all the other
configurations stayed in laminar Couette flow till the maximum Re achieved
in the setup. Spiral modes can be seen in β = −0.25 where the transitions
appeared as LCF → PTVF → WVF → C/MWV → TI. Hybrid (CNCGO)
exhibited a spiral mode at β = 0 rather than in the counter-rotating cylinder
configuration. After LCF, the flow transitioned directly to spiral waves (S)
→ Wavy spirals (WS) → Chaotic wavy vortices (CWV). These modes have
been identified in space-time plots and spectrograms. Interpenetrating spiral
(IS) mode was present in both β = −0.5 & −0.25. For both GO and hy-
brid (CNCGO), LCF was present for the whole Re in β = −0.75 & -1. To
account for the material’s elasticity, the critical Weissenberg number(Wii,o

cr )
and the elasticity number (El) were plotted. All transitions of CNC, GO
and CNCGO remained similar to those of a Newtonian fluid with modifica-
tions due to shearthinning, accompanied by their varied primary nanoparticle
morphologies. Elastic effects were observed only in GO during the onset of
TVF.

Figure 3.3: Transition sequences for the 1D suspension, β = −0.25 (counter-
rotation). The left column contains the space time visualization
(top), temporal spectrogram (middle) and spatial spectrogram (bot-
tom). Instability modes are also highlighted on the right side. Note:
Re(i) = Re(tot)(1 − |β|), Re(o) = Re(tot)|β| [Paper-II]

17



Chapter 3 Multiscale experiments

3.4 Nanoscale dynamics in transitional flow
[Paper-III]

Narrowing the focus from macroscopic observations of vortices to the nanoscale
is achieved by combining TC-PLI understanding with SAXS analysis and ex-
periments. Vortex sizes, i.e. [∆z - resembles a pair of vortices], were calculated
with the help of spatial wavenumbers obtained through the 2D-FFT analysis
of PLI space-time plots 3.3 from TC flow. This gave us an insight into probing
at the nanoscale using vortex size. We have found that CNCs and GOs ex-
hibit intriguing dynamics with macroscopic frequencies that do not correlate
with the nanoscopic frequencies of the former. In contrast, the latter shows a
correlation between macroscopic and nanoscopic frequencies in a few instabil-
ity modes. Moreover, GO had a destabilizing effect on the instabilities, while
CNCs had a stabilizing effect.

18



CHAPTER 4

New Rheo-non linear optics setup

Here, the theory behind some of the nonlinear optical techniques, such as
second-harmonic generation (SHG) and the preliminary experimental design
comprising different components, were discussed.

4.1 Theoretical aspects
In conventional (linear) optics, the polarization response P̃ (t) (the dipole
moment per unit volume) of a material system is linearly dependant on the
applied electric field Ẽ(t),

P̃ (t) = ϵ0χ(1)Ẽ(t) (4.1)

• χ(1) is the linear susceptibility,

• ϵ0 is the vacuum permittivity,

• ∼ denotes the quantities which vary rapidly in time.

19



Chapter 4 New Rheo-non linear optics setup

When an intense high power laser is used, the generated polarization re-
sponse from the material will be nonlinear which can be expanded in the
Taylor series expansion as

P̃ (t) = ϵ0

[
χ(1)Ẽ(t) + χ(2)Ẽ2(t) + χ(3)Ẽ3(t) + · · ·

]
(4.2)

≡ P̃ (1)(t) + P̃ (2)(t) + P̃ (3)(t) + · · · (4.3)

where,

• P̃ (2)(t) = ϵ0χ(2)Ẽ2(t) is the second-order non-linear polarization such
as SHG,

• P̃ (3)(t) = ϵ0χ(3)Ẽ3(t) is the third-order nonlinear polarization such as
third harmonic generation (THG),

• χ(2), χ(3) are second and third-order nonlinear optical susceptibilities.

For the SHG process, when an electric field with an angular frequency ω

is incident on a non-centrosymmetric medium with χ(2) as nonzero, the total
electric field can be expressed in complex notation as

Ẽ(t) = Ee−iωt + E∗eiωt (4.4)

• E is complex amplitude of the electric field,

• E∗ is its complex conjugate.

The propagation of the electric field in a nonlinear dielectric medium is gov-
erned by the inhomogeneous wave equation derived from Maxwell’s equations.
In the presence of a second-order nonlinear polarization, the equation takes
the form:

∇2Ẽ − n2

c2
∂2Ẽ

∂t2 = 1
ϵ0c2

∂2P̃ NL

∂t2 (4.5)

Here:

• n is the linear refractive index,

• c is the speed of light in vacuum,
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• P̃ NL is the second-order nonlinear polarization (source term)

• The right hand side of the equation describes the radiation generated
by the accelerated charges associated with nonlinear polarization [23].

4.2 Preliminary design of nonlinear optical
microscopy/spectroscopy

The experimental setup for Rheo-SHG microscopy/spectroscopy involves a
polarizer [P], analyzer [A], quarter wave plate [QWP], beamsplitter [BS], mir-
rors [M], objective lens [L], tube lens [TL], and detector [D] and the parallel
plate [PP] measuring geometry of the rheometer as shown in Fig 4.1.

Laser
We need high-peak-powered lasers to generate a nonlinear response from a
material. Here, Thorlabs TIBERIUS Ti-Sapphire femtosecond laser with a
tunable wavelength from 720 - 1060 nm and an average output power of 2 W
@ 800 nm is used in the setup. The laser is mode-locked at a pulse width of
140 fs and a 77 MHz repetition rate. The laser has a beam diameter of 1.5
mm and a peak pulse power of 213 kW.

Polarizer
Thorlabs GL10—Mounted Glan-Laser Polarizer, Ø10 mm CA, Uncoated are
used as polarizers and analyzers in the setup. The uncoated version allows
us to polarize the whole range of the excitation laser wavelength from 720-
1060 nm and also the emitted signals from the sample. These polarizers are
mounted on a Thorlabs high-precision rotation mount to rotate the polarizing
angle of the excitation and emitted signals.

Quarter waveplate
Superachromatic Quarter-Wave Plate with a transmission wavelength from
325 - 1100 nm by Thorlabs [SAQWP05M-700] is used to delay the slow axis
of the two electric field components (Ex & Ey )of the linearly polarized light
from the polarizer. This, in turn, introduces the phase shift of 450 between
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the two orthogonal components Ex & Ey, converting the linear to a circularly
polarized light.

Mirrors

Right-angle prism mirrors from Thorlabs with a protected silver coating reflect
wavelengths from 450 nm to 20 µm. These mirrors steer the beam by reflecting
it in the specified direction.

Beam splitter

Thorlabs [DMSP680B] Shortpass Dichroic Mirror is used to split and reflect
the beam using a beamsplitter. This dichroic mirror has a transmission band
of 400 - 660 nm and a reflection Band from 705 - 1080 nm with a 680 nm Cutoff.
So that the excitation input from the laser and the emitted signal from the
sample can be directed onto the same mirror, thereby minimizing the need to
use multiple mirrors and filters. Based on the forward or backward detection
mode, the beamsplitter’s entry and exit points can be changed accordingly to
accommodate the signals.

Lens

Two dry objective lenses from Thorlabs [TL10X-2P] are used to focus the
excitation beam onto the sample and collect the emitted signals from the
sample. This lens is suitable for the setup with multiphoton detection capa-
bilities ranging from 400-1300 nm wavelength with a working distance (WD)
of 7.77 mm and a numerical aperture (NA) of 0.5. It has a correction collar to
accommodate the spherical aberrations caused by thick samples or aqueous
solutions. A 200 mm focal length tube lens [TTL200MP] converts the rays
from the objective to form an image or focus on the detector at a distance.

Detector

The setup consists of two types of detectors: a photomultiplier tube (PMT)
and an intensified CMOS camera (istar sCMOS).
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PMT

A Gallium Arsenide Phosphide photomultiplier tube (PMT) from Thorlabs
[PMT2101/M] is used for the point source detection of emitted signals from
the sample. It has a detection range of 300-720 nm, high sensitivity at 550
nm, and an active area of 5 mm. It is used for the detection of low-sensitive
SHG or TPEF signals, photon counting measurements, and imaging when a
scanner is used to rasterize the sample.

Camera

The istar sCMOS intensified camera from Oxford instruments is used to image
and detect the emitted signals at ultrafast timescales. A phosphor screen is
used in front of the CMOS sensor as an intensifier to block unwanted photons
that hit the sensor, allowing us to achieve a temporal resolution up to 2 ns.
The camera features a sensor matrix of 2560 x 2160 pixels (WXH), with a
pixel size of 6.5µm and a wavelength range of 180 - 850 nm.
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Figure 4.1: Schematic of the experimental setup: a) Transmission mode , b) Re-
flection mode
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CHAPTER 5

Conclusion and future work

The dynamics of hierarchical nanostructured fluids across multiple length and
time scales have been studied here. In Paper I, we have explored the first mul-
tiscale experiment on different CNC suspensions where the orientation onset
precedes or succeeds between shear rates altered by surface modification and
sample preparation protocol. In Paper II, CNC and GO impact the flow tran-
sitions in TC flow, showing signs of primary instability; TVF modified by
shear thinning for the former, with the latter being attributed to elasticity
despite all transitions showing similarities to a Newtonian fluid. In Paper
III, we delved deeper into the vortex dynamics at the nanoscale, building
on our understanding from Paper II, which revealed some instability mode
frequencies correlate with both macro and nano scales for GO, while CNC ex-
hibited contrasting dynamics. In addition, a new Rheo-nonlinear optics setup
is being developed to understand mesoscale dynamics, thereby minimizing the
unknowns across length and time scales.
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5.1 Future work
Based on the experiments and developments done, the work mentioned in this
thesis will be further explored and extended as follows,

• More accurate quantitative information can be obtained with a high-
speed polarization camera, increasing the temporal resolution and ori-
entation monitored through the stress-induced retardation values, which
are currently being developed.

• Expanding the multiscale analysis to different materials like 2D nanopar-
ticles in simple shear.

• Mainly, Rheo-NLO will be developed to understand the mesoscale evo-
lution of hierarchical systems where SHG and TPEF plan to be explored
as nonlinear optical microscopy techniques.

• Moreover, the above ultrafast time scales up to nanoseconds will be
achieved for both quantitative and qualitative means obtained from the
nonlinear polarization response of the hierarchical systems.

• Nonlinear rheology will be explored in multiscale analysis.
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